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Foreword 

The Second International Symposium on Elastic-Plastic Fracture Mechan- 
ics was held in Philadelphia, Pennsylvania, 6-9 Oct. 1981. This symposium 
was sponsored by ASTM Committee E-24 on Fracture Testing. C. F. Shih, 
Brown University, and J. P. Gudas, David Taylor Naval Ship Research and 
Development Center, presided as symposium chairmen. They are also editors 
of this publication. 
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STP803-EB/Nov. 1983 

Introduction 

In October 1981, ASTM Committee E24 sponsored the Second Interna- 
tional Symposium on Elastic-Plastic Fracture Mechanics which was held in 
Philadelphia, Pennsylvania. The objective of this meeting was to provide a 
forum for review of recent progress and introduction of new concepts in this 
field. The impetus for this symposium was the historical development of elas- 
tic-plastic fracture technology. Concepts such as the J-Integral, COD, and 
HRR field generated tremendous interest which led to the First International 
Symposium held in 1977. The presentation and publication of works on such 
topics as J-controlled crack growth, tearing instability, and numerical de- 
scription of crack tip fields, among others, led to major, broad-based re- 
search activities and application-oriented developments. This sustained 
growth provided the motivation for another meeting devoted solely to elastic- 
plastic fracture. 

The call for papers for the Second International Symposium generated an 
overwhelming response. This was reflected by the number of papers pre- 
sented, and the attendance which exceeded 300 participants. The papers sub- 
mitted to this symposium underwent rigorous review. The works contained in 
these two volumes reflect the high degree of interest in this subject and the 
quality of the efforts of the individual authors. 

In the first ASTM publication devoted to elastic-plastic fracture (ASTM 
STP 668), there were three major groupings including elastic-plastic fracture 
criterion and analysis, experimental test techniques and fracture toughness 
data, and applications of elastic-plastic methodology. The present collection 
of papers shows substantial growth in theoretical and analytical areas which 
now include topics ranging from fundamental analysis of crack growth under 
static and dynamic conditions, finite strain effects at the crack tip, elevated 
temperature effects, visco-plastic crack analysis, and tractable treatments of 
fully plastic crack problems and surface flaws. These theoretical and analyti- 
cal developments, combined with progress in test method development and 
ductile fracture toughness characterization led to substantial growth in engi- 
neering application of elastic-plastic fracture methodologies as evidenced by 
the large selection of papers on this topic. 

The papers in these two volumes have been grouped into six topic areas 
including elastic-plastic crack analysis, fully plastic crack and surface flaw 
analysis, visco-plastic crack analysis and correlation, engineering applica- 
tions, test methods and geometry effects, and cyclic plasticity effects and ma- 
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11-2 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

terial characterization. The first grouping contains papers on crack propaga- 
tion under static and dynamic conditions, crack growth and fracture criteria, 
finite strain effects on crack tip fields, and plasticity solutions for important 
crack geometries and structural configurations. Fully plastic crack solutions, 
elastic-plastic line-spring models, approximate treatment of surface flaws, 
and surface flaw crack growth correlations are the focus of the second group- 
ing of papers. An area not addressed in the first symposium and which has 
since attracted significant attention is crack growth at elevated temperature, 
and time dependent effects. Papers on this topic address theoretical aspects 
of creeping cracks, computational procedures, microstructural modelling, 
creep crack growth correlations, and materials characterization. 

The second volume of this publication begins with the major section on 
engineering applications. This includes several papers on tearing instability, 
J-based design curves, evaluations of several fracture criteria, further devel- 
opments of fracture analysis diagrams, and flawed pipe analyses. This is fol- 
lowed by a series of papers on test methods and geometry relationships. A 
majority of the papers focus on J1e and JI-R- curve test procedures and compu- 
tations, and several papers address the test specimen geometry dependence of 
these parameters. In the last section several papers are devoted to prior load 
history effects, crack growth in the elastic-plastic regime under cyclic loading, 
and micromechanism studies of the fracture process. 

The collections of papers from this and the previous symposium contain 
many of the major works in the rapidly evolving subject of elastic-plastic frac- 
ture. It is hoped that these two volumes will serve to stimulate further prog- 
ress in this field. 

J. P. Gudas 
David Taylor Naval Ship Research and Devel- 

opment Center, Annapolis, Md. 21401; 
symposium chairman and editor. 

C. 1;. Shih 
Division of Engineering, Brown University, 

Providence, R.I. 02912; symposium chair- 
man and editor. 
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Paul C. Paris I and Richard E. Johnson 2 

A Method of Application of 
Elastic-Plastic Fracture Mechanics to 
Nuclear Vessel Analysis 

REFERENCE: Paris, P. C. and Johnson, R. E., "A Method of Application of Elastic- 
Plastic Fracture Mechanics to Nuclear Vessel Analysis," Elastic-Plastic Fracture: Second 
Symposium, Volume II--Fracture Resistance Curves and Engineering Applications, 
ASTM STP 803, C. F. Shih and J. P. Gud.as, Eds., American Society for Testing and 
Materials, 1983, pp. II-5-II-40. 

ABSTRACT: The primary purpose of this work was to develop analytical relationships 
which could be used to assess the safety of irradiated nuclear reactor pressure vessels 
against unstable fracture. The need for such a calculation occurs when the Charpy upper- 
shelf energy of the vessel steel is predicted to fall below the required 50 ft- lb (67.8 J) level 
from accumulated neutron radiation damage. The method used was based on "tearing 
instability" concepts under "J-controlled growth" conditions for the crack stability 
criterion. The aforementioned purpose was served by developing fracture mechanics 
methods of wider applicability than previously available and applying them in analyses at 
upper-shelf conditions (above the transition temperature). Elastic-plastic fracture 
mechanics concepts were used to extend recognized linear elastic fracture mechanics flaw 
analysis equations for through-the-thickness flaws and surface flaws into the plastic 
range. The approach also made use of J-R curve characterization of the material fracture 
resistance. 

A crack stability diagram in the form of J as a function of T plot was shown to be useful 
in demonstrating safe levels of loading (applied J )  by comparison with the material J-R 
curve, reduced onto the same diagram. Consequently, a safe level of applied load, Js0 [for 
J /T  = 50 in.-lb/in, 2 (8.756 kJ/m2)], was suggested and the possibility of its correlation 
with upper-shelf Charpy energy values discussed. 

KEY WORDS: fracture mechanics, elastic-plastic fracture, analysis, J-integral, J-R 
curve, tearing modulus, pressure vessel, surface flaw, through-wall flaw, crack growth in- 
stability, yielding, Charpy (energy), upper shelf (energy) 

N o m e n c l a t u r e  

a C r a c k  l e n g t h  ( for  t h r o u g h - t h i c k n e s s  c r acks )  or  c r a c k  d e p t h  ( for  

su r f ace  c r acks )  

1Professor of mechanics, Washington University, St. Louis, Mo. 63105; Fracture Proof De- 
sign Corporation, St. Louis, Mo., 63108. 

2Task manager, U.S. Nuclear Regulatory Commission, Washington, D.C. 20555. 
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ae~ Effective crack size with a plastic zone correction added 
a0 Initial crack size prior to growth 

Aa Crack length change 
Uncracked ligament size 
Half the surface length of a surface crack 
Modulus of elasticity 
A surface flaw geometry correction 
A coefficient in a hardening stress bracket 
A coefficient in a hardening stress bracket 
A coefficient in a hardening stress bracket 
A coefficient in a hardening stress bracket 
A coefficient in a hardening stress bracket 
Rice's J-integral 
Intensity of the crack-tip field, J, applied 
Material's resistance value of J for an observed crack length 
change, A~ 
Intensity of an elastic crack-tip field 
A hardening exponent (for describing material properties) 
Applied load 
Radial distance from a crack front 
A plastic zone correction to be added to crack length 
Radius of a pressure vessel 
Arc length on a contour around a crack tip 
Wall thickness of a pressure vessel 
Tearing modulus 
Applied tearing modulus 
Material's resistance to tearing modulus for an observed crack 
length change, ~a 

Ti Applied traction (stress) 
ui Displacement corresponding to an applied traction 
U Pseudo-elastic system energy stored (corresponding to deformation 

plasticity theory) 
Pseudo-strain-energy density 
Rectangular coordinates measured perpendicular and parallel to a 
crack surface 
A geometrical correction for crack-tip field intensity in shells (a 
function of ~ = a/x/fit). 
Coefficients in hardening laws for stress-strain curves 
Stress state (plane stress versus plane strain) coefficient in a plastic 
zone correction 

3' A coefficient adjusted for stress state in relating t5 to J 
I' A contour around a crack tip 

Crack opening stretch (displacement) 
&p Load-point displacement 
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Applied displacement (loading) 
Strain 
Flow strain 
Components of strain 
Functions of 0 and n in power-hardening fields of strain and stress 
Angular coordinate measure from the extension of a crack plane 
A shell parameter, a / ~ / - ~  - 
Applied (tension) stress 
Components of stress 
Flow stress (in tension) 
Net ligament nominal (effective) stress 
A complete elliptic integral (of the second kind [19]) 
A coefficient in a hardening stress bracket 
Hutchinson's J-controlled growth validity assurance parameter 
Prime derivative with respect to the argument 
Stress brackets or factors in equations for J and T applied 
Geometry brackets or factors in equations for J and T applied 

The American Society of Mechanical Engineers (ASME) Boiler and Pres- 
sure Vessel Code for nuclear reactor pressure vessels has for some time per- 
mitted the use of linear elastic fracture mechanics (LEFM), specifically in 
Appendix A of Section XI. This has allowed clear and conservative evalua- 
tions of any potential danger due to flaws found in inspections of reactor 
vessels. However, LEFM, as incorporated in the Code, has a limited range 
of direct applicability without large and perhaps undue conservatism. 
Moreover, the Code version of LEFM makes use of the Kit - -  Kid  concept of 
impending failure (little or no crack growth), instead of more advanced con- 
cepts of flaw or crack stability permitting limited stable flaw growth. Under 
the use of LEFM, the Code itself acknowledges ranges of inapplicability such 
as well above the transition temperature where LEFM cannot produce ap- 
plicable quantitative results. Appendix A provides no specific criteria for 
upper-shelf toughness; the situation was discussed earlier [1]. 3 In Title 10 of 
the Code of Federal Regulations, Part 50 (10 CFR 50), a lower limit is imposed 
on Charpy upper-shelf energy (USE), namely, 50 ft .  Ib (67.8 J); for materials 
of less USE, unspecified methods must be used to assure safety. On the other 
hand, the current ASME Code provisions using fracture mechanics have 
served very well in cases of appropriate quantitative applicability. 

In recent years, a great deal of progress has been made in J-integral based 
elastic-plastic fracture mechanics (EPFM). In particular, a more advanced 
crack stability criterion has been developed [2,3] and widely accepted [4,5] 
which depends on the whole J-integral R-curve for material characterization 
(rather than a single value such as Kic, which is more limited). These and 

3The italic numbers in brackets refer to the list of references appended to this paper. 
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11-8 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

other advances in EPFM make possible the suggestion of new methods for 
application to nuclear vessels. 

The new methodology presented in this paper is proposed on its own merit 
but is phrased with the existing Code in mind in order to supplement it with 
alternative methods in areas such as upper-shelf conditions where the ex- 
isting Code seems lacking. Indeed, the most realistic postulated vessel failure 
conditions are usually well within the elastic range for gross section stresses 
but may include occasional cases of large-scale yielding. Therefore, only 
modest modifications of current methods of vessel flaw stress analysis will be 
suggested. On the other hand, more ductile, perhaps fully plastic, failures 
are characterized by significant amounts of stable flaw growth. Therefore a 
more advanced (R-curve) stability concept will be suggested, especially for 
material property evaluation purposes. The new methodology can be con- 
sidered as" an extension of the existing Code methods written in terms of 
J-integral EPFM, for which LEFM is simply a special case. 

Indeed, the only really new embellishment to be presented herein is the use 
of a J versus T diagram to assess crack instability. It is simply a new 
diagramatic representation of J-R curve material representation and applied 
J-T curves from established methods. It is proposed to clarify situations which 
will lead to crack instability, to simply delineated regions of rigorous applica- 
bility of the analytic concepts, to clearly demonstrate safety margins for 
approaching instability, etc. However, the use of J versus T diagrams involves 
no new assumption, it is just a new representation method which clarifies 
many matters. One further result, which will be demonstrated, is that the 
limiting allowable J-values suggested herein to avoid crack instability on the 
Jversus T diagram have, so far, shown good correlation with Charpy upper-shelf 
energies. This can be of great practical significance where only Charpy data 
are available. 

The Plane-Strain J-Integral R-Curve 

According to developments by Hutchinson [6] and Rice and Rosengren [7] 
(HRR), the value of the J-integral (or./applied) c a n  be seen to be a parameter 
characterizing the intensity of the plastic stress-strain field surrounding the 
crack tip. Their results lead to the following form for the stress-strain field, 
the HRR field 

/ r~0~0 / 1/n+l ~ a~ = ao l~,j(0, n) 

~0 ~ ~0 
J ~n/n+l 

: to. (e. ,) 

(1) 
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PARIS AND JOHNSON ON NUCLEAR VESSEL ANALYSIS 11-9 

plus higher-order terms (negligible near a crack tip). The coordinates r and 0 
are the usual cylindrical coordinates measured from the crack tip. The anal- 
ysis was based on adopting a deformation theory of plasticity for a stress- 
strain curve whose latter portion (well beyond the elastic range) can be 
represented by a power law or 

- -  = ( 2 )  

eo 

then ~j and /~,~ are particular specified functions for the distribution of 
stresses and strains surrounding the crack tip. 

The preceding approach assumes that two different cracks in the same 
material will have identical stress-strain fields surrounding the crack tips if 
loaded to the same intensity, J. It follows that if the stress and strain fields for 
the two cracks are identical, then what happens within them is identical, 
such as increments of extension, Aa, of the tips of the cracks. Hence, it is 
argued that a plot of J versus Aa, the J-R-curve, is a unique plot of a 
material's crack extension characteristics. Indeed, this is the very same argu- 
ment upon which LEFM is based for K-controlled crack-tip fields. Though 
the logical basis of the J-R curve is equivalent to that of LEFM, the assump- 
tions, conditions, and limitations should be clearly specified since they are 
less familiar than those for LEFM. Unless otherwise specified, they are 

1. that conditions in the material's crack-tip fracture process zone are 
plane-strain, 

2. that conditions which disrupt the HRR field are avoided, such as 
avoiding concentrated slips direct from the crack tip to nearby boundaries or 
cross-slip (slip at 45 deg through the thickness), 

3. that crack growth does not disrupt the HRR fields, and 
4. that cleavage does not intercede on the J-R curve. 

Indeed, J-R curves produced by the types of test conditions proposed by 
ASTM Committee E-24 for standards at least attempt to be sufficient to 
avoid Conditions 1 and 2 as problems. Indeed, Condition 4 is thought not to 
be a problem at temperatures exceeding 100~ (212~ above the transition 
temperature (beginning of upper shelf); but more data on this point may be 
needed. Finally, Condition 3 is not a problem under conditions proposed by 
Hutchinson [2], which are 

and 

dJ b 
~ - -  - -  >> 1 (3) 

da J 

Aa << b 
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11-10 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

Hutchinson [3] showed by differentiating Eq 1, obtaining the increments of 
the strain, &,> that these increments deo are sufficiently proportional %. to 
assure appropriate use of deformation theory. The use of J itself here is also 
based on having conditions sufficiently appropriate for deformation theory. 
Hence Eq 3 also assures sufficient conditions for the definitions of J in its in- 
tegral forms to follow. [It should be noted that sufficient conditions are 
distinct from necessary conditions and therefore Eqs 3 may not always be re- 
quired for appropriate use of J.] 

Therefore. under the given conditions the applicability of "strict deforma- 
tion theory" is appropriate, the conditions for so called "J-controlled crack 
growth" are met, and J may be defined with equal validity either by its con- 
tour integral or compliance counterparts, which are [8] (see also [Ref 9] for 
details) 

|" oXui 
J--- 0 | r Way  -- Ti -~x as 

(I" is any contour around the crack tip), or 

(4) 

Consequently, the "plane strain J-R curve" as shall be adopted here is 
assumed to be produced under appropriate conditions as discussed under the 
preceding four conditions. J should be measured by a method consistent with 
applying Eqs 4, including crack length change, ~a, corrections. The J-R 
curve is then a plot of J versus Aa points as loading progresses on a cracked 
specimen of the material at a given temperature. 

Further, the J-R curves available may not always have been produced 
under ideal conditions (often undersized test specimens). This will not rule 
out their use if they can be shown to be conservative. For example, slightly 
subsized specimens or the use of side grooves or both with appropriate data 
reduction methods have been shown to give conservative J-R curves for 
bending-type tests. As used here, conservatism is taken with respect to safety 
when using the test results to evaluate applications by the methods developed 
later in this paper. 

The Tearing Instability Criterion 

In the previous section in Eqs 1 it was noted that J is the intensity of the 
crack-tip stress and strain field. Moreover, with proportional straining as 
guaranteed by meeting the conditions of Eqs 3 it can be argued that ap- 
propriate use of "strict deformation theory" and "J-controlled crack growth" 
will result. Therefore, at least under these conditions, the second definition 
of J in Eqs 4 implies that 
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PARIS AND JOHNSON ON NUCLEAR VESSEL ANALYSIS I1-11 

d U  
Japplied- da (5) 

where U is pseudo-elastic energy per unit thickness stored (that is, for the 
nonlinear elastic analog to an elastic-plastic material) by applying loads or 
deformation to the cracked body of interest. Regarding crack length change, 
da, as a displacement, Japplied takes on the connotation of a generalized force 
and Jmaterial may be regarded as the material's resistance to that force. Conse- 
quently, a statement of equilibrium with respect to crack extension is 

Japplied = ']'material (6) 

The stability of the equilibrium expressed by Eq 6 can be found by examining 
the second derivative of system energy. Using Eq 5 the stability criterion can 
be written 

d2U dJapplied _<~ dJmaterial (7) 
da 2 da > da 

For convenience, the tearing modulus, T, is defined as 

d J  E 
T -- - -  (8) 

da 002 

where E is elastic modulus and o0 the flow stress. Then the stability criterion, 
Eq 7 may be expressed in nondimensional terms by 

(stable) 
Tapplied < Tmaterial ( indifferent)  (9) 

(unstable) 

Now, Japplied may be found from the stress analysis solution for the cracked 
body, applying Eqs 4 to make the determination. Consequently Japplied will 
depend on applied loads, P, or deformations, A, and crack size, a, hence 

Japplied : Japplied (P,  a ) OrJapplie d (A, a )  (lO) 

On the other hand, Jmaterial depends on the materials' resistance or its J-R 
curve, which is a plot of J versus Aa characterizing the material's resistance 
to crack extension. Consequently 

~materia! : ~material (A a) (11) 

Therefore, when derivatives d /da  are taken of Eqs 10 and 11 to form Tapplie d 
and Tmateriai as indicated in Eq 8, it should be noted that Trnateria I may be 
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11-12 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

formed from the slope of the J-R curve, dJraaterial/da, taken at a given level of 
J. That is to say 

Tmaterial ~--- Tmaterial (J) (12) 

On the other hand 

dJapplied aJapplied f O P ' ~  ~Jap~lied 
da = aP " k, + aa 

or (13) 

_ O~JappliedOA . / O A / ~  _+_ o~Japp|iedoa 

where the partial derivatives of ']applied on the right side of Eqs 13 are found 
from Jappiiea solutions in the form of Eqs 10. The other ( ) partial derivatives 
in Eqs 13 depend on the load application system compliance and must be 
evaluated accordingly. Furthermore, assuming that the quantities in Eqs 13 
are properly evaluated, it is observed that 

Tapplie d = Tapplie d ( e ,  a)  

or (14) 

: Tapplie d (A, a)  

Regarding Eqs 10 and 14 as parametric equations for Japplied and Tappiied, 
the loading parameter P or A may be eliminated between them. Making use 
of the statement of equilibrium from Eq 6 

Japplied ~--- Jmaterial ~ J 

then (15) 

Tapplie d ---~ Tapplie d (J, a) 

The result is that both Tapplie d and Tmater~ in Eqs 12 and 15 may be thought 
of as functions of J, where increasing J is viewed as the variable indicating in- 
creasing load or deformation applied to the body. Moreover, the crack size, 
a, in Eq 15 may be regarded as the initial crack size, a0, plus the change in 
crack size, Aa, from the increase in J as determined from Eq 11 or the 
material's J-R curve. That is to say that 

a : a 0 + A a  

where (16) 

Aa = Aa (J) 
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PARIS AND JOHNSON ON NUCLEAR VESSEL ANALYSIS 11-13 

is determined by the J-R curve (for Aa may be negligible compared with a0 in 
some cases). Therefore as loading progresses and J increases, Ta0plied may be 
computed by Eq 15 with Eq 16 and Tmaterial by Eq 12 then compared, accord- 
ing to Eq 9, to determine the first value of J or the loading which causes 
instability. 

This approach to determining instability will be exploited graphically in 
the next section where J versus T diagrams will be used as a method of ex- 
ploring crack instability problems. 

T h e  J V e r s u s  T S t a b i l i t y  D i a g r a m  

Consider a schematic representation of Jmaterial and Tmaterial on a J versus T 
diagram, using a side-by-side plot of the material's J-R curve, Fig. 1. Given 
the material's J-R curve, the left-hand diagram of Fig. 1, at any J such as in- 
dicated by the arrow, the slope, dJmaterial/da, may be determined. As defined 
by Eq 8 

dJmaterial E (17) Tmaterial -- da Go 2 

which establishes a point on the J versus T diagram on the right in Fig. 1. 
Repeating the procedure at various J-values will result in the J versus T 
material curve. Note that below JIr no crack extension takes place, so that 
Zmaterial is very large (that is, off scale). In this way J-R curves can be 
transformed directly into the J versus T-mat curves. 

In a typical J-R test, the remaining uncracked ligament, b, is the proper 
dimension to determine w as defined by Eq 3. Therefore, dividing Jmate,a~ by 

Zmaterial 

J Jao 2 a~b 
- -  - -  - -  ( 1 8 )  
T material ( d J / d a ) E  Ew 

Jlc  
Aa 

d 

T 

FIG.I--A material's J-R curve replotted on a J-T diagram. 
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11-14 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

Consider the conditions of assured validity, Eqs 3. As shown in Fig. 1, a 
crack extension limit (Aa << b) may be placed on the R-curve with a cor- 
responding mark at the same J-level on the J versus T-mat curve. Another 
limit (from Eq 3) can be represented as in Fig. 2 by a line of slope oo2b/Eo~ 

through the origin representing Eq 18. The actual material properties (o0 and 
E), specimen size (b), and smallest acceptable o~ (perhaps five or smaller) 
determine the slope and, therefore, the intersection with the ~-limit of, the 
materials curve. Therefore the J versus T-mat curve may be doubtful above 
the lower of these two limits. (It is presumed that all other J-R curve test re- 
quirements and practices are met satisfactorily.) 

All J versus T material curves which have been plotted to date have shown 
concave upward behavior. Physical reasons why this should be observed will be 
omitted here. Accepting this empirically observed behavior, the material curve 
from below the limit marks at least could be extrapolated upward as a straight- 
line extension of the valid curve to determine a safe J versus T loading region as 
shown in Fig. 3. That is to say that if a cracked specimen of the same material 
is loaded to a certain J-level, and the applied (Japplied. Tapplioa) point is in the 
"safe region" as shown in Fig. 3, then for that J-level, Tapplie d < Tmate~i~ and 
the crack is stable according to Eq 9. 

It remains to determine the trace of the (Japol~d, TappJieO) points for Tappr~a (J)- 
curve, as loading or J increases starting with no load. However, it is sufficient 
to observe that for the applications to be considered here, 4 the Zapplie d cu rves  
always increase monotonically with J whereas the Zmaterial c u r v e s  decrease 
monotonically with J, so the intersection of the two curves uniquely indicates 
the onset of instability; that is, no prior instabilities (intersections) can occur. 
This is illustrated in Fig. 4. 

Analysis of typical Tapplied curves for the applications of interest will follow to 
demonstrate the monotonic increasingJ versus Tappiied behavior. 

On the other hand, there are other applications such as testing for which 

J 
LIMIT 

--sLoPE 

T 
FIG. 2--Assured validity limits noted on a ]-T diagram. 

4Cracks in pressure vessel walls primarily loaded with internal pressure are considered here. 
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J \ 

\ ~STRAIGHT LINE 
~ ~. \,,/( EXTRAPOLATION 

T 
FIG. 3--The safe region (Jappl, Tappl) f~ a given material. 

d 
~TApPL.I ED CURVE 

<T~e 
TABLE ) 

F INST&BILJTY 

RIAL 

<T,,A~. 
�9 (STABLE)  

T 
FIG. 4--A schematic T-applied curve extending to instability. 

always stable conditions are sought (in bending where TappJiea = negative). 
These are treated in earlier studies [2] sufficiently for the objectives of this 
current work. Nevertheless, it is noted and the reader is warned that other 
relevant considerations must be made where widely different loading condi- 
tions and crack configurations exist, such as plastic bending of nuclear pip- 
ing with through cracks. However, for the normal conditions and postulated 
flaws for pressure vessels, the J versus Taopl~ behavior will follow a consistent 
pattern, as will be shown. 

Analysts of Y Versus T Applied Curves for Through Cracks In Pressure 
Vessel Walls 

Under the actual pressures expected in nuclear pressure vessels, the shell 
stresses remain linear elastic and LEFM conditions apply. At a temperature 
high enough to be well into the Charpy upper-shelf region and for flaw sizes of 
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11-16 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

interest, it may take stresses approaching yield or higher to cause actual crack 
instabilities. Moreover, in assessing measured crack instabilities in model or 
full-scale vessel tests, the necessary pressures resulted in stresses near or ex- 
ceeding the yield of the material. Therefore, along with the previously 
developed J versus T diagram, stability analysis, and material characteriza- 
tion, it is necessary to develop analytical equations for Japplie d and Tapplied which 
are accurate when applied in the LEFM range and also can be applied in the 
range where stresses exceed the yield strength. Thus factors of safety or results 
of vessel tests or both may be assessed at least approximately. 

Linear -E las t&Format  

In the linear-elastic range it is noted that 

g 2 
J =  (19) 

E 

where for a cylindrical shell of radius, R, and thickness, t, with a through 
crack of length, 2a, the applied stress intensity factor, K, may be written 

K = ox/~dra �9 Y(X) (20) 

where )~ = a/',,/-R-[ and Y is a geometrical correction factor for the effect of 
shell curvature and bending. Substituting Eq 20 into Eq 19 and rearranging 
leads to a convenient form 

Japplied = 

where we define 

{ } : stress bracket 
[ ] = geometry bracket 

o02a ~''xa 2"] 
E ( o02 ) [y2] (21) 

for the purposes to follow. For examining crack stability under constant 
pressure or load (that is, o constant), the first form of Eq 13 applies with 
OP/aa = 0; hence following the definition of Eq 8 

dJapplied E C3Japplied E (22) 
Tapplied = da 00 ---2 = Oa a02 

Putting Eq 21 into Eq 22 leads to 

f"Tra2 "~ 
rapp.~ = ~-~02 ) �9 [ r 2 + 2x r .  r ' l  (23) 
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PARIS AND JOHNSON ON NUCLEAR VESSEL ANALYSIS 11-17 

which contains the same stress bracket as Eq 21 but a new geometry bracket. 
To identify the implied Japplied versUS Tapplie d curve on a J  versus T diagram by 
eliminating load or e, simply divide Eq 21 by Eq 23, to obtain 

Japplied : ~ [ 1 1 
Tapplie d " E " 1 + 2~Y'/Y (24) 

For constant crack size, a, and for a given material, the ratio of Japplied 
to Tapplie d is a constant according to Eq 24, which can be represented as a 
straight line through the origin on a J versus T diagram as in Fig. 5. 

As loading occurs, that is, as stress o is applied, from Eq 21, J applied 
starts from zero (the origin of Fig. 3) and proceeds to increase with the 
square of the applied stress. If J exceeds JIc crack extension, Aa (actual) 
begins to occur so the trace of Japplied versus  Tapplie d would depart slightly 
from a straight line. But the crack length changes prior to the onset of in- 
stability are likely to be small in heavy sections so this slight departure will be 
neglected for the moment, s 

It remains to show how the Japplied VCrsUS Tapplie d curve behaves as stresses 
exceed the range of applicability of LEFM. But first it is relevant to establish 
values for the geometry brackets as given in Eqs 21, 23, and 24. 

Shell Correction Factors or Geometry Brackets for Through Cracks in 
Cylindrical Shells with Internal Pressure 

The shell correction factors for longitudinal through cracks in shells as 
developed first by Folias [10] and modified by Erdogan and Kibler [11] and 

J i 
~ SLIGHT OEPARTURE 

/ /  FROM STRAIGHT UNE 
~//  DUE TO CRACK 'JJ/c/ EXTENSION, AO 

APPL. 

T 
FIG. 5--A typical J versus T applied curve (almost straight). 

5Even if they are not small, their effects can easily be incorporated into the analysis, as a 
perturbation. 
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11-18 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

verified by Krenk [12] are perhaps most conveniently shown in Rooke and 
Cartwright's work [13]. For the longitudinal crack they can be empirically 
expressed over the range of interest by the approximations ( _  1 percent) 

Y = (1 + 1.25)`2) 1/2 for(0 _< h -< 1) 

= (0.6 + 0.9),)for (1 _< k ~ 5) 

where as before 

a 

) ` -  @ 7  (25) 

Similar expressions may be developed for circumferential cracks--again see 
Ref 13--but are of lesser interest since the applied longitudinal stresses are a 
factor of 2 less than the hoop stresses, and longitudinal cracking is favored. 

Using expressions such as Eq 25 or curves from [Ref 13], the geometry 
brackets required in Eqs 21, 23, and 24 have been computed and are given 
here graphically in Fig. 6-9 for both longitudinal and circumferential 
through cracks. 

In the following discussion it will be of special interest to note that the 
geometry bracket associated with Eq 24 (dashed curves in Figs. 6-9) is always 
a number smaller than 1 and greater than 1/3. Indeed for most vessels, R / t  _~ 
10 and the usual leak-before-break assumption of a = t gives )` -_-- 0.31 and 
the [ ] is between 1 and 0.8, that is, always nearly 1 in Eq 24. 

Plastic Zone Corrected L E F M  Conditions 

Historically the first attempts to extend LEFM toward the elastic-plastic 
range included correcting the crack length for the plastic zone at the crack 
tip to obtain an effective crack size, aef f, that is 

aeli = a -4- ry 

where 

ry = ~ = 
~lrao 2 

where 

fl -=- 2 (for plane stress) 
-= 6 (for.plane strain) 

(26) 

In applying the plastic zone correction to Eq 21, for example, the crack 
size, a, might be replaced by aeff, both where it appears explicitly and in Y. 
However, its use here shall be restricted to relatively low nominal stress 
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FIG. 6--Shell correction .factors for longitudinal cracks in cylinders (for low Kt. 

levels, for example, (a/o o) < ~3, so ry << a, so that its effect on the value of 
the geometry bracket [ y2] and others will be small and can be neglected. 
Correcting only the explicit appearance of "a" in Eq 21 and rearranging 
gives 

ao2a I r(a/ao)2 1 Japplied = E 1 -- (y2 /~)  (o/ao)2 [ y2] (27) 

For through cracks in nuclear vessels, where instability is approached at 
stress levels of 2/3 yield or less, the crack-tip plastic zone stress state will be 
closer to plane strain than plane stress. Hence, to simplify the stress bracket 
in Eq 27 taking y2 = 1 (but using the actual values from curves) for the 
geometry bracket and ~ = 2 (plane stress thus conservative), a conservative 
estimate of ']applied is achieved 
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1620 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

.oo2a. I. 7r(~/0o)2 1 
Japplied = E 1 - 1/2 (0/00) 2 [ y2]  (28) 

Indeed, most often the 1/2 in the stress bracket  might be too conservative but  
it can be no less than 1/6. For the range of interest Fig. 10 shows a plot of 
these extremes for the stress bracket .  Using the conservative value t/2 also 
compensates for the slight underest imate  of the geometry bracket ,  [ y2],  by 
neglecting the plastic zone correction in it. 
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FIG. 7--Shell correction factors for longitudinal cracks in cylinders (for high X but with o/a 0 
< 0.671. 
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FIG. 8--Shell correction factors for circumferential cracks in cylinders (for low X). 

Finally, it is noted that the simplifying assumptions leading to Eq 28 not 
only result in a good (perhaps slightly conservative) approximation for./applied, 
but most importantly result in an especially convenient format. The stress 
bracket and geometry brackets in Eq 28 completely separate the stress and 
geometry effects on Japplied into independent factors. Because of the separa- 
tion and following the analysis represented by the sequence Eq 21 to Eqs 23 
and 24, operating on Eq 28, the results are 

and 

z(a/a~ 1 Tapplied = 1 -- ~ 0 )  2 [y2 + 2XYY'] (29) 

Japplied __ o02 a [ 1 ] 
Tapplie d E 1 + 2X Y' /Y (30) 
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FIG. 9--Shell correction factors for circumferential cracks in cylinders (.for high X but with 
0/% < 0.67). 

I t  should be noted tha t  the  final result  Eq 30, is identical  to Eq 24, which 

implies tha t  on the  J versus T diagram,  Fig. 5, the  s a m e  ,/applied - -  / ' appl ied 
trace or loading line is followed, whether  the  plastic zone correction is used or 
not! Consequently,  as discussed earlier, the  loading line is a s traight  line 
through the origin of the  J versus T d iagram of a slope given by 

_ _  fro 2 a slope ----- Jappii~d _ eo 2 a [order  of 1] ---- (31) 
Tapplie d E E 
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FIG. lO--Stress correction factors for  J and T for  low stress, a/a o <- 0.67. 

A Note on Further Extrapolation of the Stress Bracket 

The analysis of actual nuclear vessels at nominal stress levels above 2/3 yield 
is not realistically associated with any known operating or even faulted condi- 
tions. However, for the purpose of comparison of analytical methods with test 
results from model vessel tests pressurized to crack instability, extrapolation 
of the foregoing methods to obtain fair approximations is relevant. 

Moreover, at stress levels higher than 2/3 yield, interest becomes centered 
on rather short through cracks, a << t, so that X << 1 and the geometry cor- 
rection effects become small. Under such conditions, the separation as in Eq 
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28 to independent stress brackets and geometry brackets is no less justified; 
thus it need not be discussed further here. For the stress bracket functions 
derived in the following, it must be noted that they should be applied only for 
low X (X < 1) so Figs. 6 and 8 will be relevant but Figs. 7 and 9 should be 
excluded. 

The Strip Yield Model Stress Bracket 

Using the so-called Dugdale strip yield model to develop the stress 
bracket, the development of the function follows Eqs 21, 23, and 24 or equally 
well Eqs 28-30, repeated here for emphasis 

a92 a 
Japplied : E { }[ y2] 

and (32) 

and 

Tapplied = { }[ y2 + 2X YY'] 

Japplie_____~d __ o02 a [ 1 1 
Tapplie d E I + 2k Y '/Y 

where { } is the stress bracket. 
From the solution for the strip yield model for a center through-cracked 

plate--for example, see Ref 14-- and comparing results with the first of Eqs 
32, the stress bracket for strip yielding is 

{ } = ensec (33) 

where 0.7 (for plane strain) _< 3' -< 1 (for plane stress). 
This stress bracket might be used for stress levels from 2/3 yield up to (but 

not including) the yield strength (it assumes elastic-perfectly plastic nonhard- 
ening material). It is appropriate to go on to hardening solutions for ex- 
trapolation of the stress bracket for stresses at or above the yield strength. 

The Power-Hardening Stress Bracket 

For a power-hardening approximation of a material's stress strain curve by 

EO 
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PARIS AND JOHNSON ON NUCLEAR VESSEL ANALYSIS 11-25 

the numerical solutions for center-cracked plates under both plane stress and 
plane strain have been presented by Hutchinson and co-workers [15]. Their 
results were compiled and applied to develop tearing instability parameters 
by Zahoor [16] and tabulated by Tada [17]. Taking their plane stress results 
in the same form as the first of Eqs 32, the stress bracket becomes 

where 

{ } =  )""1 t. \ o 0 /  

f *  = r (n = 1) = 9.2 (n = 7) 
= 5.5 (n = 3) = 11.3 (n = 10) 
= 7.5 (n = 5) etc. 

(35) 

The power-hardening model, Eq 34, is a fair approximation only above 
yield for nominal stresses. Therefore its use is limited. However, if only the 
above-yield range is of interest in certain applications, some further simplifi- 
cations may be invoked. Dividing Eq 35 by Eq 34 and rearranging 

Above yield the stress is always near the yield stress a = % (or Eq 34 can be 
adjusted). Hence in the above-yield range the stress bracket is almost propor- 
tional to the strain or more properly the stress times the strain. Substituting 
Eq 36 into the first of Eqs 32 

,/~p#~ = f *  aea[ Y21 (37) 

Noting that in this relationship "/applied varies approximately linearly with 
nominal stress, o, with nominal strain, e, and with crack size, a, is of con- 
siderable assistance in intuitively understanding the role in loading deforma- 
tion and size as variables affecting Japplied" 

However, the simple power-hardening model of a material's stress-strain 
curve. Eq 34, is inadequate to represent the detailed behavior of both the 
elastic range and the hardening range. A better representation is found 
through the Ramberg-Osgood approximation. 

The Ramberg-Osgood Stress Bracket 

The Ramberg-Osgood representation of a material's stress-strain behavior 
is 

(38) 
\ao /  ~o ao 
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11-26 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

Again, from Hutchinson's results [15] as compiled by others [16,17], com- 
paring terms in the same form as the first of Eqs 32, the stress bracket may 
be written 

= - -  (39) 
k \ o 0 /  o 0 /  ) 

The parameters q,* and G* vary in a complex way with ~x and n, which can 
be determined from analysis in Refs 16 and 17. The limiting case for elastic 
material, ~x = 0, is ~I,* = 7r (G* ;~ 0o n # Do). Thus Eq 39 is seen to reduce 
to a form proper for insertion in Eq 21. At the other limit with the stress 
above yield, o > o0, the xI,*-term is negligible and then ~x G* =- c~f*, which 
produces agreement with Eq 35. 

It would be cumbersome to present stress-strain curve-fitting considera- 
tions using Eq 38, as well as corresponding determinations of q *  and G*, for 
all materials here. More to the point is to consider a typical material, AS33B, 
at 93~ (200~ for which Shih [18] obtained the following curve-fiRing 
results 

o o = 60ksi  
E = 2 9 •  103ksi 

= 1.115 
n = 9,7 

Following Refs 16 and 17 for plane stress and using these results, one obtains 

q'* ---- 4.3 
~' G* = 11.8 

which, when substituted in Eq 39, gives 

I 4 ( ~ 0 )  z (-~00)1~ { } =  .3 + 11.8 (40) 

for a typical nuclear vessel material. Plotting the stress bracket, Eq 40, for 2/3 < 
(o/o0) < 1 and fairing it into the stress bracket from Eq 28 for (O/Oo) < 2/3 
resulted in the curve of Fig. 11. Again, the reader is reminded that the higher 
end of the curve in Fig. I1 is appropriate for situations only where X << 1, so the 
elastically determined geometry brackets must not be used inappropriately in 
the fully plastic range. 

Summary on Through-Crack Analysis 

In summary, a method has been developed to analyze through cracks in 
nuclear pressure vessels to determine '/applied, rapplied, and Japplied/Tappiied. 
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11-28 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

Neglecting both a plastic zone correction to the geometry factor and 
geometry correction to the stress factor forced a separation of effects which 
was compensated by developing stress factors for plane stress (conservative). 
For application at stress levels below 2/3 yield or low values of X (h << 1), the 
method is accurate and slightly conservative. At stresses above 2/3 yield or 
with high X(X > 1), but not both, the method will give good approximations. 
This permits comparison of analytical predictions with many test results. 
[The method is not intended to treat long through cracks (;~ > 1) concurrent 
with high nominal stresses (approaching or above yield), but this combina- 
tion is never encountered in nuclear vessel analysis.] 

The resulting equations for all cases were reduced to Eqs 32. The geometry 
brackets were given in Figs. 6-9 and the stress brackets in Fig. 11 (and Fig. 10). 

Finally, the loading line on a Jversus T diagram for the trace of Japplie d versus 
Tapplie d is effectively a straight line through the origin of slope equal to 002 a/E 
times a factor which ranges from 0.5 to 1. This result is independent of the 
stress bracket model employed. 

Surface Flaw Analysis 

For a surface flaw of depth, a, and length, 2c, in a vessel wall of thickness, 
t, the form of the elastic solution for K is often given as 

oCCd   
K -- - - f ( a / c )  .g(a/t) (41) 

*o( a/c ) 

where ~0 is the elliptical shape factor as computed from the complete elliptic 
integral of the second kind [19] 

/"/2 [ c2--a  2 ],/2 
~0 = 1 sin20 dO 

Jo ] 

and wheref(a/c) is a front surface correction factor, and g(a/t)  a back sur- 
face correction. 

One may combine q~0 a n d f  into F by 

F ( a / c ) = ( f ( a / c )  ) 2 
dpo(a/c) 

LEFM Surface Flaw Equations 

Writing '/applied directly from the preceding 

Japplied- E -  -- T 71" F(a/c)G(a/t) (42) 
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PARIS AND JOHNSON ON NUCLEAR VESSEL ANALYSIS 11-29 

where 

dG 
G(a/t)=[g(a/t)] 2 and G'(a/ t ) - -  

d(a/t) 

for subsequent use. 
Differentiating under constant 

Tapplie d gives 
pressure stress, o, as before to obtain 

Tapplie d = { }F(a/c)[G(a/c) + (a/t)G' (a/t)] (43) 

where the derivatives of F are neglected since they are slightly negative for in- 
creasing "a" compared with "c." This gives a conservative result for Tapplied. 
Proceeding as before, dividing Eq 42 by Eq 43 

Japplied Oo 2 a [ 1 ] 
Tapplie d T " 1 + a/t. G'/G (44) 

Notice that the form of this result is identical to those for through flaws. In- 
deed, taking G to be the often-employed "secant correction" [14] or 

~ a  
G ( a / t ) = s e c - -  

2t 

the geometry bracket in Eq 44 is given by 

1 1 (45) [ ] =  r a  r a  

1 + -~-t tan-~--t 

which for 0 _< (a/t) <_ 1/2 takes on values which range from 1 to 0.57. Hence, 
as before, the geometry bracket in Eq 44 is slightly less than but nearly equal to 
1 for cases of interest. This result is also independent of adjustments to the 
stress bracket, does not enter Eq 44, and is independent of the crack shape 
aspect ratio; that is, it does not include the function F (a/c). This elastic 
analysis should be tentatively restricted to avoid yielding of the uncracked re- 
maining ligament, t -- a, behind the crack. It is certainly acceptable if 

cr/tr 0 < (1 -- a/t) 

For additional reasons associated with corrections of the form of the forego- 
ing elastic analysis, it is prudent to restrict its use to a/t-values equal to or 
less than 1/2. 
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11-30 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

Surface Flaw with Yielding Remaining Ligament 

Consider the case where a/t is greater than 1/2 and where 

1 > o / a  o > ( 1 - a / t )  

The ligament behind the crack will surely yield, but the uncracked regions of 
the vessel wall will be elastic. Following the analysis of the yielded ligament 
behind a surface flaw as in Ref 2, that is, as an elastic through crack with the 
remaining ligament supplying distributed closing forces equal to the flow 
stress over the net section area, the displacement at the center of the crack is 
taken to be equal to the crack opening stretch, 8, or 

J 2aeff (2c) 4,: 
b = ~, - - [a - Oo(1 - a/t)] (46) 

ao E E 

Solving for ']applied gives 

~176 ( ~ a ) ( - ~ o - -  1 + a / t )  ']applied ---~ E (47) 

Note that stress and geometry effects are necessarily mixed here. However, 
Tapplie d can be computed again by differentiating with constant nominal 
pressure stress or 

4c 
Tapp|ied --~ (48) 

"yt 

This result was found in Ref 2. Continuing, we divide Eq 47 by Eq 48, result- 
ing in 

Japplied = ~176 (-~0 ) 
Zapplie d E (t/a) -- 1 + a/t (49) 

Under the conditions stated in the foregoing, the final parenthesis in Eq 49 is 
positive but less than a/t. Therefore the product of the final two parentheses 
is less than but nearly 1. Hence, comparing the form of Eq 49 to Eq 44 and 
earlier results, such as the last of Eq 32, shows that all can be described by 

�9 ]applied 002 a - -  - [ -0 .Sto  1] 
Tapplie d E 

(50) 

Figure 12 shows the values of the [ ] factor from Eqs 49 and 45 faired 
together from high a/t to low a/t, respectively, consistent with the limitations 
of these equations. 
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11-32 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

The discussion has established that Eq 50 applies to surface flaws as well 
as through flaws. However, the analysis is recommended currently only for 
reasonably shallow surface flaws, that is, a/t -< 1/2. Moreover, for good preci- 
sion over a wide range of stress levels, the stress bracket should be further 
developed. 

Stress Bracket for Surface Flaw 

The geometry corrections for the surface flaw, that is, F(a/c) and G(a/t)  
in Eq 42, are adequately represented by the curves in Appendix A of Section 
XI of the Nuclear Pressure Vessel Code. The curves for a/Oo = 0 are uncor- 
rected for plastic zone effects and are most appropriate here (not overly con- 
servative), since the plastic zone correction and other higher stress level ef- 
fects shall be treated by modifying the stress bracket. 

First, consider a plastic zone correction for the surface flaw formula, Eq 42. 
As noted previously, since F(a/c) diminishes for increasing "a ,"  its effect 
somewhat cancels the increase in G(a/t) .  Thus a small plastic zone correc- 
tion will have little effect on the values of the combined geometry correction 
terms. On the other hand, the explicit appearance of "a" in Eq 42 can be 
plastic zone corrected, using Eq 26 for plane strain. Up to stress levels of 2/3 
of yield this can be accomplished by adopting the plane-strain stress bracket 
correction as plotted in Fig. 10, or 

~o/o0) 2 
{ } =  I1__-1"~6(--~o0)21 

(51) 

The (V6) coefficient in the stress bracket could be corrected for geometry ef- 
fects but, in the stress range of applicability and for a/t <_ 1/2, this correction 
is small and applies to a term of small influence; thus it well may be 
neglected. Especially so since it is a greater convenience to avoid mixing 
stress and geometry factors. 

As was done before for through-thickness flaws, the stress bracket correc- 
tion approach may be accomplished most appropriately for higher stress 
levels by employing the hardening results of Hutchinson and co-workers [15]. 
In this case, plane-strain Ramberg-Osgood hardening analysis was em- 
ployed. Indeed, for very shallow (a/t << 1/2) but long (a/c << 1) surface 
flaws, their results for center-cracked plates are accurately appropriate. 
Hence, for a/t <_ I/2 and a/c << 1, their results will give fair approximations 
for the high-stress-level range, that is, o/o 0 > 2/3. 

Following the same Ramberg-Osgood analysis associated with Eqs 38 and 39, 
but for plane strain, and again adopting Shih's [18] parameters for AS33B steel at 
93~ (200~ (that is: Oo ----- 60 ksi, E = 29 • 103 ksi, ~ = 1.115 and n = 9.7) 
results in 
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{ } : {3.3(0/Oo) 2 + 3.5(0/0"0) 10.7} (52) 

Fairing the stress b racke t ,  Eq 52, together  with the former Eq 51 near  o/o0 --  
2/3, provided the results in the "Plane Stra in"  column in Table  1. The  other  col- 
umn, "Plane Stress,"  gives t abu la r  results for through cracks for com- 
parison. The  Table  1 results were consistently similar even though the plane-  
stress values eventually deviated from the plane strain values; therefore the  
methodology was extended to surface flaws in uniform stress fields in vessel 
walls. 

Analysis o f  Surface Flaws into Nonuni form Stress Fields 

Though the pressure stresses in a nuclear  vessel wall induce (almost) uni- 
form unper tu rbed  stress fields, secondary stresses such as residual  stresses, 
thermal t ransient  stresses, and  faul ted condit ions result in high stress gra- 

TABLE 1--Stress correction factors for J for plane stress 
(through flaws) and plane strain (surface flaws) with 

Ramberg-Osgood hardening. See Ref 17. 

For use with the stress-strain law 

~ = _ _ o  + ~  

eO Oo 

for typical A533B steel at 93~ (199~ then o 0 = 414 MPa (60 ksi); 
= 1.115, andn = 9.7 (see Ref5) 

{ Plane Stress } { Plane Strain } 
o/o 0 (for Through Flaws) (for Surface Flaws) 

where 

J =  - -  

0 0 0 
0.2 0.134 0.127 
0.4 0.546 0.516 
0.5 0.898 0.819 
0.6 1.38 1.20 
0.7 2.05 1.65 
0.8 3.39 2.35 
0.9 7.35 3.78 
1.0 16.1 6.80 
1.05 24.6 9.54 
1.10 37.9 13.6 
1.15 58.3 19.9 
1.20 89.1 29.3 

002 a 
�9 { } �9 {geometric correction]. 

E 
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dients through the wall. The secondary stresses are of great concern only in 
combination with pressure stresses; they cause yielding locally (at the surface 
of the wall). The foregoing methods are inadequate to handle this situation 
accurately and other analytic methods are not available currently to develop 
a method of equal accuracy. However, an approximate and conservative 
method may be advanced (as suggested to the present authors by Riccardella 
[201). 

As noted with Eq 37, "]'applied is roughly proportional to applied strain. Con- 
sequently, if thermal stresses (or other secondary stresses) are determined by 
elastic analysis, the stress values are much too high (yielding should have oc- 
curred) but the implied strains are nearly correct. Therefore, computing im- 
plied strains, averaging them over the crack area of a surface flaw, and then 
transforming them back to equivalent stresses by the Ramberg-Osgood rela- 
tion, Eq 38, for insertion into the preceding surface flaw analysis should give 
reasonable results. Tentatively, the results of such a superposition are judged 
to be a conservative method of handling secondary stresses. This matter 
bears some further study. 

Consistent with the proportionality of JappJi~d to strain, Reuter [21], in per- 
forming a sensitivity analysis of the effect of variation of the stress-strain 
curves on stress brackets, also noted this proportionality to strain. Indeed, 
for high stress levels (0/0" o equal to or greater than yield) he has shown that 
rewriting the stress bracket in terms of strain has some merit. That observa- 
tion is consistent with the suggestion here of using superimposed strain to 
treat superimposed secondary stress circumstances. 

Application of J Versus T Diagram to Nuclear Pressure Vessel 
Conditions and Materials 

As explained in the text with Fig. 4, crack instability occurs when the 
J-Tapplie d curve intersects the J-TmatedaJ curve. In discussing both the surface 
flaw and through flaw from the LEFM range into the fully plastic range, it 
was noted by Eqs 24, 30-32, 44, and 50 that J-Tapplie d is a nearly straight line 
through the origin of a J versus T diagram. Summarizing all those equations, 
the slope is 

Japplied 0"0 2 a 
-- [0.5 to I] (53) 

Tapplie d E 

On the other hand, the region of the J versus T diagram for which the 
material property data are absolutely assured to be accurate by "J-controlled 
growth" critera, Eq 18, is 

Japplied 0"0 2 a 
- -  - - -  ( 5 4 )  

Tmaterial Eo~ 

where oo >_ 5 >> I. 
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In practice, the postulated flaw sizes, a, for analytical purposes are likely 
to be the order of 1/4 to 1 times the vessel wall thickness for surface and 
through-flaw sensitivity studies, whereas the remaining uncracked liga- 
ments, b, in experimental specimens are likely to be a much smaller fraction 
of the vessel wall thickness. Thus, to compare Eqs 53 and 54 it is noted that 

a[0.5 to 1] >> b/co (55) 

or the loading line for Japplied versus  Zapplie d will not intersect the materials 
curve in the region where co _> 5. However, both the J-Tmaten~ analysis and 
J'Tappl~d analyses are assut:ed to be correct up to the experimental J-levels 
where ~o _> 5. Therefore at that level there is still an assured safety margin 
factor on T, in fact by the inequality Eq 55; that is 

Tmaterial a[0.5 to 1]co 
m a r g i n - -  -- >> 1 (56) 

Tapplie d b 

which is a safety margin against instability considering Eq 9. 
Alternatively, it can be argued that since there is a fair margin against in- 

stability at the J-level where co ~ 5 in the test data, loading would necessarily 
have to increase further, raising the apparent J, in order for instability to oc- 
cur. Using the linear (cummulative) extrapolation of the data as suggested in 
Fig. 3, loading would at least progress beyond the point where the ex- 
trapolated data intersect the line representing Eq 54, with b replaced by a. At 
that point the analysis of the postulated vessel flaw is at a J-level where oJ > 5 
so the analysis is still accurate. The load or pressure corresponding to J at 
that point can be found from the Japplied equations. Some further unknown 
margin exists at still greater loads since instability has not yet ensued even 
though at high loads neither "J-controlled growth" nor the analysis method 
are absolutely assured. 

Application to End of Life by Irradiation Damage to Actual Vessels 

Considering the preceding discussion, the former (more conservative) 
criteria rather than the alternative will be adopted here as a limiting (safe) 
J-level for purposes of safety assessments. Both the available data on irradia- 
tion damaged material and prospects of data from surveillance and other 
programs are limited to test specimen sizes of untracked remaining liga- 
ments, b, of slightly over 25 mm (1 in.). Inserting that size into Eq 54 along 
with other typical irradiation-damaged material properties--for example, 
a 0 > 85 ksi, E = 30 • 103 ksi, with co = 5--gives 

Jmaterial 0"0 2 b (85) 2 (1) in. �9 lb 
- - = 5 o  ~ ( 5 7 )  

Tmaterial Ew 30 (5) in. 2 
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Figure 13 is a J versus T diagram showing some of the available irradiated 
J-R curve data, as well as some low-toughness unirradiated data. The curves 
shown were reported by Loss [22] and the experimental details and the 
method of development can be found in that publication. It is sufficient to 
note here that in the opinion of the present authors they are properly obtained 
data meeting the conditions for "J-controlled growth" over the full range for 
which the curves are plotted. 

A J / T  = 50 line was plotted on Fig. 13 intersecting the material data 
curves. Each curve has associated with it a number, which is the Charpy im- 
pact upper-shelf energy (in. f t .  lb) from tests of the same material and condi- 
tion. Thus in the neighborhood of the Code-significant Charpy energy of 50 
(that is, the range 35 to 78 f t .  lb), it was noted that the J-levels at the inter- 

~  

I 

v0 20 40 --- 60 80 IO0 

T 
FIG. 13--Typical data from Loss (NRL) on irradiated nuclear vessel materials (upper-shelf 

Charpy V-notch noted on each curve) [22] (1 in. �9 lb/in. 2 = 0.17512 kJ/m2). 
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sections varied significantly. Also it was noted that these intersections with 
J / T  = 50 were at J-levels considerably above the critical, Jlc, values for these 
materials (sometimes as much as three times). Hence, JIc is far too conser- 
vative and not directly connected to crack instability for reasonable judg- 
ments of actual reactor safety for upper-shelf conditions. 

On the other hand, linear extrapolation of the material data curves from 
the J / T  = 50 line to loading J/T-curves for vessel postulations (usually 
J / T  > 500) indicated a modest increase in J for instability above the J / T  : 
50 values. Consequently, the J / T  = 50 intersection values, denoted Js0 in fur- 
ther discussion here, appear to be reasonable (slightly conservative) for use in 
reactor vessel analysis. That is to say that these Js0-values, established from 
J-R curve tests of actual vessel material, including weld metal, are proposed 
and recommended as reasonable limiting values for vessel analysis for the 
current state of the art. 

The Possibility of a Charpy Correlation whh Jso-Values 

The previous discussion recommending Js0-values measured directly from 
a plane-strain J-Integral R-curve test did so for very relevant reasons. The 
test directly measures crack extension (Aa) behavior for increases in applied 
J under rigorous J-controlled conditions. The results are directly applicable 
for estimating the instability of crack extension under local crack-tip condi- 
tions of plane strain with J-controlled growth for postulated vessel cracks. 
Short of extensive testing of ful l  scale vessels with cracks, it is the most direct 
and rigorous approach available. 

Correlations or data extrapolations, though tempting, do not have an im- 
portant role except in cases where no other avenue of approach exists, and even 
then only with a vast amount of statistical data available to illustrate excep- 
tions. One potential case is that of existing reactors with doubtful material 
chemistries, including welds, whose surveillance capsules do not contain ma- 
terial samples from which proper J-R curves may be obtained. Some capsules 
only have Charpy bars and no other way to establish J-R curve properties. 

For such an extreme case the question is, Can the Charpy test in some way be 
correlated to the relevant property for analytical judgments, Js0, no more, no 
less? As a consequence, Loss's data were plotted on Fig. 14 to explore this 
possibility. For both irradiated and unirradiated base metal and weld metal a 
scatterband of data resulted. The scatterband was fairly broad but its lower 
boundary seemed well enough defined to provide hope that such a correlation 
may be possible for use where J-R curves are impossible to obtain. 

It is noted that the data are from a single source and are not a very 
numerous (statistically significant) sample. So as hopeful as one may view 
this attempt at correlation, it remains to be firmly established. 

Indeed if it is established as a correlation, it remains from statistical con- 
siderations to determine an adequate margin between the lower boundary of 
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F I G .  14--An attempted correlation of  Jso-values with Charpy upper-shelf values f rom data by 

Loss [22]. (1 in. �9 lb/in. 2 = O. 17512 kJ /m 2) (l  f t  �9 lb = 1.356 J). 

the data and acceptable Js0-values for use in analysis to assure safe utiliza- 
tion. This judgment is left for others after an adequate data base has become 
available. 

Discussion and Conclusions 

The analysis methods developed herein have attempted to combine several 
objectives. The methods suggested are the first logical extensions of LEFM 
Code methods for flaw analysis in nuclear pressure vessels, that make use of 
established elastic plastic fracture mechanics methodology so as to be quanti- 
tatively applicable to above-transition-temperature conditions. This has been 
done by making use of "tearing instability" concepts under "J-controlled 
growth" conditions to formulate crack instability criteria which are not overly 
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conservative. The method is integrated with the use of J-R curves, which are 
the only available and widely accepted direct quantitative fracture properties 
characterization for above-transition-temperature conditions. 

Staying within the J-controlled growth region for material properties tests, 
specifically for bend or compact-specimen J-R curves, is shown to suggest 
limiting the loading on postulated vessel cracks to an applied J-level, Js0, 
where the test data intersect J / T  = SO. This assures conservatively avoiding 
crack instability by the tearing mode. At near or below the transition temper- 
ature the cleavage mode bears other considerations. On the other hand, well 
above the transition temperature, which is usually consistent with nuclear 
vessel normal operating conditions, cleavage is avoided. As a further expe- 
dient for situations such as some surveillance programs where only Charpy 
specimens are available, it is shown that upper-shelf Charpy energies seem to 
correlate with Js0-values. This correlation and other data requirements sug- 
gest developing a broader data base. 

The analysis and resulting equations developed here for applied J, T, and 
J / T  are appropriate approximations permitting the separation of stress level 
effects and geometrical effects into independent factors. This has led to 
clearly delineating the regions of interest on J versus T diagrams for the loca- 
tion of potential crack instability points for postulated vessel cracks at or 
above about J / T  = 500. Thereafter, once a safe value is selected such as 
limiting J to a value Js0 (for J / T  <_ 50), the approximations have served their 
purpose. Nevertheless, they are clearly and conservatively developed herein 
and are suggested as sufficiently accurate for broad usage with the advan- 
tages of simplicity and familiarity to fracture mechanics practitioners. 
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Evaluation of the Elastic-Plastic 
Fracture Mechanics Methodology on 
the Basis of Large-Scale Specimens 

REFERENCE: Kussmaul, K. and lssler, L., "Evaluation of the Elaatle-Plmtlc Fraemm 
Mechanics Methodology on the Basis of Lmge-Seale Specimem," Elastic-Plastic Frac- 
ture." Second Symposium, Volume II--Fracture Resistance Curves and Engineering Ap- 
plications, ASTMSTP803,  C. F. Shih and J. P. Gudas, Eds., American Society for Test- 
ing and Materials, 1983, pp. II-41-11-57. 

ABSTRACT: Within the scope of the cooperative project "Integrity of Components" 
(FKS) which is a part of the German Nuclear Safety Research Programme of the Federal 
Minister for Research and Technology, the theoretical and experimental investigation on 
ductile fracture is of decisive importance. The FKS is mainly concentrated on tearing tests 
on large-scale heavy-section specimens, in both the base material and welded conditions. 
Universal facilities up to 100 MN are available to test large-scale round and flat bars con- 
taining sharp defects in the form of machined notches, fatigue cracks, and natural flaws, 
such as segregation and heat-affected zone cracking. The dimensions are chosen so that it 
is possible to realize the significant technological states of material and stress over all con- 
ditions in the light-water reactor pressure vessel. The tested materials similar to AS08 
Class 2 and 3 cover a wide range of ductility (C v upper-shelf toughness-40 to 200 J, crack 
initiation./,- -= 54) to 200 kN/m, T-modulus = 10 to 300). 

KEY WORDS: elastic-plastic fracture, toughness, static loading, large-scale and full- 
scale heavy-section testing, elastic limit, plastic limit, natural heat-affected zone cracking, 
size effect 

The test results are mainly analyzed with the J-integral and crack-opening 
displacement (COD) concepts. The relevant ductile fracture criteria are de- 
termined on small-scale specimens and calculated with finite-element meth- 
ods as well as with the estimation scheme developed by General Electric under 
an Electric Power Research Institute (EPRI) contract. The R-curve tech- 
nique, including the tearing instability diagram and modified failure assess- 
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ment diagram, are used for assessing crack initiation, stable crack propaga- 
tion, and instability. 

In addition to the comparative application of the elastic-plastic fracture 
mechanics concepts, the large-scale tests are intended to indicate the limits of 
conventional approaches, for example, the plastic limit load. Furthermore, 
the correlations between fracture stress and classical toughness characteris- 
tics, such as Cv-toughness and reduction of area, are investigated. 

For the present, it can be stated that the tools applied open a reliable access 
to the understanding and quantification of ductile fracture. However, further 
developments of testing, measuring, and calculation methods of the J and 
COD concepts are necessary. These demands concern both the application to 
component and operational conditions as well as the degree of conservatism of 
R-curves determined on small-scale specimens. There are still considerable 
uncertainties in the application of the ductile fracture approaches with special 
regard to the analysis of natural cracking. On the other hand, an engineering 
assessment approach on the basis of classical material characteristics shows 
good promise of handling the problem of ductile fracture in practice. 

The large-scale-and full-scale testing philosophy has been representing for 
decades an important part of a reliable strategy for fracture-safe materials 
and design [1.2]. 3 It soon became evident that with respect to then existing 
flaws, which, however, remained undetected, the fracture resistance was only 
sufficient if the ductility exceeded a certain level. The requirements for tough- 
ness were firstly derived from the tension test characteristics, elongation, and 
reduction of area (RA) at fracture. It is interesting to note that the notched- 
bar impact test with a ligament size of 15 by 15 mm 2 was introduced to the 
German pressure vessel code just 50 years ago. 

Nowadays the results of the large-scale tests being performed in the frame 
of the German reactor safety research program "Integrity of Components" 
(FKS) serve the following: 

1. Evaluation of the overall states of stresses, toughness [nil-ductility transi- 
tion temperature (NDTT) transition range, upper-shelf range], and flaws 
ranging from most favorable to worst-case conditions. 

2. Review of the current fracture mechanics approaches (small-scale speci- 
mens) with respect to the component (large- and full-scale specimens), Fig. I. 

3. Development of an engineering approach to ductile fracture by introduc- 
ing simplified numerical methods and conventional material characteristics 
(Cv, RA). 

4. Supporting the so-called "basis safety strategy" in the field of nuclear en- 
gineering and design, the tenor of which is the break with the postulate of eat- 
astrophic failure not only for the reactor pressure vessel (RPV) but also for the 
other safety-related components [3-5]. 

3"l'he italic numbers in brackets refer to the list of references appended to this paper. 
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f 
SMALL SCALE I 

L SPEc MEN J 

I POST YIELD FRACTURE CONCEPTION I 

LARGE SCALE TEST 
�9 SPEC MEN 

F 

MEASUREMENT 
AND CALCULATION 

--- _ / ~ T O A ~  ~ EXTENOEO CRACK 

CRACK TIP PARAMETER- ' \ - ~ . - . ~ - <  ~ - - - -  
-)-.INTEGRAL-OONOEPT \ INITIAL CRACK 
-COD-CONCEPT , . 

FIG. 1--Large-scale specimens as a link for  transferability. 

The characteristic feature of the FKS, when considering the whole range of 
ductility, is to shed light on both the quality of the elastic-plastic fracture 
mechanics (EPFM), linear elastic fracture mechanics (LEFM), and plastic 
limit load (PLLA) analysis, and on the possibility of applying the conventional 
(Cv, RA) toughness characteristics as fracture-controlling parameters. The 
toughness spectrum of the FKS materials provides experimental results for 
the whole range of EPFM and the well-established boundaries LEFM and 
PLLA which, in turn, firmly support the still problematic EPFM methods, 
Fig. 2. 

The new additional requirements for "basis safe materials" are for all loca- 
tions and directions: 

Cv - 100J upper-shelf energy (USE), single value 

RA _ 45 percent room temperature 

The results of the test-and-analysis program address the following main 
topics: 

static mechanical loading, 
base materials and weldments both with natural cracks, machined notches, 

and fatigue cracks, 
effect of configuration and size of specimens, and 
effect of temperature and level of USE. 
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i 
EPFM 

~ Z  ~STI'4 < - 399 )~ i : i i? ,~\  I 

O TOUGHNESS T 

FIG. 2--Fracture mechanics methods. 

The data developed for this paper were derived from an RPV shell course ma- 
terial (fabricated for a 1200-MWe pressurized water reactor (PWR) plant and 
rejected during fabrication) as well as special heats, up to 200 t in the as- 
forged condition. Segregation and segregation cracking effects were not spe- 
cifically included in the results obtained. 

Materials Characteristics 

Chemical Composition 

The basic chemical composition of the materials corresponds more or less 
to the nuclear grade steels 22Ni-Mo-Cr37 (A508 Class 2) and 20Mn-Mo-Ni55 
(A508 Class 3, AS33B Class 1). Unfavorable toughness conditions were 
achieved by selection of the upper or the lower bounds of the percentage of the 
alloying elements sometimes exceeding the specified limits, and a high con- 
tent of accompanying elements and residuals. These elements are also respon- 
sible for segregation cracking and heat-affected zone (HAZ) embrittlement 
and cracking. 

Strength and Toughness 

The strength and toughness characteristics are given in Table 1 and Figs. 
3-6. KS 01 (A508 Class 2) is a rejected flange ring; KS 07 (A508 Class 2, mod- 
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F I G .  4--Fracture toughness of FKS materials. 

ified) indicates a forged slab. KS 14 (AS33B Class 1) denotes a forged plate, 
whereas KS 15 (A533B Class 1, modified) represents again a forged slab. 

Weldments 

Multilayer submerged-arc techniques were employed for the fabrication of 
the V-shaped weldments up to a thickness of 250 mm. To cover the range of 
quality (toughness, HAZ cracking), both optimum welding parameters as 
well as unfavorable welding conditions and heat history were applied. Extended 
coarse grain zones and micro/macro cracking are typical for the worst-case 
condition. 

Specimen Design 

The configuration of specimens and type of flaws correspond to compact 
tension (CT), double-edge-notched (DEN), double-edge-cracked (DEC), and 
single-edge-notched (SEN) specimens, Fig. 7. Single-edge-cracked (SEC) 
specimens with natural HAZ cracking were tested under tension and three- 
point bending. 

The size of large-scale specimens is characterized by a thickness B range 
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FIG. 5--J-R curves of FKS materials. 
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FIG.  6--Crack-tip opening displacement of FKS materials. 
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CT 200 
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0 ~ l ~  560 

FIG. 7--Large-scale specimens (base material). 

(defect length) 10 to 700 mm and a maximum ligament width (W -- a) of 500 
mm, where a is the defect depth. The scaling factor for medium-size speci- 
mens is 1:5. 

Test Procedure and Evaluation 

The J-R curve was derived from small CT25 and CTS0 specimens (single- 
and multiple-specimen technique). The initiation value Ji has been defined as 
the intersection of the curved J-R line with the blunting line. The J versus load 
functions for all tested specimens were calculated assuming dead load by the 
two-dimensional (plane strain, plane stress) and three-dimensional finite- 
element methods, by the estimation scheme [6] (plane strain, plane stress) 
and by ~7-factor estimation [7]. The crack-tip opening displacement (CTOD) 
for small-and large-scale specimens was determined by all available methods 
(rotation factor BS 5762:1979, endoscopy, inserted clip gages, metallographic 
cuts, replica technique, measuring grid, Moir6). The COD versus load func- 
tions were calculated by finite-element and estimation scheme methods. 

Determination of the initiation load for large-scale tests was tried by heat- 
tinting, acoustic emission, the ultrasonic difference method, and potential 
probe methods. 

The instability point, Fig. 8, was evaluated by the R-curve/driving force 
tangency [8], the tearing instability diagram [9], and the Js0 method [10]. 

Results 

Correlation of Toughness Properties (Small-Scale Specimens) 

J,. and Js0 versus Cv toughness plots, Fig. 9, indicate a linearity for initiation 
and a progressive increase for instability. The J,.-values fit the added scatter- 
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FIG. 8--Determination of instability by R-curve and J~-method. 
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FIG.  9 - - J  i and J50 as a function of  C v toughness. 

band for the empirical evaluation in the literature; the Js0-values of the FKS 
tests are about 10 percent higher than the results derived from unirradiated 
and irradiated specimens [II]. 

Correlation of Failure Stress and Toughness (Large-Scale Specimens) 

The foregoing relationship is established by means of the J-Cv correlation, 
Fig. 9, and the calculated J driving-force diagram for the respective compo- 
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nent represented by large-scale specimens, Fig. 10. An example of this proce- 
dure to predict initiation and instability is shown in Fig. 11. The experimental 
instability stress of a large-scale SEN specimen is in good agreement with the 
theoretical solution. 

Experimental results for the instability of DEN, Fig. 12, show again that 
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FIG. lO--Loading capacity as a function of Cvtoughness. 
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the Js0 method gives a suitable approximation. Above 100 J, the fracture stress 
of the DEN specimen is on a level with the calculated collapse stress after [12]. 
Moreover, the analysis of an SEN large-scale specimen in the tearing instabil- 
ity diagram, Fig. 13, indicates that the application of the estimation scheme 
and the Js0 method to predict instability is promising (see also Fig. 11). 

Size Effect 

The CT2S to CT200 scaling tests, Fig. 14, show that ~. can be regarded as an 
initiation-controlling property. However, the problem of the definition of the 
initiation point and the proper size requirements for the slope of the J-R curve 
still exists. It is remarkable to note that the 20 percent side-grooved CT50 
specimen represents a lower bound even for the CT200 without side grooves. 

Another example for the sealing effect, demonstrated in the failure assess- 
ment diagram (FAD), Fig. 1S, and the J-o plot, Fig. 16, shows the higher frac- 
ture stress and the collapse mode of failure for the smaller specimens, whereas 
the large-scale specimens due to the (absolute) large crack size generate a 
high-stress intensity and a crack-tip controlled fracture in the elastic-plastic 
reg ime .  

The thickness effect can be seen in Fig. 17. The ductile material shows an 
increasing loading capacity with increasing thickness up to a saturation level 
(B ---- 300, theoretical and experimental constraint factor ----- 2.3 and 2.1, re- 
spectively). The lower-bound weldments with HAZ cracking reach the satura- 
tion level at the same thickness. 
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Type of Flaw 

No significant difference in fracture stress of large-scale specimens of the 
ductile materials KS14 was measured when comparing sharp notches and fa- 
tigue cracks, despite the different J-R curves with higher Ji and T for the as- 
notched condition. 
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Natural HAZ Cracking 

The tension and bending tests were evaluated both byJ  (Fig. 18) and COD, 
Fig. 19. The crack path did not follow the HAZ but branched to the base ma- 
terial. Therefore, the failure analysis is first related to the toughness charac- 
teristics of the base material. Both ari and 6i are reliable tools to describe the 
measured (ultrasonic method) initiation. However, the scattering of the COD 
analysis (numerical and experimental) is significant. With respect to J it can 
be noted that, when using the instability crack length, the calculated driving 
force corresponds to the experimentally determined J. The Js0 instability anal- 
ysis is conservative even if the stable crack extension is neglected. Crack initia- 
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tion of the large-scale tension specimen with HAZ cracking again could be 
satisfactorily calculated with the help of the J and COD methods. 

Concluding Remarks 

The following conclusions are based upon our manifold work on the safety 
of the LWR pressure vessel. 

1. Large-scale specimens proved to be a powerful basis for the critical evalu- 
ation of the current EPFM methods embedded in the LEFM and PLLA. 

2. The currently available FM methods are in principle suitable for the 
quantification of the safety margin of cracked components under static me- 
chanical loading. 

3. The preceding statement apphe~ J t  only to the onset of stable crack 
growth but, within certain limits, also to instability. 

4. J and COD can apparently be regarded as equivalent criteria; however, 
the J-method has the advantage of facilitating the applicability. 

5. The engineering assessments, including the plastic collapse analysis, 
based upon the conventional toughness characteristics are suitable for the in- 
terpretatiort of ductile fracture and open the field for extended practical use. 

6. The "basis safety strategy" for high-toughness materials (USE >__ 100 j) 
could be further validated. 
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ABSTRACT: A general instability condition of solid mechanics, valid for a nonlinear struc- 
tural component in an otherwise elastic system, is shown to be inherent in the T-modulus 
concept of instability. This condition involves the slope of the descending part of the load- 
displacement curve of the nonlinear component. It is shown that this slope can be used to 
evaluate Tappl at instability; Tappl can then be used to give a simple estimation of Tmat 
without the need for exact crack length determination. 

In this paper such evaluations for large panel specimens and smaller bend and CT 
specimens are reported for three structural steels. The obtained data are in good agree- 
ment with conventionally determined data. However T-evaluations for tension-type 
specimens give values which are higher by a factor of two than those calculated for bend- 
type specimens. This indicates that T is not geometry independent, but that T from bend 
and CT specimens gives a lower bound. 

A method is discussed of analyzing the instability of a large structure with a cracked, 
ductile component using the stope of the load-displacement curve and the general in- 
stability criteria of mechanics without recourse to fracture parameters. 

KEY WORDS: tearing modulus, unstable crack growth, crack-driving force diagram, 
J-R curves, load-displacement records, tearing instability, elastic-plastic fracture 

Several  concep t s  have  b e e n  p roposed  for  s tudying  instabil i ty in s t ruc tures  

wi th  extens ive  plast ic  de fo rma t ion  and  stable c rack  growth.  All these  requ i re  

e labora te  tes t ing  a n d  test  eva lua t ion .  Mos t  expe r imen ta l  resul ts  are  o b t a i n e d  

wi th  spec imens  or  c o m p o n e n t s  t e s ted  u n d e r  d i sp l acemen t  control  in a stiff 
t es t ing  mach ine .  

O n e  in te res t ing  ques t ion  in t h e  appl ica t ion  of these  resul ts  is to  t r ans fe r  
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system. A second, more interesting question is to transfer the results to other 
specimens, components, or structures with plastic deformation and stable 
crack growth. 

The first question does not, as will be discussed, require introduction of 
fracture parameters. The problem can be solved using the load-displacement 
curve of the non-linear specimen or component. Especially the slope of the 
descending part of the curve is then of importance. Its inverse will be referred 
to as the rebound "compliance." The second question requires introduction 
of a fracture parameter. In this paper three such proposed parameters are 
used to evaluate experimental studies of instability in different specimens. 
These parameters are the T-modulus by Paris et al [1]] the ~-factor concept 
by Turner [2], and the Electric Power Research Institute (EPRI) estimation 
scheme by Shih et al [3] and Shih and Hutchinson [13]. 

The rebound "compliance" mentioned in the preceding is shown to be an 
interesting measure for the determination of the material property Treat, as is 
demonstrated in the following. 

The rebound compliance of a nonlinear component may also be used to 
predict instability of this component in an otherwise elastic system. A treat- 
ment of instability of a large structural system can then be based on fracture 
tests on a specimen similar to the nonlinear part of the system and simple 
structural calculations for the elastic parts of the system. 

Simple Instability Analysis for a Nonlinear Component in an Elastic System 

Consider a cracked specimen or component connected to an elastic system, 
in Fig. 1 simplified to a spring in series with the specimen. 

The total deformation of the spring and the specimen is given through 

Ato t -: Cex t P a t- A (1) 

where A is composed of one elastic and one plastic part. 
In tests with stable crack growth in a specimen, one often observes that the 

load-displacement curve after maximum load is almost linear; see Fig. 2 and 
also Ref 1. This motivates introduction of a rebound "compliance" Cr such 
that 

dA = --CrdP (2) 

Here Cr is a function not only of plastic properties but also of crack elonga- 
tion. If the unloading curve is not linear, Cr depends also on displacement. 

2The italic numbers in brackets refer to the list of references appended to this paper. 
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EFFECT OF EXTERNAL SPRING 
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FIG. 1--P-A curves for specimens under stable and unstable conditions, respectively, and the 
P-A to t curve for the unstable setup (spring in series with the specimen). 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



KAISER AND CARLSSON ON CRACK GROWTH INSTABILITY 11-61 

10 

6 

P (MN] 

4 
x-t = Cr 

I I I / t 
/. 8 12 1~6 2 0 Z6 

A (rnm} 

FIG. 2 - - A  P-A curve for a CC panel. 

If the specimen is connected in series with an external spring with compli- 
ance Cext as in Fig. lb ,  one has from Eqs 1 and 2 

dAto t = (Cex t -- Cr)dP = --CmdP (3) 

where Cm = --Cext + Cr is the measured rebound "compliance" in the test 
with spring. Instability occurs for dAtot = 0, dP # O, that is 

dA 
C~t >-- Cr = - - -  (4) 

dP 

This relation is well known from literature on the common tension test [4]. In 
ductile rate-independent materials with extensive stable crack growth, the 
preceding relations are valid also during the unstable phase of crack elonga- 
tion if this is slow enough so that inertia effects may be neglected. This means 
that the P -- A relation is the same for a specific specimen type in a stable 
test under perfect displacement control (Cext = 0) and in an unstable test un- 
der combined load-displacement control (Cext # 0). Under the unstable 
phase of crack growth the specimen displacement (elongation), Eq 2, is com- 
pensated for by the displacement (shortening) of the spring, Cext dP, so that 
in Eq 1, Ato t = constant. 
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This is demonstrated in Fig. 1, where results of measurements on a test 
setup with a bend specimen and a spring in series with the specimen are 
shown. The figure shows load versus total displacement Ato t and load versus 
specimen displacement A for an unstable test [Cext > - ( d A / d P ) ] .  It also 
shows a stable test (Cext = 0) of an identical specimen under displacement 
control. 

A conclusion to be drawn from the foregoing discussion is that the result of 
tests on identical specimens in series with springs of different compliance is 
predictable from Eq 4 as it concerns the slope of the descending part of the 
load-displacement curve and possible instability. Sufficient information for 
such a prediction is obtained from one test with displacement control or with 
known spring loading. No recourse has to be made to fracture mechanics 
parameters. 

Reanalyzing the records given in Ref 1 for bend specimens in series with 
springs of different compliance, one finds the value of Ce~ and Cm given in 
Table 1 (specimens with a / W  = 0.51). Using Eq 3, Cr is then computed and 
the results in Table 1 obtained. For all unstable tests reported, Cex t > 
7- 10 -4, and for all stable tests reported, Cext < 5 .4 .10 -4. This confirms 
the instability condition, Eq 4, as does several tests of our own on different 
specimen geometries. 

Relating T-Modulus to Descending Portion of Load-Displacement Curves 

From a fracture mechanical point of view it is interesting to transfer 
fracture-controlling parameters from one specimen geometry to another or to 
structures. The possibility to do this is referred to as the geometry in- 
dependence of the parameter. 

The T-modulus has been proposed by Paris to be such a parameter for 
stable crack growth and for instability [5]. The T-concept has since been ex- 
tensively investigated theoretically and experimentally [6, 7]. Several methods 
exist to determine the material property Tmat from experimental data. 

Here, one comment will be made regarding the relation of Treat to the load- 
displacement record of a test with stable crack growth. 

Consider the J-integral and the load P in a test setup according to Fig. 1 as 
a function of crack length and specimen displacement A. 

TABLE 1--Bend specimen values. 

C,., C~, C~, 
Test mm/N mm/N mm/N Stable/Unstable 

A2 4.13 • 10 -4 1.90 • 10 -4 6.03 • 10 -4 stable 
B2 1.97 • 10 -4 4.37 X 10 -4 6.34 X 10 -4 stable 
B4 0.8 X 10 -4 5.39 X 10 -4 6.10 X 10 -4 stable 
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The variations of J and P are 

OJ ~ OJ a dJ=--~- aa+-~- d~ (s) 

dP=- OP Ada + OP Oa --~ dA (6) 

The tearing modulus of the material is by definition, and from Eqs 5 and 6 

Tma t 

I ~ _ ~ OP a l  
E dJ Eft__ OJ OJ Oa 
0"0 2 d ~ -  002 ~ - ~  dP + OP (7) 

- d - - 2  

The applied tearing modulus is obtained from Eqs l, 5, and 6 and the condi- 
tion dAto t = 0 

E OJ Atot E OJ OJ Oa 
Tappl- 0"02 0~- -- 002 Oa- ~ l OP a (8) 

Ccxt + -~- 

Comparing Eqs 7 and 8, it is seen that the general mechanical instability con- 
dition Eq 4 is equivalent to the instability condition 

Tappl --> Tm~t (9) 

Tappl may also be determined from the variation of J due to a virtual crack 
elongation at constant Atot. Therefore in the derivation of Tappl it is formally 
preferable to write Eqs 5 and 6 in variational form, for example 

~J=-~-a 6a :  ~a da / (10) 

The expression in Eq 8 for Tappl is obtained also in this case. 
Condition Eq 4 is not geometry independent whereas the condition Eq 9 is 

expected to be that under certain conditions [8]. 
Results of experimental studies of this geometry independence are reported 

later. 
Going back again to Eqs 7 and 8, one can conclude that Tmat can be deter- 
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mined from the rebound compliance, Cr = - d A / d P ,  of a stable tearing test 
by putting Cext : Cr : - - d A / d P  in the explicit formula for Zappl derived from 
Eq 8 for the actual specimen geometry. 

This method for determination of Tm~t is applied in the following to differ- 
ent specimen geometries and different steels. 

Experimental Work--Materials 

In the experimental part of this investigation, three Swedish structural steels 
were used; OX 540, which is a pressure vessel steel; OX 802, an extra-high- 
strength quenched-and-tempered pressure vessel steel; and OX 812, an extra- 
high-strength quenched-and-tempered structural steel. The composition and 
conventional material properties of these steels are given in Tables 2 and 3. 
The values given for JIc and T in Table 3 are determined by the recommended 
conventional technique [9,10]. 

Determination of Tappl at Instability from Rebound Compliance: Compact 
Tension and Bend Specimens 

As discussed earlier, the T-modulus for a specimen can be evaluated from 
a displacement-eontroUed test measuring the rebound "compliance," that is, 
Cr = - - d A / d P ,  and inserting it in the appropriate expression for Tappl. 

TABLE 2--Composition of experimental steels. 

Steel C Si Mn P S Mo B 

OX 540 <0.20 0.15 to 0.5 < 1.8 0.035 <0.035 . . . . . .  
"OX 802 0.12 0.37 1.34 0.013 0.007 0.64 
OX 812 <0.16 0.15 to 0.70 < 1.5 <0.202 . . . . . .  <0.005 

Cu AI Nb V N 

OX 540 >0.02 <0.05 <0.009 
, 'ox 802 0.08 0.o40 0.035 0: 3 . .  

OX 812 . . . . . . . . . . . . . . .  

aAetual values. 

TABLE 3--Mechanical properties. 

oy, Ou, o0, Jle, 
Material MPa MPa MPa KN/m T m 

OX 540 375 600 475 250 400 
OX 802 800 836 800 200 10 to 20 
OX 812 750 860 800 200 170 
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Several such expressions exist. For three-point bend specimens, Paris and 
Hutchinson [8] give 

4 p 2 E I C I J E  
T a p p ! -  ~176 1 + C oP ~ 

OA~ 

(3PB) (11) 

where a0 is the flow stress and C the external and elastic specimen (no crack) 
compliance Cnc. The values used for o0 in this paper are given in Table 3. 
The thickness of the specimen is B and the ligament b. Further, Ae is the dis- 
placement due to the crack. Equation 11 can be simplified by assuming 
(OP/OA)a = 0, which is expected to be a good approximation at limit load. 

Further approximations are to put P = limit load and to assume the ideal 
plastic value of J. 

This leads to 

8b2EB AcE 
Tappl - -  L-------~ C -- Wa0 (3PB) (12) 

where L is the length between supports and W the width (height) of the 
specimen. 

To evaluate Tapp~ from the preceding relations, b has to be measured or 
estimated. This was done using the key curve method [11]. A p-A relation 
for constant crack length was obtained from a specimen with a blunt notch 
and ligament b0. A power-law expression 

bo ---~ -- \ W ~  (13) 

was fitted to the p-Apl curve by appropriate choice of k and n. 
In specimens with extending cracks, the current crack 

calculated from Eq 13 
length was 

p. Wn+l )1/2 
b ---- -/~ Apl------ ~ (14) 

The accuracy was found to be as good as for other existing methods for crack 
length measurement. 

Another advantage of this method is that 

0 P  a "~- n e_e (15) 
0Apl Apl 
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11-66 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

can be directly estimated from the blunt-notch test. This quantity together 
~r (OP/aAel)a, enters Eq 11. 

Estimations of T using this procedure and Eqs 11 and 12 are shown in Figs. 
4, 5, and 6 for OX 812 (Specimens W = 40 mm and B = 20 mm). The 
figures also show the scatterband of the conventionally determined Tma t (Ta- 
ble 3 and Fig. 3). Figure 4 refers to Eq 11, Fig. 5 to Eq 11 with (OP/OA) a = 
0, and Fig. 6 to Eq 12. In Eq 11 (Figs. 4 and 5) a C varying with & was used. 
This variation was described by fitting a fifth-degree polynomial to the de- 
scending portion of the p-A curve and adding the elastic specimen compli- 
ance C,e. Thus C ~- C(/x) = Cr(A ) + C,c. 

In Eq 12, C is put equal to a constant value C O taken from the final linear 

3000 t 

2000- 

J (kN/rn) 

1000" 

blunting 
line /," 

.,.'"f", 6~ 
. , , ~  T=312 

o, ~#~ Q 
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i i i i i 
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A Q in,m) 

FIG. 3--Conventionally determined J versus Aa curves for OX 812. 
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FIG. 4--Tappt at instability for four bend specimens of OX 812, using Eq 11. 
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F I G .  5--Tappl at instability for four bend specimens of OX 812, using Eq 11 and (OP/OAe) a = O. 
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F I G .  6 - - r a p  # at instability for four bend specimen of OX 812, using Eq 12 and constant 
value for C. 

part of the descending P-A curve and adding the elastic specimen compliance 
Cnc. Thus Co = Cr + Cnc with Cr = constant. 

The similar approach by Turner [2, 7] using the ~/-factor was also applied. 
The corresponding expression for Tappl is 

9 ~ ~lel)) T~pl=2.127rFt2x(1--x)3(9*lpl+-~ ~/e, (*/p,-- (3PB) (16) 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



11-68 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

where 

b dC 
~let - -  C da ~lpl=2 

a 
X = - -  a = W - - b  

W 

K I  = avr~aF1 defines F 1 

Using the variable value for C and Eq 16, the curves in Fig. 7 were obtained. 
Figures 4 through 7 refer to four different test specimens of OX 812. 

A conclusion is that the proposed method of determination of Tapp! at in- 
stability gives values in good agreement with Tmat conventionally determined. 
This is especially true when Eq 11 is used, Fig. 4. The deviations at lower 
displacements in Figs. 5-7 are due to the approximations in the corresponding 
expressions for Tappl. The true value of Zma t is reached asymptotically at large A 
in Figs. 5-7. Further, one can conclude that Eqs 12 and 16 are almost 
equivalent. 

A corresponding evaluation was made using CT specimens. The relation cor- 
responding to Eq 12 as regards the degree of approximation then reads (Ap- 
pendix I) 

X/--2x )2 EApl 
Tappl ----- 2.12EB 1 ~ C -- 2.06 ~ W(1 + X2) 3/2 (17) 

The T-factor approach leads to (Appendix II) 

Tappl = 2.12a2F12x(1- X)rlpl( ?rIp! --1) 
\ 1"/el 

where 
l + o t  

~pl = 2 
l + c d '  

(18) 

Five 20-mm-thick specimens of OX 812 were tested and evaluated using Eqs 17 
and 18 and the same procedure as for the bend specimens. Figures 8 and 9 
shows the results obtained using Eq 17 with C variable and constant, respec- 
tively. Figure 10 shows the result obtained using Eq 18. 

The conclusion to be drawn is the same as for the bend specimens. The dif- 
ference between small and large CT specimens is partly due to difference in 
elastic displacement and partly to the prescence of more shear lips in the large 
specimens. The agreement between T determined from 3PB and CT specimen 
data is good, as expected. 
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FIG. 7--Tappl at instability for four bend specimen of OX 812, using Eq 16. 
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FIG. 9--T appl at instability for five CT specimens of OX 812, using Eq 17 and constant value 
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FIG. lO--Tappt at instability for five CT specimens of OX 812, using Eq 18. 

Geometry  Independence  o f  T 

In order to study the geometry independence of T, test records from earlier 
Jic-measurements  on double edge-cracked and center-cracked panels were 
used. To evaluate Tappl the rebound "compliance" of these records was mea- 
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sured. No records of crack extension were available. Therefore, only the limit 
load expression for T could be used. It has in plane stress the form [5] 

T a p p l  : 2 A B E C  (19) 

and does not include crack length. Here A : 1 for center-cracked (CC) 
panels and % for double-edge-cracked (DEC) panels, and C : Cej = 
L / W B E .  In this case C = Cr + Cej was used with Cr being the rebound com- 
pliance as in previous cases. 

The panels were 20 mm thick of dimensions 900 by 1000 mm with cracks 
of lengths 2a = 350 to 500 mm. The material was OX 802, which is similar 
to OX 812. However, it has a much lower Treat-value. A typical load- 
displacement curve is shown in Fig. 2. In these tests, contrary to other tests in 
this paper, A is measured on the loading piston head. It therefore includes 
the displacement of a part of the test machine. This is the reason for the large 
A in the P-A record and has been accounted for in the evaluation of C. The 
result of the evaluation for six tests is shown in Fig. 11. The actual rebound 
compliance Cr = Cr(A) is used in Eq 19. As can be seen, a constant level of 
Tapps with rather low specimen scatter is reached at large displacements. 

To study geometry independence, CT specimens of the same material were 
tested. For these, Tappl was evaluated using Eq 17, and Tma t using an EPRI 
estimation scheme. Results are given in Fig. 12. As discussed in the preceed- 
ing paragraph, the asymptotically reached value of Tappl at large A is of in- 
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F I G .  1 l--Tapp/ at instability for three CC and three DEC panels of OX 802, using Eq 19. 
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FIG. 12--Tappt at instability for three CT specimens of OX 802, using Eq 17 and,Tma t 
determined by an EPRI estimation scheme. 

terest. As can be seen, this value for the CT specimens is about half of that 
for the CC and DEC specimens. This is in agreement with the general con- 
ception that the bending-type specimens give a lower bound for Tmat. 

OX 812: Short Cracks in Bending 

The expressions for J and T for bending are derived under the condition 
that the crack is deep enough to ascertain a J-dominated field. They also re- 
quire that the bending moment can be separated in one part which depends 
only on crack length and one which is a function of rotation only, M : 
bZf(O). 

In Fig. 13 (OX 812) it is seen that the latter condition is satisfied at least 
down to a / W  = 0.1S. Still, T seems to be dependent on initial crack length 
for a / W  around 0.15, perhaps because the J-dominance is lost. 

In Fig. 3 the material J-R curve is shown for a long [(a0/W) ~ 0.S] crack 
and a relatively short [(ao/W) ~ 0.1S] crack. The slope of the latter is almost 
twice that of the former, giving a doubling of Tma t. This seems to be, if not 
consistent, at least nice and conservative, but if one looks at the Tappl at insta- 
bility using Eq 11, the picture is somewhat different, Fig. 14. T for the long 
cracks is, as already seen in Fig. 4, approximately constant for a wide range of 
plastic deformation. 

For the short cracks, however, Tappl ~ Treat at maximum load, but then 
Tappl decreases drastically with deflection. This means that the increase in 
Treat for shorter cracks predicts the increase in plastic deflection at maximum 
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FIG.  1 3 - - P / b  2 (actual ligament length) versus plastic deflection for ten bend specimens of 
OX 812. 
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FIG.  14--Tappl at instability for seven bend specimens of OX 812, using the "exact'Eq 11. 

load, but it does not necessarily give conservative estimations of the external 
compliance needed to create instability. 

This is not an invalidation of the T-theory since the conditions for 
J-controlled crack growth perhaps are not fulfilled; however, it is a warning 
not to always interpret an increase in Zma t as a conservative result when going 
outside these conditions. 
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Application to Dead-Load Conditions 

One of the materials tested, OX 540, had a very high T-modulus ( -  400) 
and a rising p-A curve up to substantial crack extension (Aa = 0.05b) and 
was stable even under dead-load conditions almost as long as the T-concept 
is considered being applicable. For this reason it was not meaningful to use 
limit load expressions for T-evaluation. 

Applications of the EPRI "crack driving force" diagram [3] shows that 
stability prevails under dead-load conditions for a 3PB specimen test of this 
material, Fig. 15. 

Dead-load conditions are equivalent to Cex~ -- ~ in Fig. 1. If this value is 
inserted in Eq 11 together with (dP/dA) a from a blunt-notch specimen as 
discussed earlier, Tappl increases with A according to Fig. 16. Zappl reaches 
Tmat at za = 4.25 mm. This value agrees excellently with the deflection at 
maximum load in the test. The T-modulus can thus be used to predict in- 
stability also under load control. 

EPRI Estimation Scheme 

The results for OX 540and OX 812 just given were verified using the EPRI 
crack driving force diagram for instability analysis. The material is there 
described by a Ramberg-Osgood power hardening law. The fully plastic con- 
ditions are given by [3] 

E 
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FIG.  15--Crack-driving force diagram for two bend specimens of OX 540. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



KAISER AND CARLSSON ON CRACK GROWTH INSTABILITY 1[-75 

50C 

200 

p2 E I ~ 

~ c j a  I 

J I I [ 
2 3 z. 

,x (ram) 

FIG. 16--Tappt under dead-load conditions for three bend specimens of OX 540. 

/ p \.+m 
Jpl : o~O'o~obhl~p-o0 ) (21) 

Apl = ~eoah3(-~o) n (22) 

Here hi and h3 are tabulated functions of n and (a/W) given for different 
geometries. 

To the foregoing solution one can add the linear elastic solution as given, 
for example, in Ref 12. Introducing a spring with compliance Cext in series 
with the specimen, the total displacement is 

Ato t : Oteoah 3 + PF3 + CextP (23) 
E 

where F3 is to be taken from Ref 12. Plotting J for controlled total displace- 
ment, the crack driving force diagrams in Figs. 17 and 18 are obtained for 
some of the bend- and CT-specimens analyzed in Figs. 6 and 9. The Ce~ used 
is equal to Co measured from the respective P-A curve. 

In Figs. 17 and 18 the J-Aa curves of the tests are also plotted. These are 
taken from conventional T-modulus determinations [9]. As can be seen, the 
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F I G .  17--Crack-driving force diagram for two bend specimens of OX 812 in series with springs, 
Cex t = C r from Fig. 6. 
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F I G .  18--Crack-driving force diagram for two CT specimens of OX 812 in series with springs, 
Cex ~ ----- C r from Fig. 9. 

crack driving force curves and the J-Aa curves are parallel over a large range 
of crack extension, as they should be. 

Discussion 

The proposed method using the rebound compliance to determine Tappl at 
instability and thus also Tmat has proved to give reliable results compared 
with conventional methods. It does not require independent crack length 
measurements but allows all necessary information to be extracted from a 
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few simple tests. In the present study the method has been applied to mate- 
rials with high tearing modulus but should be possible to use on less tough 
materials. 

For the materials studied the T-modulus is constant over a very large range 
of crack elongation exceeding the generally accepted limits of validity of the 
T-concept. 

The geometry dependence of T observed between CC- and DEC-panels on 
one hand and bend-type specimens on the other is to be expected. The fact 
that the bend-type specimens define a lower bound for Tmat gives confidence 
in applications of the T-concept to problems of crack growth instability. 

At the same time it motivates questioning the use of the T-concept and the 
evidently equivalent 0-factor concept compared with other simpler pro- 
cedures of instability analysis. 

One such more-direct procedure would be to use the rebound compliance 
of a cracked specimen or component test to determine the allowable com- 
pliance of the elastic part of a larger structure containing an identical non- 
linear component. This of course requires that the part of the structure which 
qualitatively and quantitatively governs the plastic deformation at the crack 
can be identified and also is small enough to be tested. 

This method of instability analysis proved to work in the present study for 
the limited number of simple cases where it was applied. 

At the presentation of this paper at the Philadelphia symposium it came to 
our attention that Ernst et al [14] earlier had pointed out that the T-modulus 
instability criterion is equivalent to a simpler instability criterion, Eq 4. We 
were not aware of this work, which was not published by the time of the 1981 
symposium. 
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APPENDIX I 

The limit load conditions for a CT specimen can be expressed as 

PL = 1.455 o 0 abB : 1.455 ooB[2~/~w 2 + a 2) -- (w + a)] 
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( ) Apt OPL= 1"45500Ap I I w2ff--~da2 Jpt --  B Oa 

.d~r. = 1.455 o0(1 _ ',/2a ) dA# 1.45500Apl X/2w 2 
da x~w2+a 2 da (w 2 + a2) 1"5 

At instability 

dApl + dA d + dAex t = 0 dApl = --CdP L 

(if C = Cel + Cext and PL dCel is small). 

dAp-----L--cdPL:cI '455~176 da w2aJ-~a ) ~x-~): 

dJ 1.4552 002 B ( 1 
da 

x/2a \ 2 "~w 
x~w2 + a2 ) C -- 1A55 O0Apl (w 2 + a2)1.5 

E dJ ( ~x )2 e,sp, 
T . . . .  2.117EB 1 �9 C -- 2.058 X 2 ) 1 . 5  

002 da l ~ x  2 o0w(1 + 

APPENDIX II 

Following Turner in Ref 2, one gets: 

I = G - A e j  (1--  ~el) OPI" (elastic energy release) 

1 _> - -  (instability criteria) 
r /p l  R 

PL = 1.455 booetB (CT specimen) 

oPL PL 
aa -- r/Pl b AeI=CPI. ( C - - C e l + C e x  t) 

PL dJ 
"Op_~_t G + r/p! da b B-~ (~pj -- rld)C > - -  

I G = KI2 
E - -  r / e  I - -  

b dC _ b 2B(KI/P) 2 _ b2aF12"~ 
C da C E CBw2E ) 

{ 
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[2~pl ] E dJ  
2 . 1 1 7 a 2 F i 2 x ( 1 - - X ) % l  - 1 >- - -  - -  - -Tmat  

r/e I 002 da 

r / p l = 2 1  + t ~  2,  ~ =  + 4 - ' ~ - - + - 2 - -  2 + 1  

F 1 is the linear elastic fracture mechanics shape function from Ref 12. 
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Further Developments of a J-Based 
Design Curve and Its Relationship 
to Other Procedures 

REFERENCE: Turner, C. E., "Purther Developments o4[ a J-Based Design Curve and 
Its Relatiomhlp to Other Procedures," Elastic-Plastic Fracture: Second Symposium. 
Volume ll--Fracture Resistance Curves and Engineering Applications, ASTM STP 803, 
C. F. Shih and J. P. Gudas, Eds., American Society for Testing and Materials, 1983, pp. 
II-80-II-102. 

ABSTRACT: The existing so-called J-design curve is based on shallow-notch data (a/W 
0.1) and in many other ways is in a less-developed form than the corresponding crack- 
opening displacement and R-6 procedures. A specific though simplified relationship be- 
tween the three methods of assessment is pointed out and a modified J-estimation method 
is then proposed. The features of load or displacement control, shallow or deep notches, 
stress concentrations, and residual stresses are discussed and proposals made to encom- 
pass them within the revised procedure. The normalized J, JE/Y2oy2a is expressed as a 
function of an effective structural strain that depends upon notch depth. One equation is 
used to describe the load-controlled region of linear elastic fracture mechanics and con- 
tained yield, and another, the strain-controlled regime at or above ligament limit load. 

KEY WORDS: fracture mechanics, J-contour integral, structural design, residual 
stresses, and strain concentration, elastic-plastic fracture 

Methods for design against fracture can be briefly categorized into three 
degrees of complexity. The simplest is just  avoidance of brittle fracture by 
selection of material, perhaps by the Charpy V or similar test. This should be 

coupled with avoidance of ductile fracture by design against plastic collapse, 
perhaps using limit analysis. A more complicated though still simple pro- 
cedure is the use of a so-called "design curve" against fracture, typified by 
the (COD) 2 [i],3 R-6 [2], and  J [3] methods. The essence here is that  brittle 
behavior is recognized as an interaction between material property and struc- 

tural mechanics to be treated by linear elastic fracture mechanics (LEFM), 

1Professor of materials in mechanical engineering, Imperial College, London, U.K. 
2ASTM usage refers to the "crack-tip opening displacement" (CTOD), but the design method 

referenced [1] uses the U.K. terminology "crack opening displacement" (COD) throughout. 
3The italic numbers in brackets refer to the list of references appended to this paper. 
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TURNER ON J-BASED DESIGN CURVED 11-81 

while ductile fracture, though less well aga~eed, is treated by elastic-plastic 
fracture mechanics (EPFM) analyses in terms of COD or J, with due regard 
to plastic collapse as an alternative mode of failure. Various procedures, 
such as the two-parameter, equivalent energy, and gross strain procedures 
(many of which are summarized in Ref 3), offer alternative views of EPFM. 
A third level of complexity is offered by individual computations, in principle 
encompassing elastic-plastic behavior in three dimensions, though in prac- 
tice often restricted to two dimensions. The extent to which such studies can 
be condensed into a predigested form remains to be seen [4]. 

A point not to be overlooked is that design against fracture and assessment 
of the significance of defects involve many aspects other than either selection 
of material or estimation of a fracture parameter. For some structures these 
further matters are codified--for example, the well-known American Society 
of Mechanical Engineers (ASME) rules for pressure vessels. In other areas 
the rules are less formalized and it is here that "design curves" are employed 
which embody both procedures for estimating the applied severity of fracture 
parameter and also proposals for treating the many other aspects of the 
whole problem--for example, the effects of defects other than cracks and 
choice of appropriate values of toughness. The procedure best developed and 
documented in this respect appears to be the COD method [I]. The R-6 
documentation [2] is specific but less embracing and J literature is as yet 
poorly organized into a design methodology. The early history of the methods 
is described elsewhere [3,5-7]. 

The object of this paper is firstly to show the schematic relationship be- 
tween COD, R-6, and J-"design curves" and then to make suggestions for 
the continued development of a simple J-based methodology for design and 
assessment problems. Only the J-estimation procedure is in question here. As 
already remarked, the embodiment of an estimation procedure into a design 
or assessment methodology is a much broader issue and it is supposed that 
supporting rules such as already embodied in the COD or R-6 documents 
would be developed. 

Elastic-plastic methods other than COD, R-6, and J are dismissed rather 
summarily with the statement that the more they are developed, the nearer 
they are seen to be interpolations between LEFM and collapse, which in prin- 
ciple are encompassed by the three procedures, COD, R-6 and J [8]. There 
may of course be points of practice or correlation that warrant more attention 
than given here, but the theories as such do not seem to offer anything more 
embracing than J. 

A Schematic Relationship Between COD, R-b, and J-Design Curves 

The relationship between the estimation procedures currently used for 
COD, R-6, and J-design curves are examined schematically. The basic curves 
for all three methods are shown in Figs. Ia- lc  and described by Eqs 1-3 
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Equations for COD (ferritic material): 

: 5/27rey'a : (e /ey )  2 fore /ey  < 0.5 (la) 

: (e /ey )  -- 0.25 f o r e / ey  > 0.5 

where 

ey : (ry/E, 
6 = COD, 

= equivalent crack that is acceptable in an infinite plate. 

Equation for R-6 

(lb) 

K / K t e  = {(8/r 2) ( S c / S )  2 en sec ( r S / 2 S c ) }  -1/2 (2) 

where S is the load and Sc the nominal collapse load. 

Equations for J:  

J / G v  = (e/ey) 2 f o r e / e y  <- 0.85 (3a) 

: S {(e /ey)  -- 0.7} for0.85 _< e /ey  <_ 1.2 (3b) 

= 2.5 {(e/e r) - 0.2} fore/ey >_ 1.2 (3c) 

where 

Gy = Y2oy2a/E,  

K : Yox/-d, and 
a : crack length. 

It is not suggested that all features can be related rigorously. Nevertheless, a 
particular algebraic relationship is formulated since it allows certain major 
features to be highlighted. 

The key point of the formulation is not, however, the algebraic form 
adopted here, but the assumption that the variables of geometry and degree 
of deformation are separable. This assumption will be reexamined later. For 
the present purpose it is convenient to observe that typical load-deformation 
relationships for components can be represented not unreasonably by an ex- 
pression in the normalized form 

q = Q0~b tan ( Q / Q o )  (4a) 

where 

Q = load, 
q = displacement, and 

= elastic compliance of the cracked body, that is, ~ = d q / d Q  as Q --* O. 
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FIG.  1--Present so-called design curves: (a) COD, (b) R-6, (c) J. (see Eqs 1, 2, and 3 for 
definition of the diagrams). 

R is supposed this expression can also be written 

q = O0r tan (~ra/2f) (4b) 

thus implying 

Qo = (Q/a)(2f / , r ) ;  qo = Qo~ b (5) 

where a is the usual stress in the uneraeked body and f the maximum stress 
attainable. I f f  is a material property such as yield stress, then the separation 
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of variables is maintained, but the maximum load may be unrealistic. If f 
models the maximum load, it would usually be a function of crack size. The 
potential energy is P = Qh + w, where w is work done and h is the height of 
the load above some arbitrary datum such that dh = --dq.  Thus, dP/da = 
- -dC/da where C is complementary energy 

Therefore 

C = Iq  dQ = ~2o 2 en sec (O/Qo) 

BJ = (OC/Oa)IQ = Qo 2 (dc~/da) en see (Q/Q0)  

(6) 

(7) 

Using the LEFM relationship for G and denoting G at o = f by G/ 

BG = (02/2)(dep/da) 

then 

o r  

If, in Eq 9b, 
/ : f ly  

(8) 

J : 2G(Oo/Q)  2 In sec (Q/Qo)  (ga) 

J - Gy (8/~r 2) en see Oro/2f) (9b) 

G/ is taken from LEFM for the infinite-plate case with 

J = (8% 2 a/TrE) en see Oro/2ay) (10) 

If 6 is defined as J/Gy, consistent with the well-known Dugdale model, then 
from Eq 10 

6E/Traya = (8/~r 2) en sec (Tra/2Oy) 

= (a/%) z { 1 + (tz/24) (a/%) 2 + . . .  } 

(11) 

(12) 

A COD-Type Design Curve 

As is well-known [5], the COD curve of Eqs la and lb does not follow the 
quasi-elastic strains given by the Dugdale analysis. However, if the normal- 
ized 6, Eq I1, is plotted against q/qo from Eq 4b, then as seen in Fig. 2a, the 
resulting curve has a form broadly similar to Fig. la. The relationship is not 
exact, of course, since in reality the COD curve was defined by experimental 
measurement of COD and gage length displacement, not by analysis of load- 
displacement records. Perhaps more importantly, as seen by comparing Eq 
la and the first term of Eq 12, the value of COD given by Eq la is twice that 
given by Eq 12, which is itseff consistent with LEFM, so that in the use of the 
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COD design curve [1] there is an intentional factor of conservatism of twofold 
in the LEFM regime. This dominates the differences between Eqs la, b and 
the particular analytical model chosen in the foregoing, but nevertheless it is 
clear that schematically the COD design curve corresponds to an estimate of 
J/o r versus applied deformation. 

An R-6 Type Curve 

A curve of Gx/-G-~ versus Q/Q0 using Eq 9a has the same functional form as 
Eq 2, although the normalized load is here Q/Q0, whereas the R-6 method 
uses S/Sc, where S -- Q, but St. is the nominal collapse load in a ligament of 
area B • (B + L) where B is thickness and L is the surface length of a part- 
through thickness crack. If it is argued, as it was when R-6 was formulated, 
that the en sec term must become large as the load tends to collapse, then 
Q/Q0 must be interpreted as Q/Qc, where Qc is collapse load, although as 
just noted, R-6 uses a particular arbitrary definition of collapse of a liga- 
ment. However, Qc or Sc is a function of crack size and so cannot be in- 
troduced into Eq 4a without breaking the simple variables-separable form 
assumed. Thus, the change from Q/Q0 to Q/Qc must be made in an ad hoc 
manner after Eq 9 has been derived, if the simple mathematical development 
given here is to be followed. The ratio Q/Qc is also not strictly the value a/f 
required to pass from Eq 9 to Eq 9b. Nevertheless, with these restrictions the 
present simple derivation gives a curve, Fig. 2b, closely similar to R-6 based 
on the same load-displacement diagram as for the COD curve, Fig. 2a. 

A J-Based Curve 

If J/Gy is plotted against strain in the untracked body using Eqs 10 and 
4b, then a curve is found, Fig. 2c, similar to Fig. lc. Again, a precise deriva- 
tion cannot be given, since the Eqs 4 onward relate to a cracked body. This 
makes little difference in the elastic regime (at least for shallow cracks) but 
greatly affects the plastic displacements. The curve is shown plotted in two 
ways. The overall load is shown asJ/Gy versus q/qo for the cracked body and 
that is similar to the COD curve apart from the terms and scales on the or- 
dinate. The same data are also plotted in two steps: (1) with strain in the near 
elastic region estimated as Q/Q0,  followed by (2) strain in the plastic regime 
estimated as the strain at 10 percent less load to simulate a 10 percent crack 
as typical of those used in the original computations [3]. The point X for the 
junction of the two regimes is taken arbitrarily as Q/Q0 = 0.95. Again, the 
point is not the numerical values obtained, since in reality the computed data 
are used, but the fact that, starting with the given Eq 4a, the various forms of 
design curves emerge in a self-consistent manner. 
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An EPRI-Type Curve 

Equation 4a does not, of course, fit the linear plus power-law representa- 
tion used [4], but the schematic relationship between [4] and the foregoing 
simple model can be pointed out. If the J-based values of Fig. 2c are nor- 
malized as J/G rather than J/Gy, then Fig. 3a is obtained. The load-based 
abscissa in the near LEFM regime gives a near parabolic curve and the 
strain-based abscissa gives the linear "tail." The distinction is that the 
J-based diagram of Fig. 2c and Fig. 3a expresses the large deformation re- 
gime beyond ligament yield in terms of deformation, whereas the Electric 
Power Research Institute (EPRI) diagram proper expresses it in terms of 

J 
G 

10  
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non-harderl ng 
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F I G .  3--Schematic J-estimation diagram re.expressed against a combined load/strain axis: 
(a) J /G (following Figs. lc  and 2e); (b) as ~ (following Figs. lb  and 2b). 
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work-hardening load. The effect of work-hardening is allowed for in COD, 
R-6, and the J-based diagram, only in terms of an increase of yield stress to 
an effective flow stress when defining f ,  in Eqs 4b and 5, but the effect of 
hardening is shown schematically, Fig. 3a, where no hardening reduces to 
the R-6 diagram terminating at ligament yield and complete (linear) harden- 
ing would simply extend LEFM with J --- G. If Fig. 3a is then inverted and 
the ordinate square-rooted, the EPRI diagram of "R-6 with tail" is found, 
Fig. 3b, subject to whether the post-net yield regime is expressed in terms of 
strain or load. 

It is not, of course, demonstrated that Eq 4 is a good representation of all 
cases, and hence that Figs. 2a, 2b, and 2c are good representations of J for 
all cases. Indeed, unlessf is related to collapse, Eq 4b cannot be satisfactory 
and, as pointed out in the presentation of the J-design curve [3], the com- 
puted data do not fall on one curve, Eqs 3a-3c being an upper bound to the 
cases then studied, defined by the tension data with the bending data falling 
somewhat below. In short, the relationship between Figs. la, lb, and lc, and 
Figs. 2a, 2b, and 2c, and Figs. 3a and 3b remains schematic rather than 
precise. Nevertheless, it is sufficiently instructive on the comparison between 
the methods to justify the simplifications made. 

A Simple J-Based Estimation Procedure 

Overall Scope 

The J-estimation curve as currently presented is based on two-dimensional 
(2D) elastic-plastic plane-strain finite-element computations for a variety of 
configurations, including tension, bending, cracks emanating from a stress 
concentration, and a crack in a thick cylinder, all with a / W  <_ 0.1. These are 
collectively called the reference cases. Most of the calculations include a mild 
degree of work-hardening representative of structural carbon-manganese 
(C-Mn) steels, and are detailed Ref 3. It is also noted that Eqs 3 were de- 
veloped explicitly for the elastic-plastic fracture regime. Nothing was said 
about plastic collapse, or indeed, LEFM-based methods, on the grounds that 
satisfactory procedures existed for those topics. Although it is recognized 
that J is not strictly relevant to residual stress, a modification to include yield 
level residual stress was suggested [9]. Reaction stresses were treated as ap- 
plied loads, but for self-equilibrating residual stresses it was proposed that 
the ordinate be increased by unity, so that, for example, whereas at e/ey = 
1.2, Eq 3c gives J/Gy = 2.5 with the addition of yield level residual stresses, 
a value of J/Gy = 3.5 would be appropriate. A number of features of these 
equations for J are now discussed and modifications suggested. It should be 
clearly stated that the equations derived for the purposes of the schematic 
comparison in the first part of this paper are not used for the proposals now 
being developed other than by way of illustration. The justification for the 
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present equations must rest on the reference cases data already described 
[3,9], other data mentioned herein, and experimental evidence yet to be 
adduced. 

Some Desirable Features of a J-Estimation Curve 

Clearly normalized terms are required if a variety of circumstances is to be 
covered. Condensation to a single curve is an end point which, though desir- 
able, may not be feasible beyond the idealized relationships already stated. 
Thus, either a degree of approximation must be accepted with the proposed 
single curve erring on the side of conservatism, or several relationships must 
be proposed, each applicable to some defined circumstances. The R-6, COD, 
and J-"design curve" methods clearly follow the former course. In at least 
broad terms the "J-handbook method" [4,10] appears to follow the latter. 
The immediate point is that in proposing a single curve, compromises must 
be made so that even the rather obvious desiderata listed here cannot neces- 
sarily be met, one being in conflict with the other to some extent: 

1. The cracked region of a body may experience plasticity that is controlled 
by load, deformation, or by its own interaction with the surrounding parts of 
the structure, but the abscissa of the diagram must be in terms of the elastic 
stress and strain in the uncracked body since these are the only terms likely to 
be directly available. 

2. Degeneration to LEFM seems essential. One obvious route is to recog- 
nize that J degenerates to G and then to normalized to give J/Gy as in Eqs 3. 
Equation 9b would follow this scheme if f were taken as Oy. Alternatively, 
usingJ/G leads toJ/G = 1 for LEFM, whence it is implied that any function 
could be chosen for the second axis of a diagram. Equation 9a and R-6 use 
this scheme. Departure from strict LEFM should be compatible with ac- 
cepted procedures for plastic zone correction. If this is not so, then some con- 
flict will arise in well-contained yield. 

3. The circumstances of "general plasticity" at which J becomes very large 
must be defined. If there is true limit-state behavior, J will then depend upon 
deformation, and even if a limit state is only conceptual (because of work- 
hardening or change of geometry), load is a rather insensitive measure of a 
near-horizontal load-deflection behavior. There are two related issues: 

(a) Is net ligament yield to be avoided as a design criterion in its own 
fight? This must be so for regular usage but may not be so for "avoidance 
of catastrophe" where plastic collapse without separation may be highly 
desirable. 

(b) Can strains larger than those implied by net ligament yield be toler- 
ated without in fact causing plastic collapse of the structure? For two-di- 
mensional configurations such as conventional tension or bending speci- 
mens, the two phenomena of ligament yield and plastic collapse would be 
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the same were it not for work-hardening of the ligament. However, for 
three-dimensional problems (for example, a crack in the comer of a vessel 
head to flange joint) a nominal net yield of the ligament area may be far 
less than the load to cause true plastic collapse, primarily for reasons of 
strain control by adjacent material, although also restricted by the effect of 
work-hardening. 

4. Allowance must be made for practical aspects commonly met with, such 
as the existence of residual or thermal stresses and regions of local stress con- 
centration. Any less commonly met special cases not adequately dealt with 
should be noted and embargoed. 

These points are discussed first in rather general terms, to outline the 
arguments on which the later particular proposals are made. 

Choice of Axes 

The forces or deformations that control a crack, that is, those which would 
be applied to a test coupon cut to model the cracked region, are here called 
the "cracked body structural stress (cbso) or strain (cbse)." The problem is 
to relate these terms to the known stresses or strains in the untracked body 
while offering reasonable continuity with LEFM and also guarding against 
failure by plastic collapse. These two limiting conditions are usually treated 
in different ways, LEFM requiring the nominal (gross section) stress o often 
normalized by yield stress to give O/Oy. whereas collapse requires a net sec- 
tion stress, o, ,  normalized to a collapse stress, oc, that makes allowance for 
constraint, work-hardening, and a section modulus that differs for tension or 
bending. It would be feasible to define a term that interpolated between these 
two limits, although that would still exclude the strain-controlled regime 
beyond ligament yield which may be entered in some extreme solutions. In 
the embryo J-design curve [3] the problem was avoided because discussion 
~r limited to shallow-notch cases where uncracked body values were taken 
as adequate estimates of applied severity, be it for collapse or for entry into 
the design curve. The following is now proposed: 

1. In the near-LEFM regime the abscissa should become an effective strain 
ratio ef/ey : O/ay, where o is the stress in the uncracked body, just as in 
LEFM, and this regime should incorporate both Eqs 3a and 3b, with a 
plastic zone correction included. 

2. In the extensive plasticity regime the abscissa should become an effec- 
tive strain ratio defined by cbse, itself expressed as either some simple func- 
tion of the uncracked body stress, where there is adjacent material which 
prevents general plasticity, or of the uncracked body deformation, where 
general yield occurs. 

3. If Regime 1 is exceeded, a separate check must be made on the risk of 
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plastic collapse, but where circumstances merit it, entry can then be made 
into the strain-controlled Regime 2. 

4. The ordinate should remain J/Gy as at present. 

The scheme proposed here is examined in outline and refined in connec- 
tion with various special problems, notably deep notches and stress concen- 
trations, in the following sections. Residual stresses and biaxial stresses are 
also considered rather more briefly. It remains to be seen whether there are 
as yet unperceived drawbacks to these proposals, or whether some other 
scheme, perhaps one of those already discussed [1,2,4] is preferable. 

Notch Depth 

The difficulty of finding a basis for the abscissa in strain-controlled cases 
when notches are deep has already been outlined in the opening discussion of 
a J-estimation curve. All that is added here is a brief description of the 
method of analyzing the deep-notch computed data used to support the pres- 
ent argument. There is of course an implication that in practice the cbse 
should be estimated in a compatible way. The effective strain for entry to the 
abscissa (that is, the cbse) is identified as the uncracked body strain e times a 
multiplication factor that is notionally the ratio of the length required to 
reach the undisturbed elastic field to the length of the severely disturbed field 
that might be modeled by a test panel. This ratio is taken as W/b,  although 
more evidence on an appropriate value and what factors affect it would be 
welcome. 

Thus, for the deep-notch displacement-controlled crack beyond yield 

Effective e/ey : (cbse)/ey : ( W/B)(e/ey) (13a) 

where e is the uncracked body strain, itself probably elastic. This value 
(ebse)/ey is proposed as the entry to the abscissa for problems that enter 
general yield under conditions of displacement control. However, when 

(cbse)/ey > 1 or b / W  < 0.5 (14a) 

the problem should be examined explicitly in terms of limit behavior both to 
evaluate ligament limit load and to confirm whether or not restriction to such 
a load is a design requirement in its own right. More case data are needed to 
better justify or refute this proposal but, on the evidence so far examined, it 
appears conservative relative to the shallow-notch cases that define the 
estimation curve, as shown later. This procedure, applied as just described, 
results in a discontinuity between the near-elastic and post-ligament yield 
regime. It would in fact be more logical to apply the cbse concept to the 
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plastic component of deformation only. That further refinement is described 
in Ref 13 but the improvement obtained is added to Fig. 6 here. 

Three-Dimensional Problems 

All the elastic-plastic computations on which the so-called J-design curve 
is based have been made in two dimensions. For application to three- 
dimensional (3D) problems, two suggestions are made: 

1. The LEFM shape factor appropriate to three dimensions is used in deter- 
mining Gy (=  y2 ay2a/E) so that, by implication, the effect of plasticity is ac- 
counted for in the estimation equations for J/Gy, and in particular, by the 
point at which they are entered. 

2. In the common 3D cases of a semi-elliptical flaw, net ligament yield is 
well below true plastic collapse because of the adjacent elastic material "in 
parallel" with the crack. Entry into a strain-controlled regime of crack 
behavior is therefore quite feasible in an emergency, but the cbse term 
argued in the previous section would now be B/b  rather than W/b.  

Thus, Eqs 13a and 14a can also be interpreted 

and if 

(cbse)/ey = (B/b)(e/ey) (13b) 

(cbse)/ey > or b/B < 0.5 (14b) 

then collapse should be checked explicitly. 
Proposal 1 is similar to the usage of both COD and R-6, although in prac- 

tice different results may be obtained for COD because in evaluating the real 
crack size, a, from the equivalent crack ~, Ref l supplies its own formulas or 
graphs of shape factors, which do not always agree with the accepted LEFM 
shape factor Y, notably for semi-elliptical cracks in bending where the basis 
of the diagram in Ref 1 appears to be the tensile Y-factors. 

Stress Concentrations 

The treatment of stress concentration cases in both COD and R-6 pro- 
cedures is to use elastic estimates. Thus, both imply acceptance for short 
cracks of the relationship 

K = r k t  trx/-da (15) 

where the local stress is kto, k t being the elastic stress concentration factor. 
The COD procedure estimates e/ey as kto/Oy, whereas the R-6 procedure 
uses the value of K directly as a function of o. For larger cracks the methods 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



TURNER ON J-BASED DESIGN CURVED 11-93 

are broadly comparable in that R-6 continues to use the most appropriate 
estimate for K (for example, the Bowie solutions for a crack emanating from 
a hole) whereas COD accepts the nominal value of kto/try for e/ey but in- 
cludes rules for turning the effective crack length a into a real crack length a. 
In the published J-design curve [3] the use of e /ey = kta/try is accepted, 
together with use of the most appropriate Y-factor in the ordinate J E / y 2  try2a, 
implying, of course, that the shape factor Y is itself independent of degree of 
plasticity, since the latter is accommodated by the specified equations for 
J/Gy. This method was adopted in the light of the computation for cracks at 
a hole in plate [12] as a compromise between giving a reasonable estimate 
and simplicity. Further analysis of the same results [13] shows that for long 
cracks (for example, a/R = 1.0) or low stresses (for example, o/try < 0.6) 
the method is adequate. For short cracks (for example, a/R < 0.1) and high 
stresses (for example, o/oy > 0.6) the method is not conservative. The 
diagram should then be entered at the true local strain at the region of con- 
centration in the uncracked body, which can be found either by elastic- 
plastic computation for the uncracked body, or by use of Neuber's rule 

koke = k t  2 (16) 

ko is here the plastic stress concentration factor and ke the plastic strain con- 
centration factor, so that the diagram is entered at keo/oy where o is the con- 
ventional "remote" elastic stress in the body as used in LEFM. This method 
was proposed in Ref 7 although that estimation curve differed from the pres- 
ent one. The Neuber estimation, although not rigorous, seems satisfactory, 
provided the notch region remains in contained yield. The value of J derived 
from Eq 3c entered at the true plastic strain in the uncracked body falls 
slightly above the value of J computed for the actual cracked configuration 
for the present data and is thus conservative. It must be cautioned that the 
only cases analyzed refer to k t : 3 with various values of a/R.  Higher or 
lower values of stress concentration have not been studied. Data for short 
cracks are shown in Fig. 4; data for larger cracks are given in Refs 12 and 13, 
where it is concluded that for contained yield an LEFM estimate of K with 
correction for plastic zone size gives the most appropriate value. 

Residual Stresses 

In the COD procedure a term is added to the abscissa of value e,/ey where 
er = o, /E,  and or is the residual stress. In an unstress-relieved body, o r may 
be taken as Oy so that unity is added to the abscissa. In the R-6 procedure the 
K-values for mechanical and residual stresses are added. The abscissa S /S t  
is not altered although a correction to the en sec relation has been suggested 
for these cases in the latest supplements to Ref 2. To obtain the combined 
K-value, the combined value of stress o,~ + or could, of course, be used if it 
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FIG. 4--Estimates o f  strain at a stress concentration using the Neuber relationship and subse- 
quent estimate of  J for  a short crack ( a / R  = O. 05) emanating from a hole in a plate under 
tension. 

were assumed that the distributions of mechanical and residual stress across 
the section were the same. In the existing J-procedure the suggestion has so 
far covered only residual stress of yield level where unity is added to the or- 
dinate of J/Gy, and reaction stresses, if any, are treated as applied loads [9]. 
It is realized that J is not strictly relevant to residual stresses, but, if that 
rigorous view is taken, J ceases to be useful for many practical problems. The 
close affinity between J, COD, and R-6 methods clearly implies that what is 
feasible by one method is feasible by the other and will in practice be used, 
whether rigorous or not. 

It is now proposed that to allow for residual stresses other than yield level, 
and also to ensure compatibility with LEFM, some fractional power of the 
mechanical and residual terms Jm and Jr must be added such that if all 
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stresses, including the summation, o m +  or, are still elastic, then jl/2 terms 
are added (that is, K is added as in LEFM) but if either or both terms are 
fully plastic, then J itself is added. No explicit procedure to cover all cases is 
given here. In essence the (known) value of residual stress is normalized as 
o,/oy or effey and the abscissa is entered at the appropriate point. The nor- 
malized value of J relevant to the residual stress is then read off the ordinate. 
A similar procedure will have been carded out for the mechanical stresses. 
The two values of J are then combined by adding such that 

J = (jml/~ + J/ /~)~ 07) 

As a rule of thumb, perhaps 1/~ = 0.5 + s/2Oy could be used where s = 
a,, + o r. The author has some doubts whether even this complexity is 
justified in view of the many uncertainties, but adding J-values is not conser- 
vative in LEFM and adding Jl/2-values after yield seems overconservative. 
Whether a yet further term as in Ref 9 for reaction residuals stresses (in- 
duced, for example, if a patch were heated or stretched before welding into a 
rigid surrounding structure) is needed seems doubtful unless both local dis- 
continuity and reaction stresses remain elastic. If either reaches yield, the 
other is reduced, although residual strains that might be damaging remain. 
The whole subject appears to justify a much more thorough discussion if any 
rule other than the simplest is to be proposed. Meanwhile, the inclusion of a 
plastic zone correction in the present proposals implies that at or = Oy a term 
1.S rather than 1.0 is added to the value of J/Gy, thereby introducing addi- 
tional conservatism. 

Thermal and Biaxlal Stresses 

In the sense that thermal stresses are self-equilibrating or possibly reac- 
tionary in respect of an adjacent component, treatment as for residual stress 
seems appropriate and is not further discussed here. Possible repeated 
plastic thermal strains would require separate study. Insofar as equibiaxial 
stresses can readily be developed (for example, at the bore of a thick cylinder 
with a temperature gradient across the wall), then a more careful study of 
biaxial effects may be justified. Unfortunately, the effect of biaxiai stress on 
fracture is not well understood, and is not discussed in the COD or R-6 pro- 
cedures. Several computational studies relevant to the estimation of the ap- 
plied severity under biaxial loading, be it J, COD, or other, were reviewed in 
Ref 3. In summary, it was argued that an applied biaxial stress altered the 
value of J from the uniaxial case, but that for a given value of J, the crack tip 
field, however induced, was still characterized by J. 

It is difficult to disentangle the latter statement from the effect of biaxiality 
(or even triaxiality) on the micromechanisms of fracture, which topic is 
beyond the scope of the present paper, though extremely relevant to the 
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"right-hand side" of the design equation J (applied) < J (material). A very 
tentative method of estimating J for the biaxial case was outlined in Ref 3, 
p. I07. There is a large effect on the collapse load in plane strain, and hence 
on the load at which J becomes large. It is important to note that in plane 
strain, for a given axial load, an equibiaxial stress reduces the value of J 
(though increasing the triaxiality), whereas for a given axial displacement the 
J-value is increased (Fig. 5). Thus, biaxial-induced thermal strains seem 
potentially unconservative, whereas biaxial pressure stresses may be less so, 
in respect of ductile crack initiation for which the uniaxial case has been 
taken as datum. 

Revised J-Estimation Curve: Statement and Summary 

A statement of the revised curve has been delayed until this point because 
so many of the foregoing factors interact. The proposal is clearly a com- 
promise so that if viewed in the light of only one argument it may seem un- 
satisfactory. In the revised form, Eqs 30 and 3b for LEFM and contained 
yield are combined into Eq 18a. Equation 3c for deformation beyond yield is 
retained as Eq 18b but with a reinterpretation of the abscissa as effective 
strain (cbse). The curve is shown in Fig. 6. The equations are 

J/Gy = (e/ey) 2 (1 + 0.5(e/ey) 2) for e/ey <_ 1.2 (18a) 

where e/ey can be estimated from the elastic value of 0/% in the absence of 
stress concentrations or residual stresses. The coordinate of the junction 
point X (Fig. 2c) is retained asJ/Gy = 2.5 for e/ey = 1.2 in conformity with 
the original data and this is satisfied to within 1 percent by Eq 18a. In the 
post-yield regime 

J/Gy = 2.5 {(e/ey) -- 0.2} for e/ey > 1.2 08b) 

The interpretation of e/ey is here the term (cbse)/ey already introduced, Eq 
13, whereby the abscissa remains as with Eq 3c for a/W --* O, but is altered 
to cover deep-notch cases by use of the effective-strain term, which is strain 
e/ey times W/b or B/b (as appropriate for the through or part-through 
cracks). An additional requirement, Eq 14, is now introduced, so that if 

(cbse)/er > 1 (that is, if (e/ey) (W/b) or (e/eft (B/b) > 1) 

or if b /W (or b/B) < 0.5 (18c) 

or if y/,fx > W/b (or B/b) 

then limit state behavior must be examined explicitly. 
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FIG. 6--Revised J-estimation curl,e defined by Eq 18, together with deep-notch tension data 
interpreted usb~g the cbse concept. 

The meaning of e/ey for stress concentration cases is 0/% while in con- 
tained yield (say a/ay <_ 0.8) since a plastic zone correction is incorporated in 
Eq 18a. The Neuber relations can be used for more extensive yield (say up to 
e/e r ~ 1.2) and e/ey is then the actual strain so estimated. The latter is more 
conservative notably for short cracks and high stresses where the uncracked 
body plastic zone is extensive in relation to crack size. 

For problems with residual stresses the ordinate has to be assessed twice, 
once for mechanical stress alone and once for residual stress alone. The two 
values are combined according to Eq 17. 

Fraetu~ Toughness in Terms of ,I 

As just noted in connection with biaxial stresses, it is beyond the scope of 
this paper to discuss whether a critical value of J exists at fracture and how it 
is best measured. Nevertheless, it must be pertinent to ask what the value 
estimated by the proposed procedure might be equated to. In the R-6 pro- 
cedure J (applied) is expressed as an equivalent K-value and limited to Kit, 
or perhaps J (applied) is equated to Jlc, which is identified as Klc so that the 
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ordinate taken as x/-G-~ in connection with Eq 9 becomes K/KIc in use. The 
COD method allows various interpretations of COD at initiation or up to 
maximum load according to circumstance and agreement, but it must be 
recalled that full section test specimens are used, primarily to match the risk 
of cleavage in the test specimen to that in the structure. Clearly, the most 
conservative treatment here is to write J < JIc without further entering the 
argument of whether truly Jtc = Ji (at initiation) or some larger value, allow- 
ing for a blunting line and a small amount of stable tear. In short, "initiation 
toughness" is implied as a concept, however, in fact, it may be measured. If 
appreciable crack growth is to be permitted, alternative assessments of in- 
stability can be made in terms T [14], I [3,15], or dJ/da [10,16,17] that are 
related but not identical. Such analyses may be necessary for severe problems 
but seem inconsistent with a simple design curve approach, unless indeed 
simple instability procedures are developed. As a brief statement in connec- 
tion with a J-estimation procedure, the author has suggested [I5] that a post- 
initiation value of toughness can be used, expressed in terms of J, up to the 
value of J at instability of the test specimen, as indeed have Refs I and 19, 
but with the proviso 

(b/r)) component >__ (b/~) test specimen (19) 

where b is ligament, )/ = JBb/w, and w is work done. This guards against 
ductile instability occurring in the component prior to the value of J mea- 
sured in the test specimen if the J~-curve is indeed a material property. Where 
doubt exists, a side-grooved specimen can be used to ensure that the R-curve 
is not augmented by shear lips in the test specimen to a greater extent than in 
the component. To guard against cleavage, many advocate use of full- 
thickness specimens, as in the COD procedure, or as proposed for J-testing 
[19]. The point is not pursued here other than to draw attention to its 
relevance, including the effects of biaxial stress which, at the root of a semi- 
elliptic thumbnail crack, will act parallel to the line of the crack front, or 
what is conventionally called the "z-direction" [20]. It has also been re- 
questioned recently [21] whether there can be significant time-dependent ef- 
fects particularly after initiation, and more particularly where the ligament 
has yielded. The effect of prestrain is also in question, some arguing that the 
possible effects of starting crack growth more than outweigh alleged benefi- 
cial effects of inducing favorable residual stress, and, of course, eliminating 
"rogue"components, and that there is no beneficial effect if the pattern of 
loading service differs from that used for pre-straining. Clearly, all these 
topics play an important role in turning an estimation procedure into a 
design procedure and several may be less well understood and of more signif- 
icance than the uncertainties of the estimation procedure. All these points 
are acknowledged. Some are discussed further in Ref 23. 
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Discussion 

Only a few general points relating to the overall proposal will be men- 
tioned. Since the overall form of the equations has not been substantially 
altered, no further evidence in support is given beyond that discussed in Refs 
3 and 9. The close relationship with COD and R-6 methods pointed out in 
the opening section implies that much of the experimental evidence used to 
support these methods [5, 6] would equally well support the present one. The 
differences in procedure are within the uncertainties of much of the ex- 
perimental data in which, for example, toughness may be inferred without 
direct measurement and ambiguities exist on the meaning of failure between 
initiation and instability. One main modification from the previous proposal 
is the coverage of deep notches. The general trend of deep-notch cases so far 
reexamined falls conservatively, as here described as shown in Fig. 5. The use 
of cbse is seen as an alternative to the procedure of recategorization used in 
Refs 1 and 2 for cracks that cause local yield of a ligament. 

Perhaps the most important point is the retention of strain in the abscissa. 
Changing to load, Q/Qc, inevitably requires a change of ordinate to J/G as 
already discussed. There is no doubt the present data would correspond 
closely to the R-6 line (with ordinate left as G ~ ,  without J identified as a 
critical value to KIO/E). The difficulty lies in how then to locate Point X 
(Fig. lc) beyond which strain-controlled behavior occurs. The abscissa be- 
yond X must be strain and it may be possible to devise a dual axis of both ef- 
fective strain and normalized stress for the load-controlled regime. For high 
work-hardening ratesJ/G must tend towards LEFM so that a scheme such as 
shown in Fig. 3 emerges. The axes and locating point X have been derived 
only for the shallow-notch data aided by speculation, so that scales have been 
omitted deliberately. However, when plotted with axes already square-rooted 
and with the ordinate inverted, Fig. 3b, not only is the first part of the 
diagram identical to R-6 (subject to the definition used for "collapse" load) 
but the second or strain-controlled part reflects the proposals of Bloom [22] 
and the data shown by Shih et al ([10], Fig. 16), although their description 
uses a work-hardened flow stress rather than strain as the abscissa above 
"collapse." The formulation and description of diagrams in the style of Fig. 
3 will be examined further in a separate paper. An immediate point is the 
role of work-hardening not hitherto discussed here. On a diagram such as 
Fig. 3 work-hardening must reduce the diagram toward the LEFM line 
J/G = 1, as also shown by Shih et al ([10], Fig. 15). In terms of the present 
axes of J/Gy and strain, it is noted that the use of a flow stress increases the 
estimate of J in the strain-controlled region above X, Fig. lc, since the effect 
of replacing t~y by an in the ordinate more than offsets the reduction in the 
abscissa. This is contrary to behavior in LEFM where there is no effect and in 
the load-controlled small-yield regime where reduction of plastic zone size 
reduces J. A distinction may be required between the case of a high work- 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



TURNER ON J-BASED DESIGN CURVED I1-101 

hardening rate that continues indefinitely and a high work-hardening ratio 
(for example, ultimate tensile strength/yield) which saturates. 

In the latter case, it seems that by appropriate choice of an augmented 
value of Oy the J-displacement relationship that is being mapped is very little 
affected for the cases so far studied. Thus, with reservations for load- 
controlled behavior, together with the limiting cases of either continued high 
hardening rate (where the LEFM parabola would continue above Point X, 
Fig. lc) or no work-hardening, perhaps including the case of a long yield 
plateau (where the fully plastic regime has a linear slope greater than Eq 3c), 
the present curve is retained, and bounds all the actual work-hardening cases 
computed. This point will also be further discussed elsewhere. 

Meanwhile, a comparative study has been made of COD, R-6, and 
J-methods, and the difference between them discussed at some length [24]. 
The major conclusion is that the unspecified steps of engineering judgment 
may swamp the differences in procedure, and that if the judgments are 
agreed upon (though they may not necessarily be correct!) the difference be- 
tween the three methods was rather small for the cases studied. 

Conclusions 

The existing procedure for estimating J for design or assessment purposes 
has been re-phrased and extended to cover deep notches as well as shallow, to 
incorporate better rules for stress concentration and residual stress cases, 
and to distinguish explicitly between load and strain-controlled behavior 
near the ligament limit state. The proposal is publicized in its present form 
with the intention of encouraging confirmatory or condemnatory evidence 
from the many other sources that exist. A relationship between COD, R-6, 
and J methods has been shown explicitly using a simplified model. The major 
differences are not in the estimation of COD orJ  per se, but in the method of 
specifying the stresses or strains which the cracked body is subjected to in 
terms of the known uncracked body analysis and the implied engineering 
judgments that may be contained therein. 
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ABSTRACT: Test results of large-scale specimens are analyzed on the basis of the tear- 
ing instability concept. The "Engineering Approach" of Shill et al and the extended 
"Failure Assessment Diagram" of Milne are used together with crack resistance J-R 
curves obtained from small-scale compact specimens to evaluate the loads at crack initia- 
tion and instability and the amount of stable crack growth. A detailed parameter study is 
conducted to show the sensitivity of the numerical results to the variation of input data 
such as stress-strain law, limit load, and the material resistance curve. 

KEY WORDS: failure assessment, elastic-plastic fracture, crack initiation, stable crack 
growth, tearing instability 

The  analysis  of the fai lure of c o m p o n e n t s  in the  elastic-plastic regime of 
mater ia l  behavior  is widely based on the  J- integral  as the  control l ing pa rame-  
ter.  A cr i ter ion for f rac ture  can  t hen  be  fo rmula ted  similar to tha t  in l inear  
elastic f rac ture  mechan ic s  ( L E F M )  by compar ing  the  appl ied  loading with 

the  mater ia l  t o u g h n e s s - - b o t h  in te rms  of J,  tha t  is, f racture  if-]applied -> JIc. 
But  the  loads resul t ing  in this way for the  onset  of crack extension can  
unde re s t ima te  apprec iab ly  the  ac tua l  load-carrying and  deformat ion  capac-  
ity of the  c o m p o n e n t .  More realistic predic t ions  of fai lure loads can  be ex- 
pected if s table  crack growth is t a k en  into account  a n d  a tear ing  instabi l i ty  
concept  [1] 2 is adop ted .  

l Senior scientist and head of Metallic Materials Group, respectively, Fraunhofer-Institut fttr 
WOhlerstrasse, West Germany. 

2The italic numbers in brackets refer to the list of references appended to this paper. 
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11-104 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

The crack instability analysis requires material characterization by a J-re- 
sistance curve, that is, Jmateml as a function of increase Aa of crack length 
through ductile tearing, and a description of crack-tip loading in terms of 
Japplied. Besides elaborate finite-element calculations, several approximate 
methods can be used to obtain ']applied as a function of load and crack size for 
a specific geometry. 

The objective of this paper is to examine the applicability of two approxi- 
mate procedures--the "Engineering Approach" (EA) developed by Shih and 
co-workers [2,3] and the Central Electricity Generating Board "Failure 
Assessment Diagram" (FAD) as modified by Milne [4J--for the analysis of 
the failure behavior of large-scale specimens which have been tested in the 
framework of the German reactor safety program [5, 6]. 

For calculation of loads at crack initiation and instability and of stable 
crack extension, the material is characterized by a J-resistance curve gener- 
ated by the method of partial unloading from small compact specimens (2T). 
To test the methods rather than to make a conservative safety assessment as 
required for a structural component, an attempt was made to predict the 
critical loads as precisely as possible. For this goal a parameter study was 
conducted to show the sensitivity of the calculational results to the uncertain- 
ties of material and stress analysis input data. 

Material and Spccin~ns 

In Fig. 1 the dimensions of two types of large-scale specimens investigated 
and of the 50-mm-thick (2T) compact specimens for generation of a J-resis- 
tance curve are shown. The specimens were machined from a 240-ram-thick 
ring of a rejected forging of the reactor pressure vessel steel 22NiMoCr37 
with low base material toughness. 

The single-edge notched (SEN) and small compact specimens have been 
notched in T-S direction, while the 8T compact specimen is in a T-L orienta- 
tion. 

The mechanical properties of the material at the test temperature of 65~ 
are yield stress O r  = 420 MPa, ultimate tensile stress o, ----- 560 MPa, 
Young's modulus E = 210 GPa (see full stress-strain curve in Fig. 5), 
Poisson's ratio v = 0.3, and Charpy energy 80 J (for LT) and 150 J (for TL). 
The J-resistance curve shown in Fig. 2 was measured by the method of partial 
unloading compliance [7] on two small (2T) compact specimens with 20 per- 
cent side grooves using an expression for J with crack growth correction as in 
RefS. The critical J-value for the onset of crack extension i s J i  = I45 kJ/m 2. 
The tearing modulus T decreases with increasing crack extension from an 
initial value of about 100 to about 10 at Aa = 8 ram. For the T-L direction, 
slightly smaller values have been found. 
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I 

SEN 

C 8T 

C2T 

F I G .  1--Geometry of large-scale specimens SEN and C8T tested by MPA Stuttgart [5,6] and 
of the C2T specimens used for generation of J-resistance curve: all dimensions in millimetres. 
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FIG. 2--Crack resistance curve/or the material 22NiMoCr37 (T-S orientationj used in this in- 
vestigation, obtained from small (2T) compact specimens with 20 percent side grooves tested at 
65~ Ji :~ 145 kJ/m 2, ]0 < T < 100. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



11-106 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

Calculation Methods 

Using the description of the stress-strain field in the vicinity of the crack 
tip in terms of Jappli~d, the material resistance to crack extension Aa may be 
characterized by a J-resistance curve, Jraateriat (Aa). While the onset of crack 
extension occurs at a specific value of Japplied 

Japplied =/material ( = Ji) (1) 

further increase of loading may be necessary for the crack to become 
unstable. Under conditions of "J-controlled crack growth" the instability is 
reached at [91 

dJmaterial dJapplied -> (2) 

da da 

The Engineering Approach for art approximate calculation of ,/applied assumes 
the material obeying a Ramberg-Osgood stress-strain law 

_ o + e~ (3) 
~o o0 

where 

and a = true strains and stresses, 
index o = reference stress/strain, and 

and n = material constants describing strain hardening. 

Then is was shown (see for instance Ref 3) that "]applied could be approxi- 
mately calculated as the sum of a linear elastic strain energy release rate 

K 2 F 2 
G =  E '  = f l ( a e f f )  E ----'7 (4) 

calculated for a plasticity-corrected effective crack length a~rf and a fully 
plastic solution with the functions hi (a/t, n) being tabulated in Refs 2 and 
IO for some cases 

Japp~ied : f t(aeff)-'~, + o~'ao'q~o'c'hl (a/t, n) (~LL) n+ l (5) 

where 

F = applied load, 
F L : limit load of cracked specimen based on o0 as material parameter, 

c = geometric constant. 
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K : stress-intensity factor, 
t : specimen width, 
a = crack length, 

E = Young's modulus, 
v = Poisson's ratio, E '  = E (1 - p2) for plane strain, and E '  = E for 

plane stress. 

Having Japptied from Eq 5 (hl linearly interpolated for intermediate values 
of a/t) and Jmateaai (Aa) being known, the stable growth of a crack in a 
specific geometry may now be analyzed numerically step by step as sketched 
in Fig. 3a: Extend the crack incrementally, check the instability condition 
(Eq 2) at constant load, increase the load to such value (iteration) that Japplied 
(o, a + Aa) : Jmaterial (Aa), and repeat crack extension steps up to the 
instability point. 

The FAD procedure [11] avoids explicit calculation of Japplied by character- 
izing the cracked structure through the limiting cases of linear elastic and 
plastic collapse behavior, and--by comparing it in a normalized diagram 
with a semi-empirical failure curve--statements on safe or unsafe loads can 
be derived. Including stable crack growth by the generalized parameters [4] 

K(a + z~a) 
K~ = N/~materia I (Aa)/E' (6a) 

S r -~- Fapp lied 
FLimit(a q- Aa) (6b) 

instability loads can be determined following a suggested graphical method 
or numerically as in Fig. 3b: the load is increased and the crack is extended 
step by step in such a way that the normalized crack loading curve follows the 
assessment line 

Kr = Sr ~5-  en sec ~ S, (7) 

up to the instability point. Following the derivation of an assessment line 
from J-controlled growth in Ref 12, the procedure of the instability load 
assessment using FAD [4] can be considered as an approximate determina- 
tion of the tearing instability load from Eq 2. 

Sensitivity Study 

Simplifying assumptions concerning the stress analysis of the cracked 
component have to be made for the application of either one of the methods 
described in the preceding paragraph, and the material input data are usu- 
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FIG.  3--Stepwise calculation o f  crack initiation, stable crack ~rowth, and tearing instability, 
using (a) J versus A a diagram, (b) failure assessment diagram: o j onset o f  loading; o 2 crack ini- 
tiation: 0 3 tearing instability. 

ally known only with a limited accuracy. Therefore a sensitivity study was 
conducted to establish their influence on the predictions of failure behavior. 

The influence of limit load calculation when using the FAD method is 
demonstrated in Fig. 4 for the specimens of Fig. 1. From Refs 2 and 13 dif- 
ferent solutions for the limit stress a t  under conditions of either plane strain 
or plane stress are listed for the SEN and C specimens in Fig. 4 and are used to 
evaluate the critical loads for crack initiation and tearing instability. The 
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Limit Load Calculation 
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FIG. 4--Influence of limit load calculation on the loads for crack initiation and tearing 
instability evaluated with FAD procedure for specimens of Fig. 1. 

flow stress oF = ( a y  @ a.)12 was used to account for strain hardening in an 
at least approximate manner; stress-intensity factors were calculated from 
Ref 14 

SEN specimen: 

K = [  2t 
7ra 

"/l'a ]1/2 0.7S2 -~- 2.02 (a/t) + 0.37 [1 -- sin (~ra/2t)] 3 ax/~a 
tan - ~ - j  cos (lra/2t) 

(8) 

C specimens: 

K = 29.6 -- 185.5 a + 655.7 --  1017 + 638.9 o ~  
t 

(9 )  

CCP specimen: 

K= [1--0.025 (t)2 + 0.06 ( t )  4] [1/~'~ ~ ] a ~-a ( l O )  

C o p y r i g h t  b y  A S T M  I n t ' l  ( a l l  r i g h t s  r e s e r v e d ) ;  W e d  D e c  2 3  1 8 : 0 2 : 4 2  E S T  2 0 1 5
D o w n l o a d e d / p r i n t e d  b y
U n i v e r s i t y  o f  W a s h i n g t o n  ( U n i v e r s i t y  o f  W a s h i n g t o n )  p u r s u a n t  t o  L i c e n s e  A g r e e m e n t .  N o  f u r t h e r  r e p r o d u c t i o n s  a u t h o r i z e d .
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The variations of results in Fig. 4 for initiation and instability depend on 
specimen type and size; large differences in the case of the SEN specimen are 
possible and call for an improved stress analysis by finite-element-tech- 
niques. 

If the EA method is used for determination of Japplied the problem arises of 
an appropriate determination of the constants a, n, and a 0 in a Ramberg- 
Osgood representation of the material stress-strain curve. Figure 5 demon- 
strates that for the steel used for the large-scale tests an uniformly good 
representation of the measured curve (crosses in Fig. 5) is not possible; Sets 
one and three of the parameters a and n give a fairly good description only in 
the linear elastic and in the strain-hardening regime, respectively. Parameter 
Set two is chosen as a compromise and the corresponding results from a J . A a  

diagram analysis are used to normalize the critical loads for initiation and in- 
stability. The same reference stress o o = o r is used for all three cases. Figure 
5 shows for the specimens investigated differences of less than 10 percent for 
the extreme curve fits compared with the mean. For a safety assessment, 
Parameter Set three would guarantee conservativeness. The problem of deter- 
mining the material constants is also discussed in Ref 15. 

In a tearing instability analysis with any method the results are influenced 
by the accuracy of the Jmater ia l  c u r v e .  Therefore artificial Jmater ia l  c u r v e s  with 
Ji  = 145 KJ/m 2 and different constant slopes were used to calculate the 
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F I G .  5--Inf luence of  the Ramberg-Osgood approximation of  the material stress-strain curw' 
on the loads at crack initiation and tearing instability calculated f rom the J - A a  diagram using 
the Engineering Approach fo r  specimens o f  Fig. 1, a o = ay = 420 MPa. one: t~ = 1, n = 12; 
two :  u ---- 1.85, n = 8.7; three: ~ = 2.7, n = 6.5. 
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curves in Fig. 6 with the EA method. Resulting tearing instability loads are 
normalized by the respective initiation loads. The dependence of the instabil- 
ity loads on the slope of the Jmatenal curve (or the tearing modulus) is more pro- 
nounced for the CST-specimen than for the SEN and the C2T specimens; dif- 
ferences in load reserve from crack initiation to instability are obvious. Also 
shown in Fig. 6 is the influence of the slope of the Jmateaal curve on the amount 
of stable crack growth. The numerical results demonstrate the complex in- 
teraction of material resistance and loading; in terms of load increase and ex- 
tent of stable growth, tearing instability is induced close to or far after crack 
initiation for specimens of different geometry and size. 

Comparison of Calculated and Measured Loads 

For the evaluation of critical loads of the large-scale tests, rather than con- 
servative assumptions the following most plausible stress analysis solutions 
and material data were used: 

l. '/material c u r v e  from 2T compact specimens with 20 percent side grooves 
(Fig. 2). 

2. Ramberg-Osgood description of material stress-strain curve with tx = 
1.35, n = 10, and o0 ---- oy, similar to two in Fig. S. 

3. a~- = (or + a , ) /2  for limit load calculation in the FAD method. 
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FIG. 6--Influence of the tearing modulus on the loads at instability Ftnst and on the stable 
crack growth Aa for specimens of Fig. 1; Engineering Approach used. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



11-112 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

4. Plane-strain conditions for evaluation of limit loads (Eqs 2 in Fig. 4) 
and fully plastic solutions hi (a/t, n) 

5. Stress-intensity factors from Eqs 8-10. 
6. For the CCP specimen the limit load formula 

OL ~" - ~ 1 - -  O F (11) 

Results for crack initiation and instability of two large-scale specimens are 
shown in Fig. 7 normalized with the actual failure loads from the tests. Good 
agreement of the instability loads calculated by the EA and FAD methods 
with the measured ultimate load is found for the 8T compact specimen. A 
margin of safety of 25 percent compared with crack initiation is predicted. 
The result may, however, be influenced by the different crack orientations in 
the C8T tests and in the J-R curve evaluation. 

The agreement is less satisfactory for the SEN specimens. Since the bend- 
ing is partly restricted in the experiment, another evaluation was made using 
the center-cracked panel (CCP) with a/t = 0.25 and 2t = 400 mm as a 
model. This should give an upper bound for the description of the instability 
behavior. Figure 7 shows the mean value of the two instability predictions 
still lying somewhat below the observed failure load. A reason for this may be 
the use of the Jmated~ curve of Fig. 2, which is expected to be conservative for 
this tension loaded-type of specimen (see for instance Ref 16). As a whole the 
results from the FAD calculation appear less reliable for this case than those 
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FIG. 7--Comparison of calculated loads at crack initiation and tearing instability with failure 
loads obtained experimentally for large-scale specimens of Fig. 1. 
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from the EA method because the SEN specimen failed near limit load; the 
limit load depends on strain hardening, which is taken into account only in a 
very approximate way in the FAD method. 

Diaeu~m 

Serious problems may be encountered if EA or FAD is used in a tearing in- 
stability analysis. There may be uncertainties of the input data not only due 
to limited accuracy of material data (Jmaten~ curve, stress-strain curve), but 
also due to options like choice of stress state, equations for limit load, and 
description of stress-strain curve. Therefore full agreement of calculated in- 
stability loads with measured failure loads cannot generally be expected and 
an experimental validation of methods should be based on as large a number 
of experiments as possible. 

In case of a safety assessment all uncertainties can be covered by conser- 
vative assumptions and procedures. In order to reduce conservativeness and 
to check the validity of the methods of tearing instability analysis, especially 
the following points of uncertainty need further investigation: 

1. Geometry dependence of Jmaterial cu rve  and range of J-controlled crack 
growth. 

2. Appropriate description of material stress-strain curve through Ram- 
berg-Osgood law. 

3. Choice of plane-stress or plane-strain conditions for prevailing test 
situation. 

Conclusions 

Evaluation of the failure behavior of two types of large-scale specimens us- 
ing the "Engineering Approach" by Shih and the "Failure Assessment 
Diagram" generalized by Milne allows the following conclusions: 

1. Failure loads obtained by each of the methods agree reasonably well 
with measured ones. 

2. Results of instability analyses are very sensitive to some input data and 
parameters, which are known with only a limited accuracy. Consequently a 
limited accuracy of resulting instability loads has to be expected. 

3. A conservative assessment of failure loads can be made. 
4. A final judgment on the accuracy and the ease of use of the two 

methods is not yet possible. 
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ABSTRACT" This paper describes research conducted to develop a fundamental basis for 
flaw tolerance assessment procedures suitable for components exhibiting ductile behav- 
ior. The research was composed of an integrated combination of stable crack growth ex- 
periments and elastic-plastic analyses. A number of candidate fracture criteria were as- 
sembled and investigated to determine the proper basis for plastic fracture mechanics 
assessments. The results demonstrate that many different fracture criteria can be used as 
the basis of a resistance curve approach to predicting stable crack growth and fracture in- 
stability. While all have some disadvantages, none is completely unacceptable. On bal- 
ance, the best criteria were found to be the J-integral for initiation and limited amounts 
of stable crack growth and the local crack-tip opening angle for extended amounts of sta- 
ble growth. A combination of the two, which may preserve the advantages of each while 
reducing their disadvantages, also was suggested by these results. The influence of biaxial 
and mixed flat/shear fracture behavior was investigated and found to not alter the basic 
results. Further work in the development of simplified ductile fracture analyses for rou- 
tine engineering assessments of nuclear pressure vessels and piping evolving from this re- 
search is also described. 

KEY WORDS: fracture, crack propagation, J-integral, elastic-plastic fracture methodol- 
ogy, crack-tip opening angle, crack opening displacement, 2219-T87 aluminum, A533B 
steel, elastic-plastic fracture 

A key element in nuclear component structural integrity assessments that 
has been lacking until recently is the ability to account aceurately for the 
presence of flaws. The linear elastic fracture mechanics (LEFM) procedures 
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currently embodied in the American Society of Mechanical Engineers (ASME) 
Boiler and Pressure Vessel Code and in the Code of Federal Regulations are 
based upon essentially brittle fracture behavior. Hence, they can seriously 
underestimate the flaw tolerance of nuclear pressure boundary components 
(for example, load estimates can differ by as much as a factor of three) that 
are often chosen specifically for their exceptional toughness and ductility. 
Analysis methods that treat the ductile fracture mode therefore are needed to 
obtain accurate flaw tolerance assessments for components made from such 
materials. 

Nonlinear fracture mechanics techniques taking direct account of inelastic 
material behavior have been proposed that could be applied to nuclear plant 
components. However, in the mid-1970's when the research described in this 
report was conceived, the most appropriate approach was not known. Ac- 
cordingly, the Electric Power Research Institute (EPRI) developed a research 
effort to provide a fundamental basis for such assessments. This was done 
through companion research programs conducted at BatteUe's Columbus 
Laboratories [1] 4 and General Electric's Research and Development Labora- 
tory [2]. The approach used and the key results obtained in these efforts, 
which formed the spearhead of EPRI's plastic fracture analysis group [3], are 
described in this paper. 

Objectives of the Research 

Nuclear plant components could be subjected to pressure and thermal 
stresses well beyond normal working levels during accident conditions such 
as a loss-of-coolant accident (LOCA) and an anticipated transient without 
scram (ATWS). Present design analyses include an assessment of the safety 
margin for postulated accidents via LEFM. But, because crack extension is 
accompanied by large-scale plastic deformation in the tough, ductile mated- 
als used in nuclear applications, LEFM-based analysis procedures are not 
applicable. The stable crack growth that precedes fracture instability gener- 
ally confers an added margin of safety, but adds further complexity. The ob- 
jective of this research was to develop a firm basis for a plastic fracture meth- 
odology in place of LEFM that could be used to obtain realistic assessments 
of the risk of failure in flawed nuclear pressure vessels and piping. 

Fracture analysis in the plastic regime must address a number of compli- 
cations not present in the elastic case. Foremost are the inherent nonlineari- 
ties in the material deformation and large geometry changes together with 
the fact that flaws will propagate in a stable manner prior to final fracture. 
Hence, a plastic fracture methodology must explicitly treat crack initiation 
and the subsequent stable crack growth to the onset of the ultimate unstable 
crack propagation. These events are illustrated schematically in Fig. 1. 

4The italic numbers  in brackets refer to the list of references appended to this paper. 
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FIG. 1--Schematic illustration of ductile fracture progression [2]. 

The onset of unstable growth in the compliant loading systems that typify 
actual engineering structures will likely occur beyond the maximum load; see 
Fig. 1. Hence, a system-dependent technique for determining the point of 
fracture instability is an important aspect in the development of a plastic frac- 
ture methodology. Further complications involve the possibility of a mixed- 
character fracture process (that is, crack extension in both the flat and shear 
modes) and of multiaxial states of loading. All of these factors were addressed 
in this research. 

General Approach and Results 

The key element in the development of a plastic fracture methodology 
surely is a crack-tip criterion valid in the presence of large-scale plastic defor- 
mation. A variety of candidates was judged in a research program that pro- 
ceeded through three main phases. First, a list of candidate fracture parame- 
ters was selected and assembled. The second and third phases involved a 
combination of experimentation and analysis using laboratory test specimens 
of A533B steel and a "toughness-scaled" aluminum alloy to obtain data on 
crack growth initiation, stable growth, and fracture instability. This provided 
a basis for judging the candidate parameters. The parameters selected for ex- 
amination in this research are given in Table 1. 

Specifically, "generation-phase" initial filter analyses were performed to 
obtain confirmation of the candidate fracture parameters by comparing ex- 
periments with analyses. In these analyses the observed applied stress versus 
stable crack growth data were used as input to a finite-element model. This 
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TABLE 1--Candidate,fracture criteria for  the basis of  a plastic fracture methodology 

Criterion Designation of 
Symbol Identification Critical Value 

G 
J(T) 

s 
COA 

CTOA 
F 
Go 
Gz 

LEFM energy release rate R 
J-integral (tearing modulus) Jc(Tmat) 
generalized energy release rate | 
average crack opening angle (COA)c 
crack-tip crack opening angle (CTOA)c 
finite element crack tip node force Fc 
elastic-plastic energy Go,, 
computational process zone energy release Gzc 

rate 

procedure simultaneously generated critical values of each candidate crite- 
rion. Then, "application-phase" evaluation analyses were performed to eval- 
uate the fracture parameters and the corresponding concepts. These used a 
particular criterion to predict initiation, stable growth, and fracture instabil- 
ity for several different geometries and loading conditions for which experi- 
mental results were available. The general procedure is illustrated in Fig. 2. 

The candidate parameters that were selected represented a measure of the 
stress/strain state at the crack tip and should therefore be independent of ini- 
tial crack length and geometry. The evaluation of crack-growth parameters 
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FIG. 2--Development of  a plastic fracture methodology using.finite-element analysis and ex- 
perimental crack growth measurements [1]. 
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considered the aforementioned parameters plus their rate of change with re- 
spect to crack length. Several additional requirements that were placed on 
the parameters included (1) a minimal sensitivity to the finite-element mesh 
and load increment size, (2) reasonable computational costs, and (3) applica- 
bility to three-dimensional geometries and mixed-mode fracture problems. 

Implementation of the preceding strategy required several novel develop- 
monts in both the computational and the experimental portions of the re- 
search. Appropriate crack-tip elements were established for characterizing 
the singular deformation fields of stationary and propagating cracks in plas- 
tically strained material. Special routines were devised for computing the 
J-integral over a number of integration paths. Also, means for extending 
cracks across a finite-element grid by node shifting and release techniques 
were established. In the experimental research, highly sensitive measurement 
techniques were developed for detecting crack-tip opening displacements 
and crack extensions during the testing of large fracture specimens. Also, 
side-grooved specimens were utilized to promote flat, plane-strain fracture 
and their applicability was justified through analysis and experiments. 

Results typical of those obtained in the generation-phase or initial filter 
stage of the program are shown in Figs. 3, 4, and 5. Figure 3 shows the pre- 
scribed and simulated load-line displacement versus crack extension curves 
for General Electric's Test T-52, a 4T compact specimen having a 25 percent 
depth side groove (the experimental data are also shown). The finite-element 
simulation can be seen to accurately follow the prescribed data. Figure 4 
shows the calculated load versus load-line displacement curve. The calculated 
result is in excellent agreement with the experimental results, indicating that 
the plane-strain modeling of side-grooved specimens is appropriate. Figure 5 
shows a comparison between the J-resistance values obtained from this speci- 
men and a number of other 4T, 25 percent side-grooved compact tension 
specimen experiments. 

Characteristic results for the two parameters generally considered to be the 
most useful--J and crack-tip opening angle (CTOA)--are shown in Figs. 6 
and 7. These were obtained from Battelle's compact tension tests on the 
"toughness-scaled" aluminum alloy 2219-T87, s and they display behavior 
very similar to that obtained by General Electric (GE) in A533B steel, indi- 
cating the universality of the results being obtained. Of particular interest, 
the monotonically increasing behavior of the J-resistance curve can be con- 
trasted with the constancy achieved by  the CTOA-resistance curve after an 
initial transient. 

A detailed appraisal of the collection of candidate plastic fracture parame- 
ters considered in this study is beyond the scope of this paper. Those results 
have to some extent already been disseminated--see Refs 4-9 .  It will suffice 

SToughness scaling implies that the thickness of the test specimens was small enough that the 
characteristic ratio (Kit~toy), where t is the plate thickness and or the yield strength, was com- 
parable to that of A533B steel used in actual applications. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



11-120 E L A S T I C - P L A S T I C  F R A C T U R E :  S E C O N D  S Y M P O S I U M  

CRACK EXTENSION (in.) 
0 0.2 0.4 06 0.1 

ZO I' "1 i f '  ' I 

18 

16 

E 
E 

tz 

c~ 

~ O 

3 6  

03 / 
/ / /A~TEST POINTS 

CALCULATED. , g 

AL SIS 

0 4 S 12 16 ~0 

CRACK EXTENSION (am) 

0,6 

m 
0 . 5 ~  

uJ 
o4~ 

03 - i  

0.2 

0.1 

0 0 
4 24 
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FIG. 5--J-resistance data for GE A533B steel 4T compact-tension specimens with 25 percent 
side grooves [2]. 

to say here that all the parameters appearing in Table 1 have merit and none 
can be unequivocally rejected. The energy release rate parameters (see Ref 4 
for the various permutations that exist), despite the fundamental objection 
raised first by Rice [10], can be made to work [191. Nevertheless, it now ap- 
pears that two of the candidate parameters are superior: J and CTOA. These 
will be pursued in the following. 

Theoretical Basis for J and C T O A  as Plastic Fracture Parameters 

The theoretical basis for the use of J and CTOA as plastic fracture parame- 
ters stems from the asymptotic crack-tip stress and strain field solutions orig- 
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FIG. 6--Crack-tip opening angle resistance curve for 2219- T87 aluminum generated from a 
Battelle compact-tension specimen [1]. 

inating in the work of Hutchinson [11] and of Rice and Rosengren [12]. These 
are referred to as the "HRR" field equations. For stationary cracks, they have 
the form 

E J  ]l/n+l 
o O = oo [ ~ j  o0"(O,n) (1) 

~,y = ~ -  ~s (o, n) (2) 

where 

n and o0 = material flow parameters (the strain-hardening exponent and 
yield strength, respectively), 

r and 0 = polar coordinates centered at the crack tip, 
I ,  = integration constant depending on n only, and 

b 0 and ~0 = dimensionless functions of 0 and n. 

Equations 1 and 2 show that J is the amplitude of the crack-tip singularity 
fields. Thus, the strain-energy density has a l/r singularity for a stationary 
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crack. Similar relationships and meaning can be obtained for the crack-tip 
opening displacement ~t, since J and bt for a stationary crack are simply re- 
lated by 

J 
&t = dn  - ( 3 )  

a o  

where d.  is a function of the strain-hardening exponent and the stress state 
[9]. 

To the extent that J and ~t characterize the stationary crack-tip field, the 
onset of crack extension can be identified with critical values of J and ~t (for 
example, JIc and ~[e). Single-parameter descriptions such as these will be 
valid as long as the HRR singularity dominates the fracture process zone. To 
assure this condition, requirements must be imposed on the degree of plane- 
strain constraint that is maintained at the crack tip. Computational and ex- 
perimental studies were conducted in the GE research to assist in defining 
these requirements. 

During stable crack growth, the crack-tip fields are far more complex than 
for stationary cracks. Rice [13] has shown that the singularity in the strain 
field is milder, of the form gn(1/r). Analysis of these fields shows that, if the 
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HRR field increases in size more rapidly than it advances due to stable crack 
growth, the crack-tip environment can be described by dJ/da or dSt/da. 
Finite-element simulations of growing cracks were used to more explicitly de- 
fine the limitations of these parameters. 

The finite-element computational work employed general-purpose codes 
with suitable modifications for fracture analyses. Specifically, computational 
routines were established for calculating the J-integral over a number of inte- 
gration paths during each load step in a nonlinear analysis. Also, the codes 
were modified to permit the propagation of cracks through the finite-element 
mesh while the nonlinear step-by-step calculation is performed, and to per- 
mit the rate of the propagation to be controlled by a specified parameter. The 
crack growth was accomplished by node shifting and node release. 

The elastic-plastic finite-element analyses were carded out using two- 
dimensional elements, assuming plane-strain or plane-stress behavior. Plane- 
strain models of actual three-dimensional problems were possible because 
side grooves were employed in many of the fracture test specimens. Side- 
groove depths of about 25 percent were sufficient to promote flat fracture 
with straight crack fronts in the experiments, as required for the modeling to 
correctly simulate the desired physical behavior. Also supporting this posi- 
tion are results from elastic three-dimensional finite-element analyses on 
specimens of varying side-groove depth [2]. These results show a 25 percent 
side-groove depth to be optimum in that the stress-intensity factor and plane- 
strain constraint are nearly uniform through the thickness and of the same 
magnitude as that for idealized plane-strain deformation. 

The use of a J-resistance curve is subject to some limitations, as pointed 
out by Hutchinson and Paris [14]. Further analytical and numerical studies 
[7,8] have shown that several requirements must be met to ensure that crack 
growth can be characterized by J or 5, There is a section or ligament size re- 
quirement which basically guarantees sufficient constraint to maintain the 
dominance of the HRR field. This requirement is dependent upon the geom- 
etry and applied load system. For bending load cases such as the compact 
specimen, the ligament and thickness must exceed 25 times Jir while for 
tensile loading of the center-cracked panel (CCP) specimen, the size require- 
ment is 200 times Jir Additionally, the normalized slopes of the resistance 
curves must be sufficiently large. Mathematically, these can be stated as [14] 

and 

b dJ 
Jlc da 

- -  - -  > >  1 . 0  ( 4 )  

a0 dSt 
>> 1.0 (5) 

E da 

where b is the uncracked ligament length and E the modulus of elasticity. 
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The path-dependence of J must be considered when evaluating it as a plas- 
tic fracture parameter. The GE work [2] determined values for J on a set of 
integration paths that ranged from one very near the crack tip to one fairly 
remote from the crack tip. The results were designated J2, J3 . . . .  where J2 is 
evaluated in the region dominated by the HRR singularity while the higher- 
number subscripts denote evaluation along progressively more remote con- 
tours. The analytical studies show that JMC, the value of the J-integral cal- 
culated using the Merkle-Corten relation [20], is the value of J measured 
expedmentaUy using load-displacement records. The variation of these pa- 
rameters with crack extension is illustrated in Fig. 8. 

Figure 8 shows that while JMc continues to increase, J2 begins to level off 
after some crack extension [2]. Thus, (dJ2/da) falls to zero and thereby vio- 
lates one of the requirements for J-controlled growth; see Eq 4 inequality. On 
the other hand, the crack-opening angle, after an initial transient, remains 
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constant for a considerable range of crack growth [2]. This satisfies the re- 

qu i rement  for CTOA-controUed growth specified by Eq 5 inequality. It also 
appears that, beyond the initial stage of crack growth, a constant critical 
value of the CTOA may be employed to characterize stable growth. This is 
not unexpected since the CTOA can be derived from more fundamental 
considerations. 

A key calculation was performed by Battelle to predict the load-crack 
growth behavior in a wide center-cracked panel of 2219-T87 aluminum using 
criteria determined from compact-tension (CT) test results. The results are 
shown in Fig. 9. It can be seen that the predictions using J and CTOA are 
both reasonable. However, the combination of J and CTOA designated as 
J/CTOA in Fig. 9 is clearly the most accurate. In all calculations, initiation 
was specified to occur at the Jlc-value determined in the CT tests. Also, the 
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CTOA resistance curve was a constant value corresponding to the measured 
plateau value. 

In the combined J /CTOA approach, the J-resistance curve was used for 
initiation and some amount of stable crack growth with an internally com- 
puted CTOA-value used thereafter. This procedure seems most promising as 
it takes full advantage of the J-resistance curve approach without suffering 
from its restriction to small amounts of crack growth. It also uses the ob- 
served constancy of CTOA while circumventing the complications of the ini- 
tial transient in this parameter. Yet, because the critical CTOA to be used 
for extensive growth is one that is calculated during the early stages of crack 
growth, the combined-parameter approach does not require any further ex- 
perimental measurements. 

Influence of Biaxial and Mixed-Character Loading on the Pla~c 
Fracture Parameter, 

Although a significant amount of work has been addressed to the effects of 
biaxial loading on fracture under LEFM conditions, little was known about 
the importance of biaxial loading on stable crack growth accompanied by ex- 
tensive crack-tip plasticity. Clearly, such effects, if any, must be known to 
use a plastic fracture analysis effectively. In particular, a plastic fracture 
mechanics crack growth parameter (for example, J-resistance curve) deter- 
mined from a laboratory test specimen cannot exhibit substantial biaxial load- 
ing dependence if it is to be useful in assessing structural performance. 

To examine this question, a number of experiments on thin 2219-T87 
aluminum panels were performed by Battelle [1,15]. In the thickness and 
specimen geometry examined, extensive stable crack growth with large-scale 
plasticity was obtained. The experiments were performed for a range of biax- 
iality ratios and initial crack lengths. It was found that, while some differ- 
ences in the early stages of stable crack growth occurred, biaxial loading has 
little effect on the failure loads for the panels. It was also found that the crack 
opening displacement is proportional to the nominal strain and can be di- 
reedy related to the biaxiality ratio. 

While it is often true that shear fracture propagation can require greater 
energy than does flat ductile fracture, these differences may not he large. If 
the absence of significant differences between the flat ductile and shear types 
can be confirmed, the analysis of mixed-type fractures in these materials 
could be greatly simplified. To obtain a quantitative assessment of this possi- 
bility, experiments were carried out by Battelle on A533B steel to compare 
the resistance to shear fracture with that for flat fracture. 

Shear fractures were obtained with slant-notch CT specimens in which the 
machined notch and fatigue precracks were in the same plane as the subse- 
quent shear fracture. Flat fractures were obtained with side-grooved CT 
specimens. A finite-element model was used to simulate the experimentally 
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observed stable crack growth and, thereby, to determine values of various 
crack-tip parameters to characterize the fracture toughness. Of most interest 
were the J-resistance curve and the crack opening angle parameter. These re- 
sults are shown in Figs. 10 and I1 where the Battelle slant-notch specimen re- 
sults on A533B steel denoted by SR are compared with General Electric's flat 
fracture mode test T-52. 

It can be seen from Fig. 10 that the CTOA-value determined for A533B 
steel is essentially independent of specimen geometry and of fracture type, 
that is, flat or slant shear. Moreover, following an initial transient, it is con- 
stant for large amounts of crack growth. In Fig. 11 the J-resistance curve is 
similarly seen to be specimen-independent provided limit load conditions are 
not reached. (Under limit load conditions, the J-resistance becomes some- 
what specimen dependent.) Hence, under conditions where the J-resistance 
parameter or the CTOA parameter provides effective characterizations of the 
resistance to stable crack growth, these studies indicate that the differences 
between flat and slant shear fractures in A533B steel are not significant [15]. 

D e v e l o p m e n t  a n d  A p p l i c a t i o n  o f  a n  E n g i n e e r i n g  M e t h o d o l o g y  

While the present program was successful in developing a methodology for 
predicting ductile fracture response, the calculations necessary to apply the 
methodology to the flawed structures of interest required the use of sophisti- 
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in A533B steel [1]. 
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cared finite-element analyses. This is expensive and time-consuming. To cir- 
cumvent these requirements, the technology developed in this program has 
been utilized by General Electric to develop a simpler and less-expensive duc- 
tile fracture analysis procedure [16]. This "engineering approach" is based 
on considering crack driving forces and material resistance in terms of J or 
crack opening displacement (COD) or both. The approach consists of the fol- 
lowing elements: 

1. a handbook of fully plastic crack solutions for flawed structural compo- 
nents, 

2. an estimation procedure which enables one to construct crack-driving 
force solutions for any level of loading by combining known elastic solu- 
tions with the newly developed fully-plastic solutions, and 

3. a simple, graphical procedure for predicting the onset of crack growth, 
the extent of stable growth, and fracture instability by combining the 
driving force estimates with the appropriate resistance curve on a com- 
mon diagram. 

An example illustrating the mechanics of the approach for compact specimen 
test T-52 is shown in Fig. 12 [17]. 

Figure 12 shows the diagram combining the driving force and resistance 
curves on coordinates of J versus crack length (COD versus crack length 
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FIG. 12--Application of a simpl~ed ductile fracture analysis, GE specimen T-52 [2]. 

could also be used). Driving fqrce curves are shown for both constant applied 
load and constant displacement. The resistance curve overlays on the dia- 
gram with the zero point corresponding to the initial crack length. The extent 
of stable crack growth for a given applied load (or displacement) is read from 
the resistance curve at the point of intersection of the appropriate driving 
force curve. The fracture instability point is determined at the point of tan- 
gency of the driving force and resistance curves. Predictions for T-52 and nu- 
merous other specimens using this approach have shown encouraging agree- 
ment with experiments [16,17]. 

Discussion 

The objective of this research was to provide the basis for a fracture assess- 
ment methodology accounting for the large-scale plasticity and stable crack 
growth phenomena involved in the fracture of nuclear pressure vessels and 
piping. The work sought to identify appropriate criteria to characterize the 
onset of crack extension (crack initiation), stable crack growth, and fracture 
instability (the onset of unstable crack extension). It is believed that the proj- 
ect successfully attained its principal objectives. Specifically, the results pro- 
vide a convincing justification for the use of J and CTOA as crack-tip charac- 
terizing parameters in a plastic fracture mechanics resistance curve approach. 
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As a result, a fundamental basis for the application of fracture mechanics to 
ductile and tough materials--particularly where significant amounts of 
crack-tip plastic deformation and stable crack growth can precede general 
instability--has been established. 

A host of problems is now facing the nuclear industry--for example, see 
Stahlkopf [18]. Application of the methodology developed in this research to 
flawed nuclear plant components will greatly assist in resolving them. But, 
before this can be done, it must be recognized that a number of unresolved 
issues still exist [19]. Among these is the paucity of demonstrations that any 
plastic fracture criterion evaluated on a simple test specimen can give an ac- 
curate prediction of fracture instability in an actual full-scale component. 
Also, the geometry and constraint dependence of J and CTOA and their 
practical implications must yet be evaluated. The use of simple estimation 
schemes for plastic fracture conditions clearly needs to be broadened. 

Conclusions 

This research demonstrated that, while many different ductile fracture pa- 
rameters can serve as the basis of a resistance curve approach, J and CTOA 
are definitely superior. When the amount of stable crack growth preceding 
fracture instability is small, J is the more useful. The constancy of CTOA over 
extended amounts of stable crack growth is intriguing but has yet to be ex- 
ploited in a practical manner. The effect of biaxial loading and the differ- 
ences associated with flat and slant shear fracture do not appear to compli- 
cate the current plastic fracture mechanics approaches based upon Mode I 
conditions. A simplified engineering methodology for predicting ductile frac- 
ture has been formulated for application to nuclear plant problems. 
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ABSTRACT: In this work the problem of the stability of a system deformed under dis- 
placement and load-controlled conditions is examined. The instability conditions are 
found from the load versus displacements, P-~, characteristics of the system and the stiff- 
ness of the structure, KM, on a completely general basis. The analysis is performed for 
the system in series with a spring under displacement control and for the system in 
parallel with the spring under load-controlled conditions. 

In addition it is shown that the conditions for instability found for both situations using 
the tearing instability theory are in complete agreement with those obtained under a com- 
pletely general basis. As a result the tearing instability theory is proven to be always valid 
in the sense that instability will occur if and only if Tap_ > Tmat. 

Finally, a small experimental program on a nickel-chromium-molybdenum-vanadium 
rotor steel was conducted in order to prove that structures can be designed to assure 
stable crack growth under load-controlled conditions beyond maximum load. 

KEY WORDS." systems, instability, fracture, mechanics, plasticity, tearing, T, J, R- 
curves, load, displacement, elastic-plastic fracture 

It has b e c o m e  c o m m o n  prac t i ce  in recen t  years to cha rac te r i ze  a mater ia l s  

resis tance to  c rack  growth  by m e a n s  of the  J - in tegra l  [1-3] .  2 

First,  J was accep t ed  as a val id p a r a m e t e r  to cha rac te r i ze  t he  onset  of  

crack growth as a result  of  t he  work of  Begley and  Landes  [4-5]. Later ,  as a 

na tura l  ex tens ion  of  t he  early K versus  A a  res is tance curves,  J was ten ta t ive ly  

used as a measu re  of the  mater ia l  toughness  for  s table c rack  growth  by 

means  of  the  J - res i s tance  or  J-Aa curve ,  a l though  the  theore t ica l  basis for  its 

use was not  very clear.  T h e  theore t i ca l  basis for  the  J-Aa curve  was la ter  pro-  

1Senior engineer, Materials Engineering Department, Westinghouse R&D Center, Pitts- 
burgh, Pa. 15235. 

2The italic numbers in brackets refer to the list of references appended to this paper. 
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vided by the analysis of Hutchinson and Paris [6], where they proved that if a 
certain criterion regarding the percentage of crack growth, the slope of the 
J-R curve and J itself, is met, there is indeed a J-controlled crack growth 
regime. 

Although the J-R curve concept is growing in acceptance and its use be- 
coming common practice, the question of whether a crack will grow in a 
stable or unstable manner remained unresolved until very recently. It was 
recognized that instability results from a lack of balance between the rate of 
increase of the applied drive force and that of the material resistance to crack 
growth. 

Recently, the basic implications of this concept were further explored by 
Paris et al [7-8] and as a result it was demonstrated that the overall charac- 
teristics of the structure play a major role in instability and its effects have to 
be included in the rate balance mentioned. In their work they introduced a 
nondimensional quantity called the tearing modulus, T, that in general has 
the form 

E dJ  
T -- (1) 

o0 2 da 

where E is the elastic modulus and o0 the flow stress. If Eq 1 is evaluated using 
the J-resistance curve of the material, the resulting T is the material tearing 
modulus Treat. If instead, dJ/da in Eq 1 is calculated as the rate of change of 
crack drive or the applied J, per unit virtual crack extension, with the condi- 
tion of total displacement, 6tot, kept constant (or other similar conditions 
specified), the resulting T is the applied tearing modulus Tapp. Following Ref 
7 and 8, instability will occur when 

Tap p _> Tmat (2) 

Using the condition of total displacement constant, the compliance of the 
structure, CM, is introduced into the analysis and Tap p becomes a function of 
CM. Consequently, according to Eq 2, conditions for instability can be pre- 
dicted provided the values of Tmat and expressions for Tap p are known. In their 
original work, Paris et al developed formulas for Tapp for different configura- 
tions assuming perfect plasticity and crack growth under limit-load condi- 
tions. They also performed the first experimental evaluation of the theory. In 
their tests of three-point-bend specimens loaded in series with a spring bar of 
adjustable length, the compliance of the system, CM, was varied from test to 
test, producing stable or unstable behavior in complete agreement with the 
theory. 

The results were originally shown in a Treat versus Tap p plot, Fig. 1. Each 
test is represented by its Tmat and Tap p values. Open points correspond to 
unstable crack growth while filled points correspond to stable crack growth. 
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Ideally, according to the theory, all open points (unstable) should lie to the 
right of the 45-deg line (region where Tapp > Treat), while the filled points 
(stable) should lie to the left of the 45-deg line (region where Tmat > Tapp). 
The excellent agreement shown in Fig. 1 was the first experimental verifica- 
tion of the tearing instability theory. 

Since this first work, significant effort was devoted to extending the basic 
concepts in different directions. Hutchinson and Paris [6] presented a more 
general expression for Tap p for a specimen loaded in series with a spring simu- 
lating the structure 

~ ( 
T.p, .o 37.  -Tb-oW, c .  + V 

(3) 

where b is the displacement due to the crack and C m is the compliance of the 
spring. All the terms appearing in the Eq 3 are calibration functions, that is, 
they don't bear any information regarding the material response to crack 
growth. These functions can be obtained from finite-element analysis or ex- 
perimentally from blunt-notch specimen tests; no "real" crack growth test is 
needed for their determination. This scheme has been used [7,8] to obtain 
Tapp for different configurations of practical interest and, as was mentioned, 
instability can be predicted by comparing the value of Tap p obtained from Eq 2 
with the experimentally obtained Tmat. 
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In related work Ernst et al [9] developed general formulas to evaluate both 
Tapp and Tmat directly from a load-displacement (P -- 6) test record giving 

o0 2 -~a ~ - - - ~  -~a ~ OP dP (4) %- - 

T a p p :  002 ~ -~a  3P 
+ K M  

(5) 

This formulation allows a direct comparison between the two T-values (see 
later) and also gives Tap p as a function of Tmat by combining Eqs 4 and 5 

E( J 

• ( ' K M +  

' ")1 dP + 1 (OJ/O(>) 2 

d6 B Tmat U 

(6) 

where B is the specimen thickness. 
At the same time, significant effort was also devoted to experimentally ver- 

ifying the tearing instability theory. Joyce et al [101, Vassilaros et al [ll], and 
Kanninen et al [12] conducted several experimental programs to do this. 
Their basic approach has been the same as the one used in the initial work of 
Paris et al [7,8]: This entails the selection of a certain material-specimen 
geometry combination to conduct a series of displacement-controlled tests 
where specimens are loaded in series with a spring whose compliance could 
be changed from test to test. Values of Treat were obtained as the normalized 
slope of the J-R curves and Tapp-values were obtained using some of the dif- 
ferent schemes [6-9]. 

At the beginning, the results were reported in a T~at versus Tap p plot simi- 
lar to that of Fig. 1; later, it was realized that in general neither Treat nor Tap p 
was constant in a given test. As a consequence, the results were plotted in a 
J-T format as shown in Fig. 2. Slopes of the J-R curves were obtained at dif- 
ferent J levels; these were normalized and replotted in a J versus Treat format. 
At the same time, using some of the schemes mentioned in the preceding 
[6-9}, values of Tapp were obtained for different J levels and also plotted in 
the J-T frame. Instability was expected to occur at the intersection of these 
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FIG. 2--J-T plot. 

two curves; if the test was stable, the two curves should not intersect. If this 
approach was successful, instability was properly predicted by the tearing in- 
stability theory and thus it was said to be validated. 

In the present work the problem of instability is approached from a differ- 
ent point of view, that of emphasizing the role of the P-t5 record. The condi- 
tions for instability are shown to be predicted directly from the P-6 record 
characteristics and the compliance of the structure CM. It is also shown that 
these conditions are completely consistent with those of the tearing instability 
theory. Thus tearing instability theory is proven to be always valid in that 
unstable crack extension will occur if and only if Tap p > Zma t. 

Finally, the results of a small number of critical experiments using a 
nickel-chromium-molybdenum-vanadium (Ni-Cr-Mo-V) rotor steel are pre- 
sented completely validating the aforementioned concepts. 

Stability Under Total Displacement-Controlled Conditions 

Consider the P-6 record of a specimen tested under displacement control 
as shown in Fig. 3a. Suppose now that an identical specimen is tested in 
series with a spring of compliance CM (or stiffness K M = CM-I). It can be 
seen that the load held by the specimen P and the load held by the spring, 
PM, are equal to the total externally applied load Ptot 

P = PM = Ptot (7) 

Also, according to the principle of equilibrium, the displacement applied to 
the specimen t5 plus the displacement on the spring/Su gives the total extern- 
ally applied displacement tSto t 

~Stot = ~ +/~M (8) 
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FIG. 3--Test record of identical specimens (a) without and (b) with spring in series. 

Consequently, the second specimen test record (P-Sto t) will be the result of 
just shifting every point of the original P-t5 record to the tight by an amount 

tsM "~- P C M  (9) 

In particular, consider two genetic points A and B in Fig. 3a, given by their 
coordinates (fiA, PA) and (~a, PB), respectively. By the addition of the 
spring, they will be shifted to (ts~, PA) and (t56, Pa), respectively, Fig. 3b, 
where 

ts"A = tsA + PA CM 

6~ = 8B + PBCM 

( lO )  

Furthermore, these equations can be combined to give 

(ts~ -- ts~) = (Ss -- 8A) + CM (PB -- PA) (11) 

The foregoing expression can be regarded as the fundamental instability equa- 
tion. If Points A and B are in the rising part of the test record with PB > PA, 
the addition of the spring will cause an increase in the relative displacement 

( ~  - ts~) > (tsB - tsA) (12) 

because the second term on the tight-hand side of Eq 11 is positive. Instead, if 
Points A and B are in the decreasing portion of the record with PA > Pa,  then 
the relative displacement will be diminished by the addition of the spring 

( ~  - ~ , )  < (~B - tsA) (13) 
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because the second term on the fight-hand side of Eq 11 is negative. As a 
direct consequence, if enough compliance, CM, is added to the system, the 
new relative displacement can be made as small as one wishes. Eventually it 
can be negative, that is, B '  lying to the left of A' with 6~ < 6~. If this were the 
case, the displacement would have to decrease to pass through B' ,  but ob- 
viously this is not compatible with the boundary condition which asks for a 
monotonically increasing displacement. Thus the test record approaches B'  
as close as is physically possible (vertical drop) corresponding to unstable 
crack growth at that point. 

The condition for instability can be expressed as 

(6~ -- &~) < 0 unstable 

( 6 ~ - - 6 ~ ) > 0  stable 
04) 

Combining Eqs 11 and 14 gives the instability condition 

or 

(5~ - -  6~) ---- (~B - -  6A) q- C M ( P B  - -  PA) < 0 

--(PB -- PA)/(6B -- 6A) = - - d P / d 6  > K M = CM -1  (15) 

where - -dP /d6  refers to the slope of the test record of the specimen alone. 
Thus, instability is expected if and only if the negative of the slope of the 
specimen test record is greater than the stiffness of the spring (structure). 
Note that as a consequence, instability cannot occur in the rising part of the 
P-~ record. In fact, for this portion, d P / d 5  is positive, thus - d P / d 6  < O, 
and Eq 15 can never be satisfied (KM being always positive). These features 
are illustrated in Fig. 4, where a schematic P-6 record has been replotted in 
terms of the parameter Q = - d P / d ~  versus 6; different spring stiffnesses 
KM are also shown. Initially, from Points A to B, Q is essentially constant and 
negative (corresponding to linear elastic slope); later plasticity or crack ex- 
tension, or both, begins and Q starts to increase, passes through zero, Point C 
(corresponding to maximum load), increases to a maximum value at Point F 
and then starts to decrease. 

If a similar specimen in series with a spring is tested under displacement 
control, different situations can arise depending on the value of KM. If K M is 
very big (very rigid spring), the whole Q versus 6 record is well below the K M 1 
line and no instability is expected to take place. For a smaller value of KM, 
that is, KM2, the Q versus ~ record crosses the KM2 line at Point E, and thus 
instability is expected to take place at the corresponding displacement ~E. For 
an even smaller value of KM, that is, KM3, the crossing occurs even earlier, at 
Point D, thus instability is expected at 60. Finally, for a very soft spring, KM ~- 
0, instability will occur close to Point C. This result agrees completely with the 
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dP 
Q= - d6 

KMI 

F 
. ~  KM 2 

. . . . . .  

A B 

C 

FIG. 4--Load and Q = -dP/d~ versus displacement 5. 

well-known fact that, under load control, instability occurs at maximum load, 
and in fact an infinitely soft spring in series with the specimen means essen- 
tially that the latter is under load-controlled conditions. 

Note that for the portion of the record, A to C, no instability is possible 
because Q < 0 and K M cannot be negative, thus Q is always smaller than KM.  

A final word is in order here regarding the end of instability. 
Equation 15 is expected to accurately predict the point of onset of instabil- 

ity because it is based on nothing else but the principle of equilibrium. On 
the other hand, the Q versus 5 plot may cross the K M line, a second time at 
Points G and H for example, and that should indicate the end of instability 
for those values of K M. However, in this analysis, inertia effects have not 
been taken into account and thus the point of "arrest of instability" is not ex- 
pected to be very accurately described by Eq 15, although the latter may 
serve as a starting point for an in-depth study of this matter. 

In conclusion, the condition for instability (partial or total) has been found 
from the test record characteristics. It is based on nothing else but equilib- 
rium; thus it is completely general (it is assumed that the addition of the 
spring does not change the mechanism of deformation or fracture). Note that 
no mention o f  J or crack length,  a, was made throughout  the analysis. In 
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fact, the instability condition of Eq 15 applies to any system for which the 
load-displacement record is known. Given a test record, the remaining com- 
pliance capacity (CcR) [9] or the additional compliance needed to cause in- 
stability in a similar test can be determined from Eq 15 

CCR:(KM)-I : ( - -  d-~6 ) -1  (16) 

The foregoing methodology can be applied even if the system in question 
were an uncracked body or the general conditions were such that no param- 
eter such as J could be defined, or both. 

Tearing Instability Theory for Displacement-Controlled Conditions 

The conditions for instability can also be found using the tearing modulus 
concept of Paris et al [7,8], given in Eq 1. Without any loss in generality, J 
can be expressed as a function of displacement due to the crack, iS, and crack 
length, a 

Differentiating 

J = J ( a ,  6) (17) 

J a #J da + ~ d,~ (18) d J  = --~a ~ 

Then the material tearing modulus Tmat is [9] 

T m a t _  g dJ [ __ E M ~ + M a d6 
o'02 da mat o'O 2 0 ~  " ~  da (19) 

where the term dd/da is to be evaluated following the actual crack growth. 
Also, the load P can be expressed as 

P = P(a, 6) (20) 

and differentiating 

or 

aP OP 
da + -:= d~ (21) dP='ffffa ~ O 0  a 

OP 
d6 Oa 

i (22) 
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where the term d P / d 5  is to be evaluated from the P-6 record. The foregoing 
equation can be substituted in Eq 18 to give a completely general expression 
for Treat 

Treat E OJ OJ 0 
= 0"02 -~a ~ - - - - ~ - ~  

66 

(23) 

or using 

M a 1 OP 
-- B ~a  ~ (24) 

/ ly I 
0"0 2 6 

On the other hand, the applied tearing modulus Tap p is defined as the rate of 
change of J with crack length under the condition that the overall displace- 
ment is kept constant. Thus Tap p is given by 

Tapp "= 002 6 " ~  a ~ ~tot 

The condition 6to t ---~ constant is equivalent to d(~to t = 0, or separating the total 
displacement into a part due to the crack, 6, and a part due to the rest of the 
structure (untracked body part), 6M 

d 6 t o  ~ -~- d6 + d6 M = 0 

= d6 + CMdP = 0 

(27) 

where CM = ( K ~ ) -  1 = d 6 M / d p  can be associated with the linear compliance 
of the system (spring + testing machine + uncracked specimen) as before. 
Tapp then can be calculated using Eqs 17, 20, and 27 to give 

OP . . . .  
(28) 
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o r  

I-~-a o~P 2 1 

Tap p - -  002 • K "~ 
/ 

a 

which are completely general expressions for Tap p. The instability condition 
can now be found directly; defining 

AT = Tmat  - -  Tap p (30) 

instability will result when 

AT < 0 (31) 

or using Eqs 22 and 28 

- al ( 1 lTZa,, ~ - 

(32) 

Note that 

OP 
Oa < 0 (33) 

and then 

if and only if 

A T < 0  

- - d P / d ~  > K M 

for the instability condition. 
Thus according to the theory, instability will be ensured when A T < 0 and 

that will happen if and only if - - d P / d 6  > K g .  This condition is exactly the 
same as that one of Eq 15 which was found on a completely general basis, with 
no need to mention J or crack length. As a result, the condition A T < 0 im- 
plies instability and, vice versa, the instability event implies A T < 0. Thus, 
the tearing instability theory has been proven to be always valid in that it cor- 
rectly predicts unstable crack growth. 
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Furthermore, the generality of the approach leading to Eq 15 allows the use 
of any parameter X, X = X(& a), instead of J if desired. In fact if a parameter 
~(, such as crack opening displacement (COD), crack opening angle (CTOA), 
or any other physical quantity, is used instead of J in Eqs 22 and 27 the 
resulting X-based tearing moduli, TmatX and TappX will provide an 
automatically validated tearing instability condition. In other words, instability 
will be always correctly predicted by TappX > Tm,tX because in fact this condi- 
tion is dictated by the more general one - - d P / d 8  > K M. 

The choice of X should not be based then on its suitability for instability pre- 
dictions (all of them work) but rather on physical grounds; that is, on the con- 
venience of its experimental determination and the degree of independence of 
the corresponding R-curve of constraint, geometry, and loading conditions. 

~tabillty Under Total Load-Controlled Conditions 

It is well recognized that the structural member is normally constrained by 
the structure in such a way that neither an exclusively load-controlled nor 
displacement-controlled situation is realistic, but more likely a mixed one 
where the stiffness of the rest of the structure KM has to be taken into account. 
In the last section it was shown that, by adding a spring in series with the 
specimen in a displacement-controlled test, the structure can be simulated 
and in fact the whole range from load control to displacement control can be 
covered by just changing the stiffness of the spring KM. Nevertheless, that is 
not the only possible way of covering this range. In fact, there are situations 
where the structure has an intermediate loading condition which cannot be 
represented by the aforementioned model. These would be redundant struc- 
tures where several members are sharing the overall applied load; namely, stif- 
fened plates or pipes, sets of structural supporters, or cables. The crack 
growth stability problem for these types of structures was the subject of a re- 
cent paper by Paris et al [13], who developed the so-called fracture-proof 
design concept. According to this concept structural parts can be designed in 
such a way as to guarantee stable crack growth even under load-controlled 
conditions. 

In the present work this stability problem is examined in an absolutely 
general way, following the spirit of the previous sections, and a complete 
tearing modulus analysis is performed. 

Consider the P-t5 record of a specimen tested under displacement-controlled 
conditions as shown in Fig. 5a. Suppose that an identical specimen is tested, 
this time in parallel with a spring of stiffness K M. The displacement imposed 
on the specimen, & and that of the spring, tsM, are equal 

t5 = tsM (34) 
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E A 6 B 
al 

etot 
PB'! 
PA' 

6 A 6 B 
h) 

FIG. 5--Test record of identical specimens (a) without and (b) with spring in parallel 

On the other hand, according to the principle of equilibrium, the load on the 
specimen, P, plus the load on the spring, PM, equals the total externally ap- 
plied load Ptot 

Ptot = P + PM (35) 

As a consequence, the second specimen test record (Ptot, t~), shown in Fig. 5b, 
will be just the result of shifting every point of the original P-c5 record up in 
load by an amount 

PM ---- KM 6 (36) 

As before, if two generic points, A and B, in Fig. 4a are considered, with co- 
ordinates (6A, PA) and (iS B, PB), respectively, the addition of the spring will 
shift them to (~A, P~.) and (~B, P~), with 
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PA = PA + KM~A 

P{3 = PB + KM ~B 

(37) 

Combining the foregoing equations, one gets 

(PB -- P~,) = (PB -- PA) + KM(~B --  ~A) (38) 

The foregoing expression can be regarded as the fundamental instability 
equation for load-controlled systems. If Points A and B were in the rising 
portion of the P-~ record (PA < PB), the addition of the spring would cause 
an increase in the load difference due to the fact that the second term on the 
right-hand side of Eq 38 is positive 

(PB --  PA) > (PA --  PB) (39) 

If Points A and B were in the decreasing portion of the P-~ record (PA > PB), 
the addition would also cause an increase in the load difference for the same 
reason as before 

(PI3 -- PA) > (PB -- PA) (40) 

In fact, if the second term on the right-hand side of Eq 38 were big enough, 
the relative difference in toad would become positive P~ -- P~ > 0, and that 
means a continual increase in load. The required value of KM to produce this 
behavior can be obtained from Eq 38 

or 

(PB -- P~) = PB - -  PA) + KM (SB - -  ~A) > 0 

PB -- PA 
< K M (41) 

6B --  6A 

- - d P / d ~  < KM 

to produce a monotonically increasing load curve. 
Note that if the resulting Ptoc6 record is monotonically increasing, it is irrele- 

vant whether the test is run under load or displacement-controlled conditions; 
that is, the test will be stable regardless of these conditions. Thus, Eq 41 repre- 
sents the fundamental condition for stable behavior under load-controlled con- 
ditions, and the minimum value of KM that satisfies it is the minimum value of 
stiffness required to produce a monotonically increasing curve and thus pre- 
vent instability. As a result the instability conditions are 
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- d P / d ~  < K M stable 

--dP/d~ > K m  unstable 

(42) 

Note that this condition is exactly the same as that one of Eq 15 derived for 
a completely different situation; in both cases stable behavior will be guaran- 
teed if and only if 

--dP/d~5 < KM (43) 

This similarity allows a discussion completely analogous to that of the pre- 
vious section that will not be repeated here in whole for the sake of brevity. In 
conclusion, under load control, instability cannot occur before Q = 0 (maxi- 
mum load) and beyond that point instability can be prevented if the stiffness 
of the structure in parallel with the cracked body is greater than - -dP/d6 .  

Note again that this condition has been derived using only the principle of 
equilibrium; thus it is completely general. No mention was made of crack 
length or any field parameter. 

Tearing Instability Theory for Total Load-Controlled Conditions 

The conditions for stable/unstable behavior of a specimen in parallel with 
a spring under load-controlled conditions can also be obtained using the 
tearing modulus concept. 

The material tearing modulus, Treat, being independent of the loading 
conditions, will still be given by Eq 23 

Zma t - -  
E OJ OJ Oa 6 

OP 

0o2 ~ a ,  - (OP d P )  
- -~  a d5 

(44) 

The applied tearing modulus, Tapp, can be defined as the rate of change of J 
per unit virtual crack extension, with the condition of total load Ptot kept cons- 
tant; thus using Eqs 16 and 17 

Z a p p -  002 da - -  002 6 " ~ a  Ptot 
(45) 

The condition Ptot = constant means dPto t = 0, or using Eq 35 

dPtot = dPM + dP = 0 (46) 
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with 

PM = r KM 

P = P(a, 6) 

Differentiating Eqs 47 and substituting in Eq 46 give 

OP 3P I d a  = 0 
d~MKM + ' ~  a dt~ + ~ 16 

Noting that from Eq 34 

(47) 

(48) 

Eq 48 gives 

d6 M :- d~5 (49) 

3P 

d6 3a 

OP 
O~ + KM 

da 

Combining Eqs 45 and 50 gives 

(50) 

3P . . . . .  
(51) 

This equation is the general expression for T a p  p for a specimen in parallel with 
a spring (structure) under load-controlled conditions. 

The instability condition can be obtained by comparing Eqs 44 and 51, 
giving 

if and only 

A T = Treat  - -  Tapp < 0 

--dP/d& > K M 

(52) 

for instability 

This condition obtained from the tearing instability theory agrees with Eq 42 
obtained on a completely general basis, based on nothing else but the principle 
of equilibrium. 
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As a result, the tearing instability theory is proven to be always valid for 
load-controlled conditions in that instability will occur if and only if AT < 0. 
Note that, as before, if any other parameter X ---- X(tS, a) were used instead of 
J, the resulting X-based tearing moduli, TmatX and TappX, would provide an 
automatically validated tearing instability condition. 

Finally, it is to be noted that Eqs 33 and 52 are identical although they rep- 
resent completely different situations. The former was obtained for a speci- 
men in series with the spring under displacement control, whereas the latter 
was obtained for a specimen in parallel with the spring under load-controlled 
conditions. This "symmetry" allows full use of the methodology and discus- 
sion presented in the early sections for both cases. 

Experin~ntal Program 

In order to demonstrate the validity of the concepts of the last sections, a 
critical experimental program was conducted. Specimens of different crack 
length were tested under displacement-controlled conditions. From the P-5 
records the minimum stiffness needed in parallel to prevent instability was 
calculated from Eq 42, and finally similar specimens were tested in parallel 
with springs to obtain stable crack growth under load-controlled conditions 
beyond maximum load. A detailed description of the program follows. 

Material 

The material used was a nickel-chromium-molybdenum-vanadium (NiCrMoV) 
rotor steel. This material was subjected to extensive testing by Logsdon [14], 
and was the one used by Paris et al [8]. 

Specimen Geometry 

The test specimen configuration used was the three-point-bend geometry 
with full span L = 10.16 cm (4 in.), total width W = 2.54 cm (1 in.), and 
thickness B = 1.27 cm (1/2 in.). 

Testing Conditions 

The specimens were tested in air at a test temperature of 230~ (446~ so as 
to be well above the transition temperature of the material to avoid cleavage. 

Experimental Procedure and Results 

The experimental program consisted first of testing three specimens of dif- 
ferent a/W,  namely, 0.5, 0.6, and 0.7, under displacement control, measur- 
ing load and ram displacement in a standard MTS servo-hydraulic testing 
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machine. From the P-6 records an average slope for the decreasing dP/ d~  

was measured in each case. The results are given in Table 1. 
Next, similar specimens were tested, this time in parallel with two spring 

bars under load-controlled conditions. The testing arrangement is shown in 
Figs. 6 and 7. 

The stiffness of the spring bar in parallel with the cracked body was changed 
from test to test by either using bars of different thickness or changing their 
span or both. In each test, the characteristics of both spring bars (thickness 
and span) were kept the same for symmetry purposes. 

Using this procedure, two more specimens of each a / W  (total of six more) 
were tested in parallel with bars whose stiffness was bigger than the corres- 
ponding value of - - d P / d ~  previously obtained from the P-/~ records. The 
results are summarized in Table 2. In Fig. 8 the P-/~ test records of three 
specimens of a~ W = 0.5 and stiffness KM = 0; 359 and 449 MPa (52 and 65 
ksi) are shown. In all cases, the crack growth was stable, even beyond the 
point of maximum load. 

In conclusion, it was demonstrated that instability under load-controlled 
conditions can, indeed, be prevented, provided the stiffness of the structure 
in parallel with the cracked body is greater than - - d P / d ~ ,  in complete 
agreement with Eq 42. 

TABLE l--Test results. 

Q = - d P / d & ,  
a / w  k l b / i n .  

0 .5  27 
0 .6  17 
0 .7  7.5 

1 k lb / i n .  = 175 k N / m .  
= 0 .75 M P a . m .  

T A B L E  2--Test  results. 

K M, k lb / i n .  S tab le?  

a / w  = 0.5 65.1 yes 
Q = 27 51.8  yes 

a / w  = 0.6  32 yes 
Q = 17 21.4 yes 

a / w  = 0.7  16.8 yes 
O = 7.5 10.6 yes 

1 k lb / i n .  = 175 k N / m .  
= 0 .75 M P a . m .  
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FIG. 7--Experimental setup. 

Final Comment 

In this work the conditions for instability of a system were found from the 
P-6 characteristics, based only on the principle of equilibrium. The system 
can be considered as a black box to which displacement is being applied (or 
load) and load (or displacement) is measured as the response. The conditions 
for instability were obtained for a spring in series with the black box under 
displacement control and for a spring in parallel with the black box under 
load-controlled conditions. In both cases, stable behavior will be guaranteed 
if and only if 

KM > --dP/d6 

Also, for the particular system consisting of a cracked body, the instability 
conditions for both cases based on the tearing modulus theory were found to 
be completely consistent with the foregoing equation. Furthermore, any 
parameter X -- X(6, a) can be used for instability predictions and the 
X-based tearing moduli will provide the correct instability condition. In par- 
ticular, if modified versions of the J-integral as proposed by Rice et al [15] 
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FIG. 8--Experimental test records (1 klb/in. = 175 kN/m = 0.75 MPa.m; 1 in. = 2.54 cm; 
230oC = 446OF). 

and Herman and Rice [16] and generalized by Ernst [17] are used to de- 
scribe the crack growth process, the instability condition will still be correctly 
assessed by the corresponding tearing moduli. 

So far, it has been demonstrated that instability can be predicted using the 
aforementioned concepts, or the CcR [91, for a given configuration. Never- 
theless, it is of much greater interest to be able to predict instability in an un- 
tested geometry. This also can be accomplished using the CCR concept. In 
fact combining Eqs 22 and 33 gives 

CCR -1  : K M > 
dP 3P 
d6 36 

3P 
_ _  _ 3 a  

3J 
a - - ~  a (_~_~__ Treat__ 3.i_U6) 

as the stability condition for any configuration. Note that as mentioned 
OP/O61a, OP/3a16, OJ/361a, and 3J/3a[6 are calibration functions and the 
additional information needed is Treat, which supposedly can be obtained 
from other specimen tests. Thus instability can be predicted in a given geom- 
etry with calibration functions and "universal material properties" without 
having to actually test it. Thus, the importance of such a universal J-R curve 
is apparent. It is clear then, that future effort should not be devoted so much 
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to instability predictions, but rather to exploring and understanding the in- 
fluence of specimen geometry, size, type of loading, and constraint on the 
different candidate parameters to provide a truly universal material resis- 
tance curve. 

Acknowledgment 

This work was partially supported by the Electric Power Research Institute 
under Contract No. RR 1238-2, Dr. Douglas M. Morris, project manager. 
The author wants to thank his colleagues from Westinghouse R&D Center, 
D. E. McCabe and J. D. Landes for their valuable help. 

References 

[1] Rice, J. R., Transactions, American Society of Mechanical Engineers, "A Path Indepen- 
dent Integral and the Approximate Analysis of Strain Concentration by Notches and 
Cracks," Journal of Applied Mechanics, Vol. 35, 1968, pp. 379-386. 

[2] Hutchinson, J. W., "Singular Behavior at the End of Tensile Crack in a Hardening Mate- 
rial," Journal of the Mechanics and Physics of Solids, Vol. 16, No. I, 1968, pp. 13-31. 

[3] Rice, J. R. and Rosengren, C. F.. "'Plane Strain Deformation Near a Crack Tip in a Power 
Law Hardening Material,'" Journal of the Mechanics and Physics of Solids, Vol. 16, No. I, 
1968, pp. 1-12. 

[4] Begley, J. A. and Landes, J. A., "The J Integral as a Fracture Criterion," in Fracture 
Toughness. ASTM STP 514, American Society for Testing and Materials. 1972, pp. 1-23. 

[5] Landes, J. D. and Begley, J. A., "The Effect of Specimen Geometry on Jlc," in Fracture 
Toughness, ASTM STP 514, American Society for Testing Materials, 1972. pp. 24-39. 

[6] Hutchinson, J. W. and Paris, P. C., "Stability Analysis of J-Controlled Crack Growth," in 
Elastic-Plastic Fracture. ASTM STP 668, J. D. Landes, J. A. Begley, and G. A. Clarke, 
Eds., American Society for Testing and Materials, 1979, pp. 37-64. 

{7] Pads, P. C., Tada, H., Zahoor, A., and Ernst, H. A., "The Theory of Instability of the 
Tearing Mode of Elastic-Plastic Crack Growth," in Elastic-Plastic Fracture. ASTM STP 
668, J. D. Landes, J. A. Begley, and G. A. Clarke, Eds., American Society for Testing and 
Materials, 1979, pp. 5-36. 

[8} Paris, P. C., Tada, H., Ernst, H., and Zahoor, A., "An Initial Experimental Investigation 
of Tearing Instability Theory," in Elastic-Plastic Fracture, ASTM STP 668, J. D. Landes, 
J. A. Begley, and G. A. Clarke, Eds., American Society for Testing and Materials, 1979, 
pp. 251-265. 

19] Ernst. H. A., Paris, P. C., and Landes, J. D. in Fracture Mechanics: 13th Conference. 
ASTM STP 743, "Estimations on J-Integral and Tearing Modulus T from a Single Speci- 
men Test Record," 13th National Symposium on Fracture Mechanics, ASTM STP, Ameri- 
can Society for Testing and Materials, 1981, pp. 476-502. 

[10] Joyce, J. A.. and Vassilaros, M. G. in Fracture Mechanics: 13th Conference, ASTM STP 
743, "'An Experimental Evaluation of Tearing Instability Using the Compact Specimen," 
13th National Symposium on Fracture Mechanics, ASTM STP, American Society for Test- 
ing and Materials, 1981, pp. 525-542. 

[ll] Vassilaros, M. G., Joyee, J. A., and Gudas, J. P. in Fracture Mechanics: 14th Conference, 
ASTM STP 791, "Experimental Verification of the Tearing Instability Phenomena for 
Structural Materials," presented at the 14th National Symposium on Fracture Mechanics, 
Los Angeles, CA July 1981. American Society for Testing and Materials, 1983, pp. 
1-65-1-83. 

[12] Kanninen, M. F., Zahoor, A., Wilkowski, G. M., Abou-Sayed, I. S., Marschall, C. W., 
Brock, D., Sampath, S. G., Rhee, H. D., and Ahmad, J., "Instability Predictions for Cir- 
cunfferentially Cracked Type 304 Stainless Steel Pipes Under Dynamic Loading," Battelle 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



ERNST ON THE TEARING INSTABILITY THEORY 11-155 

Columbus Laboratories Final Report to the Electric Power Research Institute on Tl18-2, 
Columbus, Ohio, in preparation, June 1981. 

[13] Paris, P. C., Tada, H., and Baldini, S. E., "Fracture Proof Design," CSNI Specialists 
Meeting on Plastic Tearing Instability held at the Center for Fracture Mechanics, 
Washington University, St. Louis, Mo., 25-27 Sept. 1979; U.S. Nuclear Regulatory Com- 
mission Report NUREG CP-0010, Washington, D.C., Jan. 1980. 

[14] Logsdon, W. A. in Mechanics of Crack Growth, ASTM STP 590, American Society for 
Testing and Materials, 1976, pp. 43-61. 

[151 Rice, I. R., Drugan, W. J., and Sham, T. L. in "Elastic Plastic Analysis of Growing 
Cracks," Fracture Mechanics: Twelfth Conference, ASTM STP 700, American Society for 
Testing and Materials, 1980, pp. 189-221. 

[16] Herman, L., Rice, J. R., "Comparison of Experiment and Theory for Elastic-Plastic Plane 
Strain Crack Growth," Brown University Report No. 76, Providence, R.I., Feb. 1980. 

[17] Ernst, H. A., this publication, pp. 1-191-I-213. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



Shu S. Tang, 1 Peter C. Riccardella, 1 and Roland Huet  2 

Verification of Tearing Modulus 
Methodology for Application to 
Reactor Pressure Vessels with Low 
Upper-Shelf Fracture Toughness 

REFERENCE: Tang, S. S., Riccardella, P. C., and Hurt, R., "Verification of Tearing 
Modulus Methodology for ApplJeatkm to Reactor Premmre Vemels wRh Low Upper-Sheff 
Fraetnre Tonghm~,"  Elastic-Plastic Fracture: Second Symposium, Volume ll--Frac- 
ture Resistance Curves and Engineering Applications, ASTM STP 803, C. F. Shih and 
J. P. Gudas, Eds., American Society for Testing and Materials, 1983, pp. II-156-II-178. 

ABSTRACT: A significant number of operating reactor pressure vessels in the United 
States are anticipated to undergo, during their design lifetime, reductions in upper-shelf 
fracture toughness below the minimum values currently prescribed in the Code of Federal 
Regulations. This reduction occurs in the beltline region of the vessels adjacent to the 
reactor core due to neutron irradiation effects. A methodology has been developed by 
Paris to apply tearing modulus methodology to quantitatively establish the minimum up- 
per-sheff toughness levels required to maintain an acceptable margin of safety in such 
vessels. 

The proposed analytical techniques and data base are compared with test data and 
alternative analytical results in order to verify the validity of the methodology. The 
method is used to predict failure conditions in a series of large pressure vessels and ten- 
sion bar experiments containing large crack-like defects. The analytical method is also 
compared with a three-dimensional nonlinear finite-element analysis of a typical pres- 
surized water reactor vessel containing a beltline defect. The method is shown to ac- 
curately predict the test failure conditions and to agree well with the finite-element 
analysis results. 

KEY WORDS: tearing modulus, elastic-plastic fracture, J-integral, flaw, vessel, fracture 
toughness 

During plant operation, reactor pressure vessels of water-cooled reactor 
power plants are subject to continuous neutron irradiation. This irradiation 
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will reduce the material fracture toughness. To maintain an adequate factor 
of safety against fracture, the Code of Federal Regulation (10-CFR-50) and 
the American Society of Mechanical Engineers (ASME) Boiler and Pressure 
Vessel Code specify minimum Charpy upper-shelf impact energy require- 
ments. Under current regulations reactor vessel material must have minimum 
Charpy upper-shelf energy of 102 J (75 ft-lb) initially and must maintain a 
minimum of 68 J (50 ft-lb) throughout the plant design life. High-energy neu- 
tron irradiation tends to reduce the Charpy upper-shelf energy, as shown in 
Fig. 1. It also increases the reference nil-ductility temperature (RTnd t) of the 
reactor pressure vessel material. In some plants, the upper-shelf energy is pro- 
jected to drop below the preceding limits during their design lifetime. 

The minimum requirement for upper-shelf material toughness for reactor 
pressure vessels and associated safety margins has been identified as an un- 
resolved safety issue by the U.S. Nuclear Regulatory Commission (NRC). It 
is generic issue A-11, "Reactor Vessel Material Toughness," and a task ac- 
tion plan has been implemented to resolve this issue [1].3 One of the objec- 
tives of the task action plan is to develop an engineering methodology to 
quantitatively establish the minimum upper-shelf toughness level required to 
maintain acceptable margins of safety in reactor pressure vessels. The engi- 
neering methodology is based on the tearing instability concept developed by 
Paris [2]. This concept was further developed by Paris [3] for application to 
the reactor vessel fracture toughness issue. 

In this paper, the engineering methodology and data base proposed in Ref 1 
are compared with large-scale test data and alternative analytical techniques 
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FIG. 1--Schematic showing change in material upper-shelf energy due to neutron irradiation. 

3The italic numbers in brackets refer to the list of references appended to this paper. 
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to verify the validity of the proposed methodology. The method is used to pre- 
dict failure conditions in a series of large pressure vessel and tension bar tests 
in which large crack-like defects have been introduced into the components. 
The analytical method is also compared with a three-dimensional finite- 
element analysis of a typical pressurized water reactor (PWR) vessel contain- 
hag a large beltline defect. Finally, additional verification needs are identified 
and overall conclusions are drawn regarding the validity of the method for its 
intended purposes. 

Theoretical B a c k g r o u n d  

It has been shown that in the linear elastic regime, the J-integral can be 
related to the stress intensity factor KI as 

where 

g l  2 
J : (1) 

E '  

E '  = E (plane stress) 

E 
1 - -  v 2 (plane strain) 

For the elastic case, the stress-intensity factor for a part-through surface flaw 
can be expressed as [4] 

-a 
g I -~- o m M  m Q (2) 

Introducing the flow stress o0, substituting Eq 2 into Eq 1 (with o = o,.), and 
rearranging, we get 

J :  E '  L k O 0 /  

~ ( ~  
- -  E '  F - -  G ( a / t , a / l )  

00 

(3) 

In order to expand the applicability of Eq 3, using an approximate strip yield 
and crack opening stretch approach, Paris [3] has developed an approximate 
value F(o/Oo) for shallow part-through flaws into the plastic region under the 
assumption of Ramberg-Osgood stress-strain law of the form 
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/ \ 

(4) k o; ~o ~o 

For empirically determined values of fit = 1.115 and n = 9.7 the stress cor- 
rection function F for plane stress and plane strain is presented in Fig. 2 [3]. 
Considering the approximate nature of the analysis, it is assumed that the 
geometric correction factor G(a/t, a/1) does not vary significantly from the 
elastic value as the analysis is extended into the plastic range. Therefore, dif- 
ferentiating Eq 3. to determine the tearing modulus T yields 

E' M T-- 
002 Oa 

f (7 
= (--~o)G(a/t,a/l) 

d + aF( ~o ) -~a [G(a/t,a/l)] 
(5) 

Once again considering the approximate nature of the analysis, it is assumed 
that the second term in Eq 5 is negligible. Using Eqs 3 and 5, the quotient 
J~ T can be expressed simply as 

J e02a 
-- (6) 
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FIG. 2--Stress correction function for part-through flaw [3] and Ramberg-Osgood stress- 
strain law. 
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Values of applied J and T computed by the foregoing equations are used as 
the basis for comparison with the material fracture toughness properties 
,]'material and Tmaterial to develop failure predictions. 

As shown in Fig. 3 [3], the critical J for instability can be determined from 
the intersection between the Japplied-Tapplied curve and the Jrnaterlai-Tmaterial 
curve. Given a crack depth, a, and applied stress, o, with Eqs 3 to 6, stress or 
strain corresponding to the critical J at instability can be determined. 

Test Results Used for Verification 

Heavy Section Steel Technology (HSST) Test Vessels 

A series of intermediate-sized test pressure vessels was constructed and 
tested under the NRC-sponsored HSST Program [5-7]. The test vessels were 
made from low-alloy steel forging, plate, and weld material typical of those 
used in nuclear pressure vessel construction. Large cracks were artificially in- 
troduced in the vessels. The vessels were then pressurized to failure at various 
test temperatures ranging from lower transitional to upper-shelf temperature 
regimes for the low-alloy steels from which the vessels were fabricated. Figure 
4 illustrates the overall configurations and dimensions of the intermediate 
test vessels. 

Table I summarizes the specific vessel test conditions and results. Failure 
pressures were all in the 172 to 207-MPa (25 to 30 ksi) range, approximately 
three times the 67-MPa (9.7 ksi) nominal design pressure. Failure strains, 
however, varied extensively from close to yield strain to considerable gross 
plastic strain. As expected, a trend of higher failure strains for vessels tested 
at higher temperatures and with smaller flaw sizes was observed. Two dis- 
tinct failure modes also were observed. Some vessels exhibited stable crack 

j_  Topplied ~ ' - - - - -  J Tmoteno I 

FIG. 3--Tearing instability for stable crack growth. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



TANG ET AL ON TEARING MODULUS METHODOLOGY 11-161 

~-HEAD AND ACCESS 
EMBLY 

URE 

WITH VESSEL BELTLINE FLAW 

FIG. 4 - - H S S T  intermediate pressure vessels (1TV's) (1 in. = 2.54 cm). 

TABLE 1--Summary  of  test results f rom  f ive  152-mm thick (6 in.) H S S T  intermediate 
test vessels. 

Vessel 

Test Flaw Dimensions, 
Temper- mm (in.) Fracture 

ature, Flaw Pressure, 
~ (~ Depth Length Location a MPa (ksi) 

Nominal 
Fracture 
Strain, b 

% 

VI 54 (130) 65 (2.56) 210 (8.25) base metal (o) 198 (28.8) 
V2 0 (32) 64 (2.53) 211 (8.30) base metal (o) 192 (27.9) 
V3 54 (130) 54 (2.11) 216 (8.50) weld metal (o) 214 (31.0) 
V4 24 (75) 75 (2.95) 208 (8.20) weld metal (o) 183 (26.5) 

24 (75) 79 (3.12) 205 (8.05) base metal (o) 183 (26.5) 
V6 88 (190) 48 (1.87) 133 (5.25) weld metal (o) 220 (3t.9) 

88 (190) 34 (1.34) 132 (5.20) base metal (o) 220 (31.9) 
88 (190) 49 (1.94) 135 (5.30) weld metal (i) 220 (31.9) 

0.92 
0.19 
1.47 
0.17 
0.17 
2.0 
2.0 
2.0 

aLetter o = outside surface; i = inside surface. 
bOutside circumferential strain on centerline of vessel remote from flaw. 
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extension, finally leading to a leaking through-wall crack and others exhib- 
ited gross unstable fracture of the entire vessels. The magnitude and diversity 
of the data base generated by the HSST program provided an excellent op- 
portunity for application and verification of the tearing modulus concepts 
proposed for application to the Task A-11 generic issue. 

Southwest Research Institute (SWRI) Large Tension Specimen Tests 

The 63/4 million kg (15 million lb) tension test facility at SWRI was used to 
test a series of large tension specimens for the HSST program [8]. Large 
cracks were machined in the specimens before testing. Figure 5 [8] shows the 
geometry of the specimens and cracks. The specimens made of low-alloy steel 
plate material typical of nuclear pressure vessel construction were tested at 
various temperatures ranging from 5 to 104~ (40 to 220~ covering the 
lower- to upper-shelf temperature regimes for this material. Table 2 sum- 
marizes the specific test conditions and results. Failures occurred at strains 
ranging from well below yield to well beyond gross plastic deformation of the 
specimens. The results show the expected trend of higher failure stresses and 
strains for specimens tested at higher temperatures or having smaller flaws. 

Matarlal Toughness Estimation 

Material toughness properties, Jmaterial versus  Tmatenal, are needed in order 
to make test failure predictions. These material toughness properties were 
obtained using two approaches [1]: 

(1) use of large-specimen test data for the material and test temperature of 
interest to develop Jrn~ted~ and Tmaterim directly from J-R curves, and 

(2) extrapolation of small-specimen test data using a power-law J-R curve 
approximation, with parameters in the power-law approximation ob- 
tained from empirial correlations of Charpy and tension test data for 
the material and test temperature of interest. 

The latter approach was not needed for the present experimentM com- 
parisons, since actual large-specimen J-R curves were available. However, it 
is included to permit an evaluation of the power-law approach for cases in 
which large-specimen data are not available. 

In contrast to the low upper-shelf fracture toughness material to which the 
A-11 issue is directed, the intermediate test vessels were fabricated from 
material with relatively high upper-shelf fracture toughness. Only limited 
upper-shelf J-R data are available for this class of material since the focus of 
J-R testing has been the low upper-shelf materials of main interest to the 
A-11 issue. Figure 6 presents J-R curve data for two sets of large-specimen 
tests of material similar to those used in the intermediate test vessels. A series 
of 4T compact tension specimens tested by General Electric Co. [9] yielded 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



"M
(T

~P
) 

I/
7 

,l._
] I

 
:, 

[ 
g 

/L-
~2

"--
- 

\ 

i 

~'
~ 

/-
5/

t6
"R

[T
Y

P
) 

__
,__

 6"
, 

"-
7/

32
" 

X 
45

"(
TY

P
) 

M
A

C
H

IN
E

D
 

N
O

TC
H

 
D

IM
E

N
S

IO
N

S
 

[8
] 

SP
EC

IM
EN

 
o 

b 
r 

NO
TC

H 
S

H
A

P
E

 
I 

2.
37

5 
1.

59
8 

~ 
SE

M
IE

I.U
PT

IC
tL

 
2 

2.
16

0 
6.

00
0 

- 
3

-5
,7

-1
6

 
2

.0
0

0
 

8
.0

0
0

 
5

.0
0

0
 

S
E

M
IC

IR
C

U
LA

R
 

6 
3.

00
0 

9.
16

0 
5.

00
0 

" 

r 
1/

4"
 

~ b 

S
E

C
T

IO
N

 
A

-A
 

F
IG

. 
S-

-D
im

en
si

on
s 

of
 S

W
R

I 
la

rg
e 

te
ns

io
n 

sp
ec

im
en

s 
[8

] 
(I

 i
n.

 
=

 2
. 5

4 
cm

).
 

Z m
 

-t
 

~>
 

0 Z --
I 

m
 

:7
3 

z E
 

0 (2
7 

C
 

i-
- 

C
 

oo
 

E
 

m
 

--
t 

"1
" 

O
 

(2
7 

O
 

r-
 

0 ..<
 

.--
L 

0
3

 

C
op

yr
ig

ht
 b

y 
A

S
T

M
 I

nt
'l 

(a
ll

 r
ig

ht
s 

re
se

rv
ed

);
 W

ed
 D

ec
 2

3 
18

:0
2:

42
 E

S
T

 2
01

5
D

ow
nl

oa
de

d/
pr

in
te

d 
by

U
ni

ve
rs

it
y 

of
 W

as
hi

ng
to

n 
(U

ni
ve

rs
it

y 
of

 W
as

hi
ng

to
n)

 p
ur

su
an

t 
to

 L
ic

en
se

 A
gr

ee
m

en
t.

 N
o 

fu
rt

he
r 

re
pr

od
uc

ti
on

s 
au

th
or

iz
ed

.



]1-164 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

TABLE 2--Test results from S W R I  tension 
specimen tests. 

Specimen 

Test Avg Strain Avg Strain 
Temperature, at Ultimate, at Fracture, 

oc (OF) % % 

1 102 (215) . . .  8.50 
2 104 (220) 3.83 9.60 
3 10 (50) 0.24 0.24 
4 38 (100) 4.10 7.90 
5 24 (75) 0.35 0.35 
6 38 (100) 0.48 0.48 

14 93 (200) 1.81 4.22 
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FIG. 6--J-R curves for materials similar to intermediate test vessel material (1 in. = 2.54 
em). 
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the upper solid curve. A 1.6T compact specimen tested by the Naval 
Research Laboratory [10] yielded the lower solid curve. A second estimate of 
material J-R curve can be obtained from a power-law R-curve approximation 
in conjunction with an empirical correlation of Charpy and tension test data 
for the vessel material [11]. The resulting J-R curves are also shown in Fig. 6. 
Differentiating these curves yields the ]material versus Tmaterial curves in Fig. 7. 
Other I-T curves [10] for low upper-sheff fracture toughness material are also 
given in Fig. 7 for comparison. 
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FIG. 7--JMA r v e r s u s  JMA T curves for  the J-R curves of Fig. 6 (1 .ft.lb = O. 1383 kg.  m). 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



11-166 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

Analysis Results 

H S S T  Intermediate Test Vessels 

Using Eq 6, assuming oo = 413 MPa (60 ksi) and E = 199 520 MPa (29 • 
106 psi), the Japplied/Tapplie d for the intermediate test vessels V1, V2, V3, V4, 
and V6 was calculated to be from 230 to 370. The Japplied/Tapplied c u r v e s  for 
all five vessels are plotted as a near vertical band in Fig. 7. The intersection of 
this band with the appropriate Jmaten~ - -  Tmaterial curve represents the predic- 
tion of critical J-value at instability for the vessels. In the case of Vessels V1, 
V3, and V6, the intersection for J-critical falls somewhere between 875.6 and 
1751.3 kJ/m 2 (5000 and 10 000 in.. lb/in. 2) using 4T and 1.6T compact ten- 
sion specimen test data. Alternatively, using the power-law R-curve approxi- 
mations, the critical J-value at instability is found to lie between 700.5 and 
1401.0 kJ/m 2 (4000 to 8000 in..lb/in.2). These are in essentially the same 
range as the critical J-values obtained from the 1.6T and 4T compact tension 
test specimens, indicating reasonable agreement between the toughness 
estimates obtained by the two approaches. 

Figure 8 presents plots of J versus strain for the five vessels using Eqs 3 and 
4. The J-calculations are based on the thin shell approximation of uniform 
stress and strain through the wall thickness. The actual vessels are relatively 
thick and would sustain substantial through-thickness strain gradients. Also, 

I0 

0 

OUTSIDE DIAMETER STRAIN(~J 
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FIG. 8--J  versus mean and outside strain for  test vessels. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



TANG ET AL ON TEARING MODULUS METHODOLOGY 11-167 

the strain gages in the vessel tests were mounted on the vessel outside surface, 
remote from the crack. Thus a second strain scale giving outside surface 
strain is also shown in Fig. 8 to account for the through-wall strain gradient. 
Jcntic~ can be entered into this figure to determine the predicted failure 
strain. 

Table 3 summarizes the results of the analyses of the surface-flawed test 
vessels. For Vessels V2 and V4, which were tested in the transitional regime, 
the failure strains were predicted based on material fracture toughness JIc = 
210.2 kJ/m 2 (1200 in.-lb/in. 2) in Fig. 6. Entering Fig. 8, this yields outer 
surface strain predictions of 0.21 and 0.18, which are in excellent agreement 
with the actual failure strains. For Vessels V1, V3, and V6, which were tested 
in the upper-shelf regime, values of Jcrit for instability were determined based 
on the applied J-T band intersections with the material J-T curves. Since 
material toughness properties were obtained using large-specimen test data 
and power-law fit curves, failure strains were also determined based on both 
methods. Using large compact tension specimen data, the Jedt was found to 
be 876 kJ/m 2 (5000 in.. lb/in. 2) using 1.6T compact tension specimen test 
data and 1751 kJ/m 2 (10 000 in. . lb/in.  2) using 4T compact tension speci- 
men data. Using power-law fits curves, the Je~it was found to be 700 kJ/m 2 
(4000 in.-lb/in. 2) for the lower-bound curves and 1401 kJ/m 2 (8000 in.. 
lb/in. 2) for the upper-bound curve. Entering the Jversus strain curves of Fig. 8, 
failure strains were determined; these are presented in Table 3. The pre- 
dicted failure strains using large compact tension specimen data and power- 
law fit curves both provide reasonable estimates of the actual test failure con- 
ditions for the tests conducted in the upper-shelf regime. Likewise, the crack 
initiation approach (J = JIc) gives reasonable estimates for the tests con- 
ducted in the transitional regime. Considering the magnitude of some of the 
approximations used in these analyses, the accuracy of these predictions is 
highly encouraging. 

Large Tension Specimen Tests 

The approximate analysis for part-through flaws used in the HSST test 
vessels was again employed to estimate the Japplied/Tapplied curves for the 
SWRI large tension specimens. However, this analysis neglects the effect of 
the bending stress introduced by the presence of the crack. Therefore, it is 
only valid as a first approximation for these te4asion specimens. Table 4 
presents the geometrical parameters [8] and the J/T-value for the various 
tests performed. The stress function F(o/oo) [3] was used to calculate the J 
versus strain curve for the tension specimens tested. 

For tests performed at 24~ (75~ or lower (that is, in the transitional re- 
gime), the failure criterion was chosen to be material fracture toughness JIc = 
210.2 kJ/m 2 (1200 in..lb/in.2). For the other tests performed in the upper- 
shelf regime, the Jcdt for failure prediction was determined to be similar to 
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TABLE 4--Crack dimensions of the S W R I  large tension specimen 
at ultimate load. 

Crack Depth, Crack Length, J/T,  
Specimen No. mm (in.) mm (in.) kJ/m 2 (in..lb/in. 2) 

1 
2 73"(2".86) 150 ' i5.91) 59"(338) 
3 52 (2.05) 213 (8.37) 42 (242) 
4 88 (3.45) 204 (8.02) 71 (407) 
5 64 (2.53) 208 (8.26) 52 (299) 
6 110 (4.33) 260 (10.25) 89 (511) 

14 74 (2.90) 199 (7.85) 60 (342) 

that for the HSST test vessels. Using 4T compact-tension specimen test data, 
the Jest was determined to be 1751 kJ/m 2 (10 000 in.. lb/in. 2) and 876 kJ/m 2 
(5000 in..lb/in. 2) from the 1.6T compact-tension specimen test data. Using 
power-law fit J-R curves, the upper-bound and lower-bound values were 
found to be 700 kJ/m 2 (4000 in..lb/in. 2) and 1401 kJ/m 2 (8000 in..lb/in.2), 
respectively. These values are identical to those used in the HSST vessel tests 
because the material J-T curves are the same, and t h e  Japplied/rapplied lines are 
similar. For the preceding Jcrit-values, the failure strain is determined from 
the appropriate curve in Fig. 10 for the various large tension specimen tests. 
The results are given in Table 5. The predicted strains grossly underpredict 
the actual ultimate strains, except for the tests which were performed at tem- 
peratures near transistion regime. The predictions are conservative because 
the analyses assumed plane-strain conditions, rather than the plane-stress 
conditions which were most likely obtained in the tests. 

To account for plane-stress conditions, Paris [12] suggested an approxi- 
mate modification to the Jmat-Tmat curves of doubling the J-values in Fig. 9. 
Jmat-Tmat curves, modified in this manner for plane-stress conditions, are 
shown in Fig. 11, along with the Japp/rapp band for the large tension tests. In 
this condition, the Jmt was determined to be 1401 kJ/m 2 (8000 in.. lb/in. 2) 
and 3152 kJ/m 2 (18 000 in.. lb/in. 2) from the large compact tension speci- 
men test data. From the power-law fit curves, Je~it is found to be 1225 kJ/m 2 
(7000 in..lb/in. 2) and 2276 kJ/m 2 (13 000 in.. lb/in. 2) for the two curves 
shown. Taking the foregoing Jcrit-values as input into Fig. 10 again, a second 
set of predicted strains was found under the assumption of plane stress. The 
results are given in Table 6. These new predicted strains are in better agree- 
ment with, but higher than, the experimental ultimate strains in the majority 
of the test cases, indicating that the actual specimen behavior is between 
plane stress and plane strain. The exception is the tests conducted in the tran- 
sitional regime in which the plane-strain crack initiation predictions are more 
accurate. It is also noteworthy that one of the 38~ (100~ tests (Specimen 6) 
was better characterized by the crack initiation methodology, while the other 
(Specimen 4) agrees well with the instability prediction. This observation indi- 
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A ~h 7 

Z 4 0  ~ 

6 /--] / ~  41", 93~ 25% 

V SIDE GROOVE - I000 
\ 

POWER \ 
N-',.. 5 ~LAW FITS \,~ 

"- ~1 ~ E 

' 4 ~ L6T CT \ ~ 
--= 2 0 %  SG ~ -~ 

\ C- 14OFT- It 
3 ~\ 500 

\ 
\ \  

2 \ \ \  

I C=I20FT- Ib 

~ C~'5o FT- Ib 
[ ~ C ~ j _ F T -  I b _I 

I00 150 
E' dJ T = - - ~ 2  -a- ~ - 

FIG. 9--J versus T curves for the large tension tests (plane strain assumed) (I f t . lb = 0.1383 
kg.mJ. 

cates that 38~ (100~ may be the approximate boundary between transi- 
tional and upper-shelf behavior in those tests. 

Comparison wi th  Three -Dimens iona l  F in i t e -E lemen t s  Analys is  

The stress function F (a/ao) [3] was also used to calculate the energy re- 
lease rate and compared with finite-element analyses results. General Elec- 
tric Co., under Electric Power Research Institute (EPRI) sponsorship, has 
conducted a detailed three-dimensional elastic-plastic finite-element analysis 
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11-172 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

20 

N 

15 

t 

.~ I0 

5 

~ 6  ~ 4  

I 2 3 4 5 6 7 
STRAI N (%) 

FIG. IO--JAPPLIE o versus strain for the large tension specimens, 

3000 

2000 A 

000 

of a typical PWR reactor vessel containing a beltline flaw [13]. Vessel geome- 
try and crack detail are illustrated in Fig. 12. The elastic-plastic stress-strain 
curve is shown in Fig. 13. 

Assuming Tresca flow theory and zero radial stress, the stress acting on the 
crack is the standard hoop stress in the thin-wall cylindrical shell: 

P r  
a = (7 )  

t 

Considering the total strain to consist of elastic and plastic components, the 
stress-strain curve in Fig. 13 was rewritten as 

e _ a + 1.4 (8) 
EO GO 
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FIG. l l - - J  versus T curves for the large tension specimens corrected for plane stress. 

This equation is the same as the Ramberg-Osgood form used earlier but with 
slightly different values of the parameters ~x and n. For the flaw configuration 
shown in Fig. 12, the geometric correction factor G (a/L a / t )  can be deter- 
mined using the standard linear elastic fracture mechanics methodology of 
ASME Code, Section XI, Appendix A [4], as follows: 

a / l  = 0.167 
a / t  = 0.25 

M m = 1.19 
Q = 1.2o 

M m  2 
G (a/l, a / t )  = Q - -  1 . 1 8  
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9 m 

/ - 7  
jS 

i 

FIG. 12--Finite-element model of  vessel with beltline axial f law [13] (1 in. = 2.54 era). 

Using the geometry correction factor G, stress function F, Eqs 3 and 7, the 
values of J versus internal pressure are plotted in Fig. 14. The results from 
the finite-element analysis [13] are also presented in Fig. 14. The agreement 
between the two approaches is excellent for the entire range of pressures over 
which the finite-element analyses have been performed. 

This agreement further verifies the approximate surface flaw methodology 
developed [3] for application to the NRC Task A-11 issue. It also indicates a 
lack of sensitivity of the stress correction function F to the particular stress- 
strain law since it has now been demonstrated for two different stress-strain 
cu rves .  

Conclusions 

Analyses are presented which demonstrate the validity of the proposed 
tearing modulus methodology by Paris [3] for application to the reactor 
vessel fracture toughness generic safety issue (A-11). The method is shown to 
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11-176 ELASTIC-PLASTIC FRACTURE:  S E C O N D  S Y M P O S I U M  

DATA AT 5 0 0 " F  [13] 

(To = 60OOO psi 

Eo -~ 0 . 0 0 2  

E = 3 0  = 106p$i 

& i . _  i I 

0.1 0.2 0 3 0 .4  

P L A S T I C  S T R A I N  

FIG. 13--Plastic f low curve for  A533B. 

8 0 0  

7 0 0  

a.  

6 0 0  m 

w 
t r  
p- 

~oo 

4 0 0  

accurately predict the failure conditions in all beltline-flawed HSST inter- 
mediate test vessels. It also conservatively predicted the failure conditions in 
the SWRI large tension bars. The conservatism in this case is believed to be 
primarily due to the lack of full triaxial constraint in the vicinity of the 
cracks, and a plane-stress approximation is introduced which appears to cor- 
rect for this effect. The methodology also agrees extremely well with three- 
dimensional nonlinear finite-element analysis results for a typical PWR reac- 
tor vessel containing a large beltline crack. 

Although the verification program discussed herein has demonstrated the 
viability of the proposed NRC Task A-11 methodology, there is a need for 
additional testing to complete the verification. A large body of experimental 
Jmaterial-Trnaterial data exists for the relatively low upper-shelf fracture 
toughness materials of interest in the A-11 program. However, all of the 
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verification tests to date have been conducted with relatively high upper-shelf 
toughness materials for which only a small amount of Jmaterial'Tmaterial data 
exists. Thus to fully prove out the methodology, additional Jmateriai-Tmaterial 
testing of high upper-shelf materials as well as a verification test on low 
upper-shelf material is recommended. 

Acknowledgments 

The authors gratefully acknowledge the financial support of this work by 
the Oak Ridge National Laboratory and the technical guidance and support 
provided by Prof. Paul C. Paris of Washington University and Dr. Richard 
E. Johnson of the U.S. Nuclear Regulatory Commission. 

References 

[1] Johnson, R. E. et al, "Resolution of Reactor Vessel Materials Toughness Safety Issue 
A-11," U.S. Nuclear Regulatory Commission Report NUREG-0744, issued for comments, 
Washington, D.C., Sept. 81. 

[21 Paris, P. C., Tada, H., Zahoor, A., and Ernst, H., "A Treatment of the Subject of Tearing 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



11-178 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

Instability," U.S. Nuclear Regulatory Commission Report NUREG-0311, Washington, 
D.C., Aug. 1977. 

[3] Paris, P. C. and Johnson, R. E., this publication, pp. II-5-II-40. 
[4] ASME Boiler and Pressure Vessel Code, American Society of Mechanical Engineers, Sec- 

tion 11, 1977. 
[5] Derby, R. W. et al, "Test of Six-lnch Thick Pressure Vessels, Series 1: Intermediate Test 

Vessels V1 and V2," ORNL-4895, Oak Ridge National Laboratory, Oak Ridge, Tenn., 
1974. 

[6] Bryan, R. H. et al, "Test of Six-Inch Thick Pressure Vessels, Series 2: Intermediate Test 
Vessels V3, V4, and V6," ORNL-5059, Oak Ridge National Laboratory, Oak Ridge. 
Tenn., 1975. 

[7] Merkle, J. G. et al, "Test of Six-Inch Thick Pressure Vessels, Series 3: Intermediate Test 
Vessels VT," ORNL/NUREG-1, Oak Ridge National Laboratory, Oak Ridge, Tenn., 
1976. 

[8] Grigory, S., Nuclear Engineering and Design, Vol. 17, 1971, pp. 161-169. 
[9] Shih, C. F. et al, "Methodology for Plastic Fracture--Final Report," EPRI, RG-601-2, 

Electric Power Research Institute, Palo Alto, Calif., March 1981. 
[10] Loss, F. J., Menke, B. H., Hiser, A. L., and Watson, H. E., this publication, pp. II-777- 

II-795. 
[11] Merkle, L G., to be published. 
[12] Paris, P. C., private communication. 
[13] Kumar, V. et al, "Estimation Technique for the Prediction of Elastic-Plastic Fracture of 

Structural Components of Nuclear Systems--Semi-Annual Report," EPRI Contract 
RP-1237-1, Electric Power Research Institute, Palo Alto,, Calif., to be published. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



Graham G. Chell 1 and  Ian Milne I 

Ductile Tearing Instability 
Analysis: A Comparison of 
Available Techniques 

REFERENCE: Chell, G. G. and Milne, I., "Ductile Tearing Instability Analysis: A 
Comparison of Available Teelmiques," Elastic-Plastic Fracture: Second Symposium, 
Volume II--Fracture Resistance Curves and Engineering Applications, ASTM STP 803, 
C. F. Shih and J. P. Gudas, Eds., American Society for Testing and Materials, 1983, pp. 
II- 179-II-205. 

ABSTRACT: A comparison is made between the major proposals recently developed for 
assessing the stability of a structure which is cracking by ductile mechanisms. These pro- 
posals all have in common the concept that stability is ensured if the crack driving force is 
less than the material's resistance to cracking. They differ, however, in how they define 
and evaluate the necessary parameters. 

The four basic procedures discussed are: 

1. Direct graphical comparisons, using the J-integral as a fracture parameter. Differ- 
ent methods of estimating the applied J are discussed, together with techniques for com- 
paring the slopes of the applied J and the material's resistance curve. 

2. An energy-based method which compares the elastic energy release rate and the 
plastic work dissipation rate during crack extension. 

3. Assessment diagram approaches. These include the Central Electricity Generating 
Board procedure and methods that incorporate strain-hardening effects. 

4. Maximum load crack-opening displacement. 

The information needed to perform each analysis and its relevance to the practical 
problem when viewed against the uncertainties inherent in any structural analysis are 
discussed. Emphasis is given to the treatment of thermal and residual stresses. It is con- 
cluded that the confidence obtained in the results varies from procedure to procedure, 
but this can be greatly enhanced if certain safeguards are applied during the analysis. 
The safeguards necessary depend upon which approach is adopted. 

KEY WORDS: ductile tearing, instability analysis, J-integral, ~/-factor, crack-opening 
displacement, crack growth, resistance curve, failure assessment diagram, tearing 
modulus, strain hardening, stress-intensity factor, plastic collapse load, strip yielding 
model, J estimation schemes, design curves, thermal stresses, residual stresses, elastic- 
plastic fracture 
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In recent years several proposals have been developed which are aimed at 
assessing the stability of a structure when it is cracking by ductile mecha- 
nisms. All of these techniques use the same concept, namely, that stability is 
ensured if the crack driving force is less than the resistance of the material to 
cracking. They have, however, either different ways of defining this condition 
or different ways of calculating it. This paper is intended to review the differ- 
ent proposals for performing this type of analysis with the objective of high- 
lighting the suitability of each technique with particular regard to the amount 
and type of information required to perform each analysis. The techniques 
reviewed are those which have been developed specifically for handling the 
problem of ductile crack growth in thick structures. The possibility of frac- 
ture by brittle mechanisms and time-dependent effects is not considered 
here. 

General Philosophy 

Ductile failure of a structure containing a defect generally occurs in the 
following sequence: 

1. A crack initiates from the defect, 
2. the crack extends, lowering the plastic collapse load of the structure, 

and 
3. failure occurs at a point when the structure ceases to perform its design 

function. 

Structural failure may be either by unstable or stable mechanisms, that is, it 
may be progressive and therefore controllable, or disruptive. Unstable failure 
invariably arises in load-controlled structures, where the instability condition 
inevitably coincides with the structure's maximum tolerable load. Unstable 
failure may also arise under displacement control, but in this case it may oc- 
cur after some unloading, depending on the gage length over which the dis- 
placements are imposed. In neither case is the instability point related solely 
to the amount of crack growth. Depending upon the form of the crack driv- 
ing force, instability may coincide with the initiation of cracking, or it may 
occur after the crack has grown a considerable distance. 

The basic characteristic of all the approaches to be described here is that 
the applied crack extension force is judged against the material's resistance 
to cracking. If this is exceeded, the crack extends until the applied force is 
balanced by the resistance. If a point of balance cannot be attained, then the 
ensuing cracking is unstable. At the present time there are three proposed 
classes of resistance parameters. They are based upon the J-integral (JR), the 
crack-tip opening displacement (COD), and the plastic work absorption 
rate. In the former two the applied values of J, JA, and COD,/~A, represent the 
crack-tip driving force, while in the latter the driving force is the elastic en- 
ergy release rate. 
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The principle behind the analysis is shown schematically in terms of J 
in Fig. 1. At l o a d L  1, Jg intersects the JR-CUrve at a point  above J1c, the initia- 
tion value. Before this intercept the crack extension force is greater than  the 
material 's  resistance to cracking, so the crack will extend here. Beyond the 
intercept the crack extension force is lower than the resistance to cracking, so 
the crack cannot extend here. The intercept of the two curves, JA and JR, 
defines the point of stability in terms of initial crack length, the crack exten- 
sion, and the loading conditions. At L3, JA is everywhere above JR, SO at this 
load the structure is unstable. The limit of stability is defined at L2, where Jg 
is tangential to JR. The condition for stable growth is expressed mathematic- 
ally as 

JA : JR ( la)  

dJA d JR 
< - -  ( lb )  

da da 

Use of a resistance curve concept in the manner  idealized in Fig. 1 there- 
fore involves two aspects: (1) choice of the resistance toughness (taken as JR 
in Fig. 1) and (2) evaluation of a crack driving force consistent with the 
choice of resistance parameter.  It is in the detail of these two aspects, and 
how they are combined in applying equations similar to Eq 1, that  the follow- 
ing techniques differ, not in their fundamental  concepts. 

Direct Comparison of JA and JR Curves 

This is the most obvious and direct procedure to follow as it simply means 
superimposing JA-Curves over a JR-Curve, 2 as depicted in Fig. 1. JA is evalu- 
ated as a function of crack length, a, at the applied load or displacement of 
interest and the JR-Curve is plotted for crack extension Aa with respect to the 
crack lengths of interest, a0, where Aa  = a --  a0. If Eq 1 is satisfied, this will 
be visually obvious and the structure will be stable. The limiting condition for 
stability is given as the solution to the equations 3 

JA(a) = JR(a -- a 0) (2a) 

dJn dJR (2b) 

da da 

2Unless otherwise stated, the J used is evaluated from deformation theory. In experiments a 
so-called far-field value of J may be obtained from the total area under the load-displacement 
curve uncorrected for crack growth. In both theory and experiment the deformation value of JR 
saturates after some growth while the far-field value continues to increase [43,19]. 

3Note that the solution to Eq 2 is dependent on the compliance of the cracked structure. For 
example, in a noncompliant system, such as a displacement imposed over a short gage length, 
dJA/da, may be negative. This implies that such a structure is inherently stable in the ductile 
regime. 
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i Jtc 

aQ 

CRACK LENGTH,= 

FIG. 1--Principle of resistance curve analysis. 

These equations can be solved graphically for the instability load for a given 
initial crack size ao by re-evaluating and replotting JA for different loads as a 
function of a until the tangency point is obtained with the JR-curve as in Fig. 1. 
To determine the instability crack length for a constant load, JR is plotted as 
a function of Aa for different values of the initial crack size ao until the tan- 
gency point is found. (For example, in Fig. 1 the instability crack length at L1 
can be obtained by displacing the JR-curve along the abscissa until it 
becomes tangent to the JA-Curve for L1 .) Consequently, all the information 
required of an analysis can be obtained from these types of plot. 

Unfortunately the evaluation of Jn is seldom straightforward. The J-inte- 
gral should be evaluated as a function of crack size and load for any given ma- 
terial and structural geometry. If finite-element methods are used, then the 
accuracy of the results should be confirmed, for example, by independent cal- 
culations using different finite-element meshes. 4 Finite-element methods can 
clearly become impractical if it is necessary to cover the range of properties 
commonly observed in structural materials, as well as a range of structural 
geometries. Consequently, a number  of simpler ways have been developed. 

Approximate Estimates of JA 

There are two major types of J estimation procedures; those which attempt 
to provide an explicit estimate of J for any given structure, and those which 

4Comparison of the results of elastic-plastic finite-element analyses of cracked three-point 
bend specimens show that the Calculated values of J are very sensitive to the type of element and 
mesh used in the computations [44.45]. This sensitivity implies that there could be large errors 
in J computations in the elastic-plastic regime unless the results are validated, as suggested in 
the text. 
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use an approximate equation for J which is expressed in a form which is ap- 
plicable to any geometry. Examples of the latter include the solution to the 
strip yielding model [1,2] s suitably modified for structural geometry effects 
[3] and interpreted in terms of J [4]. This solution forms the basis of the Cen- 
tral Electricity Generating Board's (CEGB) defect assessment procedure 
(hereafter referred to as R6), which is discussed later. 

Another approximate estimate of JA can be obtained from the J design 
curve proposed by Turner [9]. This curve was derived as an upper bounding 
line to a number of finite-element solutions for J and is shown in Fig. 2. The 
ordinate is expressed in normalized units of J, JE , / y 2  ~ry2 a, where Y ----- K~ 
~rA al/2, aA being the applied stress, K the linear elastic stress-intensity factor 
for the crack of length a, E '  Young's modulus divided by (1 -- v2), where v is 
Poisson's ratio, and ay the yield stress. The abscissa is expressed in terms of 
the applied strain in the uncracked body, e, normalized by the yield strain, 
ey. The solution is applicable to short cracks which are less than 10 percent 
of the wall thickness. For deeper cracks, and particularly where plastic col- 
lapse of the net section is approached, it is unlikely to provide an upper- 
bound J-estimate. The design curve bounds J-values obtained for a crack 
emanating from a hole in a plate subject to a uniform tensile stress [10]. For 
this type of geometry, where there is a strain gradient associated with a stress 
concentrator, the applied strain is that measured local to the root of the con- 
centrator. 

Paris and his co-workers have developed analytical techniques for estimat- 
ing JA after general yielding of the uncracked ligament has occurred. These 

d" 

o J  
- . 1  

,,, | 

I 2 3 

STRAIN IN UNCRACKED BODY, e/e r 

FIG. 2--J design curve proposed by Turner [9]. 

5The italic numbers in brackets refer to the list of references appended to this paper. 
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methods have been used to calculate approximate J-values for a number of 
cracked structural geometries (for example, Refs 5-8). Plastic limit relation- 
ships are exploited in order to simplify the analyses and make them tenable. 
The methods provide solutions to JA in a regime where finite-element tech- 
niques appear to be at their weakest. 

Other explicit estimates of JA can be obtained from energy considerations 
using the geometric ~-factors of Turner [II]. These factors relate the elastic 
and plastic components of J to the work done on the structure through the 
equations 

G = 7eWe/(W -- a)B (3a) 

JFP = Op Wp/ (w  -- a)B (3b) 

J = G + JFe (3c) 

where 

7e and 7/p = elastic and plastic values of 7, 
W e and Wp = elastic and plastic components of work, 

w -- a = uncracked ligament, 
B ----- thickness, 
G = elastic strain energy release rate, and 

JFP = plastic component of J. 

In using Eqs 3 to estimate JA, not only must the 7-factors be known, but 
We and Wp must also be estimated. 6 For pin-loaded geometries, such as 
standard test specimen designs, evaluation of 7, is relatively straightforward 
[11]. However, this is not generally the case for structures where load- 
displacement curves are often unknown or not easily defined (for example, as 
in pressurized components). Here it may be easier to evaluate J directly using 
appropriate numerical techniques. 

Shih and his co-workers (for example, see Refs 12 and 13) have developed 
another method for estimating JA which enables a compendium of solutions 
to be constructed in a similar manner to the compendia at present available 
for K solutions. This is achieved by evaluating J from two terms 

J : '/FOP "~- JFP (4a) 

where JFP is a fully plastic solution having the general form (compare Ref 6) 

JFP = ~ey~y(W -- a)hl(n, a /w ,  Po) (P/Po) "+1 (4b) 

6W e is not explicitly required, of course, because G is defined once the applied stress-intensity 
factor is known. 
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where a and n are obtained from fitting the Ramberg-Osgood equation to the 
material's stress strain curve, 

P = applied load, 
P0 = reference load based upon oy (and not to be confused with the plastic 

collapse load), and 
h L = function determined by fitting JFV to a fully plastic finite element J 

solution for the geometry in question. 

Values for hi have been tabulated in Ref 13 as a function of n for a number of 
geometries. 

JFov is a linear elastic solution for J corrected for small-scale plasticity us- 
ing a modification of Irwin's first order plastic zone size correction. It has the 
formJFoe = K2(ae)/E ', where K(a e) is the elastic stress intensity at the ap- 
plied load P, and ae the corrected crack length. This latter parameter is given 
by a e = a + ~bry where $ = 1/[1 + (P/Po) 2] and 

1 n - -  1 ( K )  2 
ry----- BTr n + l  

~3 being 6 for plane strain and 2 for plane stress. The inclusion of the factor q~ 
reduces the plastic zone size correction term to half of its usual value when P = 
P0- The reason for this is unclear to the present authors since the estimation 
scheme is simply a parametric fit to the appropriate finite-element solution. 
The approach bears some similarities to that of Turner  (compare Eqs 3c and 
4a), but differs significantly from it in the way that JFp is evaluated and in the 
inclusion of the first-order plastic correction in JFOP. 

The accuracy of the solution depends upon obtaining a good fit of the 
parameters c~, ay, ey, n, hi (a/w, Po, n), and Po(ay, a/w) to the material and 
structural parameters they represent. This is not always straightforward. For 
example, for a given stress-strain curve, the values of a and n depend upon 
the value chosen for ay, that part of the curve chosen for the best fit, and 
which stress strain curve is used, true stress/true strain or the engineering 
curve [14]. Inappropriate choices for o~ and n can result in large errors in the 
estimated JA especially for materials such as austenitic steels, which have a 
high capacity for strain hardening [15]. 

Tearing Modulus Approach 

Paris et al [5] nondimensionalized Eq lb by dividing each side by ao2/E ' 
to define two tearing moduli, the material's modulus, Tin, and the applied 
modulus Ta.  Thus, for stability of crack growth, Eq 1 is rewritten as 

JA = Ja (Sa) 
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TA < T,n (Sb) 

This concept was originally restricted to the regime of J-controlled crack 
growth defined by Hutchinson and Paris [16]. This limits its application to 
structures and specimen geometries in which the deformation is in plane 
strain and where the extent of the crack growth is such that 

and 

w -- a d JR 
o ~ -  - -  - -  > >  1 ( 6 a )  

JR da 

Aa < R (6b) 

where R is some small fraction of the crack length or uncracked ligament. 
The minimum acceptable values for these parameters have yet to be defined. 
Nevertheless, for restricted amounts of crack growth under large-scale yield- 
ing conditions, dJR/da is experimentally found to be constant so that Tm can 
be considered to be a material constant. Under these conditions the analysis 
should be rigorous according to deformation theory. Under small-scale yield- 
ing conditions, however, this theory is not entirely consistent with the experi- 
mental and theoretical work of Rice and co-workers, who found that JR 
reaches a saturation value after a small amount of crack growth 7 [17-19]. 

Note that in practice the limitations imposed by Eq 6a and 6b will tend to 
exclude shallow and very deep cracks. The ~-criterion of Eq 6a is also de- 
pendent on the geometry of the structure, being favored by large uncracked 
ligaments. This criterion is most easily satisfied for large values of dJg/da 
where, for most practical purposes, instability is coincident with plastic col- 
lapse (see, for example, Ref 20.) 

The diagrammatic technique for determining the crack instability condi- 
tions shown schematically in Fig. 1 can be simplified by reinterpreting the 
procedure in terms of a J-T diagram (for example, see Ref 21). Here a locus 
of points (JR, Tin) representing the material's resistance to cracking is drawn 
with respect to a set of axes with J as the ordinate and T as the abscissa (Fig. 3). 
Another curve representing the locus of points (JA, TA) is also drawn, either 
with crack length held constant, and the load increased, or vice versa. The 
instability conditions are defined by the intersection of the two curves (Point F 
in Fig. 3). Thus, provided the points (JA, TA) fall inside the material's resis- 
tance curve, the structure is predicted to be stable; if they fall outside, the 
structure is predicted to be unstable. The diagram is attractive in concept; 

7It should be noted that in the crack-tip model of Rice and co-workers, J appears only as a 
parameter which defines the externally applied load. The assumption that J characterizes the 
crack-tip deformation fields is not required and hence in principle there is no restriction on the 
amount of growth for which a J analysis is valid. However, the actual definition of J is subject to 
certain conditions (see, for example, Ref 18). 
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FIG. 3--J-T diagram. 

the instability point is well defined and the diagrammatic format lends itself 
to a sensitivity analysis. However, it does not bypass the need to evaluate JA 
as a function of both load and crack size. Furthermore the evaluation of TA 
should be performed as a function of crack size over a region large enough to 
span the crack size of interest by a considerable margin. This is especially im- 
portant in geometries and stress fields where Jg is sensitive to crack size. The 
reason for this is demonstrated in Fig. 4. At ao, TA is well below Tm and sta- 
bility is predicted. At at ,  however T A : Tm. The difference between a I and 
a 0 may not be large enough to cover the range of uncertainties present in the 
analysis (for example, uncertainties on crack sizes, material properties, or 
estimation of Tin). 

Figure 4 also raises a further point: Despite the fact that for a crack length 
ao the difference between TA and T m is large enough to imply that the struc- 
ture is highly stable, it could in practice take only a very little increase in load 
to cause instability. This may not be so readily apparent from a J-T diagram, 
so that in order to expose this kind of feature in any analysis it is necessary to 
repeat the calculations to cover a wide range of the major variables. When 
using finite-element techniques, this more complete form of analysis is ex- 
tremely involved; it would be more easily performed using the approximate 
techniques outlined earlier. 
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FIG. 4--Example  of  the sensitivity of  an instability analysis to crack length. 

Turner's Theory 

Turner [22] has defined instability during ductile crack growth as the 
point where the elastic energy release rate, I, exceeds the plastic work dissi- 
pation rate. This concept derives from a proposal by Orowan [23}. The ana- 
lytical work in evaluating I is at present confined to displacement loading at 
plastic collapse. Under these conditions 

I = G(2r ip /r i  e - -  1) (7) 

where G is Irwin's elastic energy release rate and rie and rip are the geometric 
terms relating G and JFP to the elastic and plastic areas under a load dis- 
placement curve as defined earlier. In going from a0 to a at the plastic limit 
load, the plastic work rate is given by 

d W p *  __ w - -  a dJR 

d a  rip d a  
- -  - -  JR~rip (8) 

The asterisk signifies that Wp is the plastic work expended in the structure 
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during crack growth, and this is determined by the material parameter JR 
and the structural geometry through the equation 

JR =" rlp Wp* / (w  - -  a) 

If the criteria [16] forJ  dominated growth are satisfied, then the second term 
on the right-hand side of Eq 8 is small, and Turrler's criterion for instability, 
defined as 

becomes 

I > d W p * / d a  (9a) 

I d JR 
> - -  (9b) 

7lp (w -- a) da 

This compares with Eq 2b provided rlpl/(w -- a) = dJIda.  Turner has cal- 
culated r/e and rip for a number of geometries and because the theory is form- 
ulated under displacement loading, ~/e is dependent on the compliance of the 
uncracked body (that is, the gage length over which the displacements are 
imposed). As in the J-based theories, Turner assumes that the resistance 
curve, JR, is a material constant for small amounts of growth and is inde- 
pendent of structural geometry and loading system, and that it should be 
calculated by assuming deformation theory [24]. In principle, therefore, JR 
could be measured on the actual structure using the values of Ja calculated 
during growth. Implicit in this statement is the fact that J is the controlling 
parameter. Thus there appears to be a basic inconsistency in Turner's ap- 
proach in that stability is defined in terms of J, yet instability is defined with 
respect to the parameter 1. 

Although the concept was developed at plastic collapse, there appears to 
be no reason why it should not be more generally applicable. 

Failure Assessment Diagrams 

The C E G B  Diagram (R6) 

The resistance curve concept of Fig. 1 can be interpreted in terms of the 
CEGB failure assessment diagram (R6), Fig. 5, by generalizing the coordi- 
nates in the following way [25] 

P 
Sr = (10a) 

P1 

~ R  K1 K r =  -- (lOb) 
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FIG. 5--Resistance curve analysb on failure assessment diagram. 

where 

P1 = plastic collapse load, 
K1 ---- linear elastic stress-intensity factor, and 

A constant load locus (AA'A"  in Fig. 5) is plotted on the diagram as a func- 
tion of postulated crack growth and is judged with respect to the failure 
assessment line of Harrison, Loosemore, and Milne [26]. This assessment 
line uses a form of the Bilby, Cottrell, Swinden [2] solution to interpolate 
between the two limiting criteria, plastic collapse at Sr = 1 and linear elastic 
failure at Kr = 1. It can be considered to define the boundary between the 
stable and unstable states of a structure. Thus, on the failure assessment dia- 
gram the tangency point between a locus of assessment points BF 'B" and the 
assessment line (as shown in Fig. 5) corresponds, for example, to the tan- 
geney point of the Jn-curve and the JA c u r v e  for L2 in Fig. 1 [20]. 

The use of K-ratios in Eq 10b has the advantage of making the analysis 
linear in load. Thus the instability load point is easily evaluated by determin- 
ing the maximum value of the load factor F as a function of Aa defined as 
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Load to position assessment point on assessment line 
F(Aa)  = 

Applied load 

in Fig. 5, or 

OF OF '  
OA OA'  etc. 

2 ( r 2 S r 2 ( A a ) )  
F ( A a )  -- ~rS,.(Aa) c~ exp 8K2(Aa)  (11) 

If the applied load is P, and the maximum value of F is Fraax, the instability 
load is given simply by the product P.Fma x. 

The analysis is straightforward once the required elastic and plastic solu- 
tions are known. The plastic limit is the most difficult one to assess, especi- 
ally in complicated structural geometries. Nevertheless, in the absence of 
specific solutions for a given geometry it is generally possible to estimate the 
plastic collapse load using lower-bound plastic limit theories. More realistic 
estimates are obtainable from scale-model tests of the structure. Pt is norm- 
ally evaluated in terms of a flow stress, which is the arithmetic mean of the 
yield and ultimate tensile stresses of the material, and this has proved to be 
satisfactory for most ferritic steels [15]. When accurate estimates of P1 can 
be made, a very precise prediction of ductile instability can be obtained [27]. 

This approach has several advantages. First, the analysis is simple. Apart 
from the JR-Curve, only simply obtained material properties are needed. If 
these are unknown, they can generally be deduced from specifications and 
experience. 

Second, it has the important attribute that a good level of understanding is 
obtained about the predicted behavior of the structure. The diagrammatic 
representation of the analysis produces a visual image which clearly indicates 
the most important parameters in the analysis--for example, JR, flow prop- 
erties or crack size--and hence where the most effort is needed, for example, 
in refining the analysis or improving material properties. 

Third, the procedure is very flexible. Since the coordinates have a simple 
relationship to all variables, a very quick sensitivity analysis can be per- 
formed [28]. 

When analyzing systems loaded under fixed displacements, the analysis 
has to be performed using loads resulting from constar~t displacement rather 
than constant load and taking appropriate account of the gage length [29]. 
This presents no special problem if the structure remains elastic, as it does in 
most cases. Where large-scale plasticity occurs, the plastic compliance of the 
system must be evaluated in order to determine the effective loading. In such 
cases a pessimistic analysis may be performed by evaluating the effective load 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



ll-192 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

using linear elasticity theory. If this results in an apparent elastic load which 
coincides with or exceeds the limit load, that is, Sr > 1, this method cannot 
provide a useful solution. Under these circumstances an alternative proce- 
dure must be employed, for example, by utilizing the plastic limit load tech- 
niques of Paris and co-workers [7, 8]. 

The use of the Bilby, Cottrell, and Swinden [2] model solution for the in- 
terpolation formula may be questioned on two counts: 

1. The strip yielding plastic zone is an unrealistic physical representation 
of real plastic zones. 

2. The model was derived only for an infinite plate geometry and should 
not therefore be applied to real physical geometries of complex shape. 

It should be remembered, however, that the CEGB procedures were evolved 
to solve practical problems with all their concomitant uncertainties, not to pre- 
dict the detailed behavior of well-categorized laboratory test specimens. To 
this end, theoretical rigor was sacrificed for practical convenience. Neverthe- 
less, experience with a variety of test and structural geometries has shown that 
the procedures are capable of predicting maximum loads to within the toler- 
ance of any engineering assessment for all types and sizes of plastic zone, and 
for cracks initiating at all stress levels [27]. Indeed experimental observations 
on ferritic structures have yet to produce any major feature which is not con- 
sistent with the failure assessment line. Moreover, in comparing the R6 dia- 
gram with the J-estimates of Kumar et al [12], Milne [15] demonstrated that 
for all practical purposes the two approaches will give equivalent results for 
ferritic steel structures. However, for structures made of austenitic steels, a 
procedure which makes explicit allowance for the high strain-hardening ca- 
pacity of these materials may be preferred. 

Strain-Hardening Assessment Diagrams 

For certain materials, in particular austenitic steels, the strain-hardening 
capacity is so large that the simple flow stress criterion adopted for the R6 pro- 
cedures may be inappropriate. Under these conditions some allowance must 
be made for the strain-hardening properties of the material. 

The simplest way of developing a strain-hardening assessment diagram is to 
use a known solution for J, based upon a suitable strain-hardening law. Kr 
can then be defined as 

with Sr defined as before. In practice such J solutions are normally evaluated 
with respect to a reference stress, such as Oy. In these cases it is then more ap- 
propriate to define Sr in terms of this reference stress 
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o 
S r - -  

ayf(a/t) 

where f ( a / t )  is the appropriate collapse stress function and o the applied 
stress. 

Using the estimation schemes of Kumar et al [12] for a through crack in an 
infinite plate, Bloom [30] derived the following equation for an assessment 
line which includes strain hardening 

1 2 n -  1 S, 2 3ahl(O,n)S n - I  
Kr 2 = 1 +  9 n + 1 1 + S t  ---------Y + 4 r ( 1 - v  2) (12) 

where a and n are obtained from the Ramberg-Osgood strain-hardening law, 
andh~(0, n) = z(0 ,n)  [1.13 -- 0.15/n + 1] withz(0,n)  = 3.85x/n (1 -- I/n) + 
7r/n. Note that hi(0, n) is a special case of hl(a/W, n, Po) and is used by 
Bloom to define a geometry-independent assessment line. An example of 
such an assessment line is shown in Fig. 6. The position of the line is of 
course dependent upon the parameters a and n, and a new line has to be 
plotted for each new value of these. In all cases, however, the assessment line 
approaches the S~-axis asymptotically. This is an artifact of the Ramberg- 
Osgood strain-hardening law [15] and implies that structures can support an 
infinite load if the toughness is high enough or if there is no crack. 

The infinite-plate solution of Eq 12 tends to be an excessively pessimistic 
representation of the J solutions of Kumar  et al [12,13] for some specific ge- 
ometries. Where this is so, Bloom [31] has used the geometry-dependent J so- 
lutions of Kumar et al. In these cases new assessment curves should be gener- 

1.0 

0 

ASSESSMENT L I N E ~  

1.0 2.0 

FIG.  6--Strain-hardening assessment line, after Bloom [30]. 
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ated, not only for the specific c~ and n obtained from the stress-strain curve, 
but also for each geometry, including crack length, using the appropriate 
value of h ~ for the chosen value of P0. Assessment lines generated in this way 
have been plotted for a number of geometries by Bloom and Kumar et al 
which show this apparent geometry dependence. However, in their case, P0 
and P1 are different functions of a / t  and they defined Sr as P/Po. If S r is de- 
fined as P/PI ,  this geometry dependence largely disappears and for ferritic 
steels, at least, the curves lie close to the R6 line, as demonstrated in Fig. 7 (see 
also Refs 15 and 27). Alternatively, the apparent geometry dependence can be 
included via P0, and the analysis referred to a set of curves plotted for a given 
material and a range of crack length intervals, as proposed by Bloom [31]. 

For austenitic steels, the picture is somewhat different. Here, the strain- 
hardening assessment lines depend sensitively upon how closely the Ramberg- 
Osgood law can be made to fit the stress-strain curve of the material. For a 
typical austenitic steel, a reasonable fit over the high strain region of the 
stress-strain curve is generally obtained only with values of ~ > 3 and n < 4. 
These values predict excessive strains at stress levels close to Oy and result in 
large plasticity effects in the estimates for J at net section stress levels well 
below yield. The strain-hardening assessment line for a compact tension 
specimen (Curve 1) is compared with experimental data derived from the 
load-displacement curve of the specimen in Fig. 8 [15]. Also shown in Fig. 8 
is an assessment line generated using values of ~ and n obtained by fitting the 
Ramberg-Osgood equation at stress levels close to yield (at S r : 1) (Curve 2). 
This provides a better description of the specimen behavior near to general 
yield. It is clear that, for materials with a high capacity for strain hardening, 

1.0 

K, 0,5 

~3PBa/w=O.5. S=4W 
~ ~ ' ~  SENT a/,=0.Z5 

~,,~, "~DENT a/w = 0.8 

I L 
1.5 1.0 1.5 

FIG. 7--Comparison of strain-hardening assessment lines for four geometries with R6. 
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FIG. 8--Comparison of  test data with J-estimates from Ramberg-Osgood law: (1)f i t ted over 
total stress-strain curve; (2)f i t ted at low strains. Symbols as in Fig. 9. 

any procedure which uses the Ramberg-Osgood law should be treated with 
caution. 

An alternative way of dealing with strain hardening, which avoids the 
problems created by the Ramberg-Osgood law, is that recently proposed by 
Milne [15][27]. This still uses the strip yielding model to interpolate between 
linear elastic and fully plastic behavior, but the effects of strain hardening 
are incorporated in the collapse limit by redefining the equation of the assess- 
ment line as 

s r  J2,(~ ,) 
% % 

KT 
a/ay 

7T ff 
~?n see 2 ay 

where o, is the ultimate tensile stress. This solution has the property that 
plasticity effects are related to the yield stress in the small-scale yielding 
regime, the flow stress at intermediate levels of plasticity, and the ultimate 
tensile stress at very high levels of plastic deformation. For ferritic steels this 
solution produces results comparable to the formal R6 procedures, and to 
the J-estimates of Kumar et al [12,13]. It is also a good fit to the experimen- 
tal data for the austenitic steel shown in Fig. 9 [27]. It has the added attraction 
that the plastic limit load is still incorporated in the analysis explicitly, thus 
avoiding the physically unacceptable behavior predicted by strain-hardening 
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FIG. 9--Comparison of test data with proposed R6 strain-hardening line. Data from Ref [15]. 

solutions which become asymptotic to the St-axis. 8 Furthermore, the solution 
can be plotted in a form which is particularly suitable for code applications, 
Fig. 10. 

Crack-Opening Displacement Criteria 

J and the crack-opening displacement, &, provide an equivalent descrip- 
tions of ductile crack growth insofar as they are related by the simple equa- 
t ionJ  = mOy ~ where m is a constant dependent on work-hardening capacity 
and structural geometry. However, despite the fact that in principle both 
driving force and resistance curves can be determined in terms of 5, in prac- 
tice it can be a very difficult exercise to define either of these. 

The COD design curve (Fig. 11) [32] is based upon the gross section strain 
rather than the applied stress. The curve is empirically based on the fracture 
analysis of wide-plate test data [33]. The J-design curve of Turner [9] is an ex- 
tension of the COD design curve philosophy to a J-analysis (compare Fig. 2 
and Fig. 11) but, at present, without the same level of experimental validation. 

It is recommended practice to determine the critical COD at fracture from 
tests performed on three-point bend specimens equal in thickness to that of 
the structure. The mouth-opening displacement is measured and converted 
to a COD using a geometrically based analysis [34]. Towers and Garwood 
[35] have argued that by following this procedure the COD measured on a 
three-point bend specimen at maximum load, 6 m, if used as the critical fail- 
ure parameter in an assessment, should always provide an underestimate of 
the load-carrying capacity of a structure subjected to tensile loading. One of 
the requirements for this to be true is that the crack driving force must be 

8To avoid this asymptotic behaviour, Bloom has recently introduced a cutoff in the strain- 
hardening solutions based upon the plastic collapse stress calculated using the ultimate tensile 
stress. 
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greater in the specimen than in the structure. To satisfy this criterion the 
crack in the structure must be shorter than the crack in the specimen. An- 
other requirement is that the plastic constraint, measured in terms of stress 
tdaxiality must be lower in the structure than in the specimen. For most 
practical problems these requirements would normally be satisfied. However, 
if high residual or thermal stresses are present in the structure, this may pro- 
duce a constraint on plastic deformation which exceeds that encountered in a 
three-point bend test. Geometric discontinuities in the structure may pro- 
duce similar effects. For these situations it is not obvious that assessing 
against the maximum-load COD measured in a bend test would lead to un- 
derestimation of the load-bearing capacity, and a more elaborate approach 
may be required. 

The maximum-load COD method has the advantage of requiring only con- 
ventional material flow properties, as in the CEGB technique, together with 
a COD fracture analysis. Neither JR nor COD resistance curves are explicitly 
required, obviating the need for the large number of specimens which are re- 
quired to develop these curves. There are, however, some distinct drawbacks. 

First, the technique provides only limited information about the state of a 
cracked structure. It is not possible to judge whether the crack has just initi- 
ated at the maximum-load COD or whether it has grown a substantial amount. 
Moreover, it is often desired to limit applied load levels during operation so 
that crack growth does not occur, and to judge safety factors against the pre- 
dicted instability load conditions. Clearly this type of knowledge is unavail- 
able unless crack initiation is also monitored during the COD test. Second, 
because the method does not require crack driving force curves to be com- 
pared with resistance curves, the level of safety implied by the analysis will 
vary significantly with crack size. In particular, shallow cracks will be as- 
sessed more pessimistically than deep cracks. This pessimism adds to that 
which is already inherent in the COD design curve. Thus the acceptable sizes 
of shallow cracks may be severely underestimated, perhaps to below the limit 
required for detection by nondestructive testing techniques. Third, the COD 
analysis requires that full section thickness tests be performed. This is possi- 
ble only for modest sections. For heavy section structures it is generally pos- 
sible to test only subsized specimens. In such cases the maximum-load COD 
analysis could not be considered to be an acceptable technique. Fourth, al- 
though the COD design line was derived to cater for residual loading, it is not 
clear that the analysis would still be acceptable when the maximum-load 
COD based on a primary load test is used as the critical failure parameter. 

Analysis in the Presence of Thermal and Residual Stresses 

Although these stresses can result in elastic-plastic effects, they do not con- 
tribute to failure in the plastic collapse regime [36,37]. Thus residual and 
thermal stresses require a treatment different from mechanically induced 
stresses. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



CHELL AND MILNE ON DUCTILE TEARING 11-199 

The COD approach was of course originally developed to include effects of 
residual stresses [38]. Such stresses are added on to the mechanical stresses, 
converted to strains, and treated via the COD design line. The design line has 
been experimentally shown to produce safe estimates in as-welded structures 
provided the residual stresses are assumed to be of yield stress magnitude 
[32]. In stress-relieved structures, or in the presence of thermal stresses, 
there is no similar experimental validation, and an uncertainty exists as to 
how best to include these stresses. Certainly, taking the peak value of the 
thermal stresses, as is recommended, will be severely overpessimistic in the 
majority of cases. 

The R6 procedures incorporate elastic-plastic effects using a modified 
Irwin-type first-order plasticity correction [39, 40] which is added as an extra 
term to the Kr-axis. Since plasticity from thermal and residual stresses does 
not affect the plastic collapse loads, this should provide a reasonably accur- 
ate analysis for most practical purposes. Experimental validation is difficult, 
however, and only a limited amount of data are available [41]. This pro- 
cedure is nevertheless applicable to any analysis which is expressed in the 
form of an assessment diagram. If the empirical strain-hardening modifi- 
cation to R6 suggested by Milne [15] is used, then the first-order plasticity 
correction should be based upon ay. 

A numerical evaluation of J will automatically incorporate the effects of 
thermal and residual stresses, provided the analysis makes adequate allow- 
ance for the presence of initial strains [42]. JA can also be estimated from 
Turner's J design line. Here the effects of the residual stresses are incorpor- 
ated along the strain axis, and JA is estimated from a design line displace- 
ment upwards [9]. 

Although the preceding methods address the problem imposed by thermal 
and residual stresses explicitly, other methods, which rely upon a specific 
estimate of JA, have so far ignored these. For example, the J estimation pro- 
cedure of Kumar et al [12,13] cannot be used in the presence of thermal and 
residual stresses without modification. Basically this is because this pro- 
cedure has been developed as a multivariable fit to finite-element solutions, 
and the variables have been chosen to be equivalent to some easily identifi- 
able parameters. This makes it difficult to adjust the solution for situations 
where these parameters need to be modified, as in the case of thermal and 
residual stresses. Similarly if J is estimated using r/-factors [11] it is unclear 
how these would be calculated for thermal and residual loading. 

Information Required for the Analysis and Necessary Safeguards 

Information Required 

Since the purpose of a failure analysis is to define the safe working condi- 
tions of a cracked structure, it is worth reviewing what information is required 
for each of the techniques discussed in the foregoing, and what reliance can be 
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placed on this information and the ensuing results. Certain information is 
common to all forms of analysis, for example, the loading conditions and 
resultant stress levels, the crack sizes and shapes, the geometry of the struc- 
ture, the temperature of operation. This information will be available to a 
variable degree of accuracy depending upon the type of structure. In par- 
ticular, stress gradients may be difficult to evaluate accurately--especially in 
the proximity of welds, whether stress-relieved or not--and crack sizes and 
shapes may be difficult to assess. Moreover, an irregular-shaped crack must 
be idealized before it can be evaluated by any technique. Thus there are in- 
herent uncertainties in input data used for any analysis and this fact may 
sometimes obviate the need to use oversophisticated techniques. This point 
should be borne in mind when choosing which form of analysis to adopt for 
any particular problem. 

The COD technique is the only form of analysis which does not explicitly 
require a resistance curve. In this sense it stands apart from the other tech- 
niques. It does, however, require an estimate of the maximum-load COD 
from a three-point bend specimen whose thickness is that of the structure 
under analysis. Load-displacement curves for three/point bend specimens 
that fail near plastic collapse often have extended maxima. This makes it dif- 
ficult to define unequivocally a maximum-load COD. 

The other techniques can be divided into two basic groups: those in which J 
is explicitly evaluated and those which may be interpreted in terms of J. This 
latter grouping includes the diagrammatic procedures of R6 and Bloom [30]. 

Five methods have been mentioned for estimating JA explicitly: finite- 
element computations, the Kumar et al [12,13] estimation scheme, the tech- 
niques of Paris and co-workers [5-8], the J design curve of Turner [9], and 
the evaluation of JA through 7/-factors [II]. The first two require a well- 
defined stress-strain curve, and some form of idealization of this curve. The 
idealization adopted by Kumar et al [12,13] is the Ramberg-Osgood equa- 
tion. The methods of Paris and co-workers exploit the analytical simplifica- 
tions that occur under limit load conditions. They require good estimates of 
the plastic collapse load. The material properties required to use Turner's J 
design curve are only the yield stress and yield strain, while use of ,/-factors 
depends upon knowing the work done on the cracked structure by the ex- 
ternal loading, generally via the plastic collapse load of the structure. 

The R6 approach also requires an estimate of the plastic collapse load. 
This is normally evaluated in terms of a flow stress based upon the average of 
the yield and ultimate tensile stresses of the material. The strain-hardening 
modifications require either the total stress-strain behavior as needed for a 
detailed J solution [30] or, if the simpler proposal of Milne [15] is adopted, 
the yield and ultimate tensile stresses. 

Sources of Error 

The potential sources of error in the aforementioned procedures arise from 
two features: (1) errors or inaccuracies in the input data, including the scatter 
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in the material properties, and (2) the ability of the procedure(s) to model 
correctly the load-crack growth or load-displacement behavior of the struc- 
ture. As far as material properties are concerned, the scatter in resistance 
curve data appears to be relatively small compared with, for example, the 
scatter in cleavage fracture toughness. What is more, for structures which 
display a high tolerance to ductile cracking, the instability load is relatively 
insensitive to the resistance curve [20]. In this situation the flow properties of 
the material govern instability. Yield and ultimate tensile strengths can vary 
by as much as 10 percent across the thickness of a heavy section plate, and 
the strain to failure by somewhat more than this, depending upon the geome- 
try of the tension specimen. It is therefore unreasonable to expect an accuracy 
of better than 10 to 20 percent in any failure assessment. 

Procedures which use a geometry-independent curve (R6, J design curve, 
COD design curve) cannot be expected to model load-crack growth behavior 
as precisely as those which use a more detailed estimate of JA. However, 
when establishing how accurately JA can be estimated, account must be 
taken of the variability in flow properties of the material. Inaccurate model- 
ing of the stress-strain curve will inevitably lead to inaccurate estimates of JA. 

The areas of weakness in one procedure are often areas of strength in 
another. Thus, a high level of confidence can be obtained from any analysis 
by applying safeguards appropriate to that form of analysis. These can be 
itemized as follows: 

1. Explicit estimates of JA should be checked to see if they give the ex- 
pected behavior near the plastic limit load. This check should also be applied 
to the COD design curve approach. 

2. All the techniques should be applied at load levels slightly higher than 
the load of interest and over a range of crack sizes spanning the crack size of 
interest. This will give valuable information regarding the sensitivity of the 
analysis to input data. 

3. All procedures which adopt a geometry independent-curve--that is, R6, 
Turner's J design curve, and the COD design curve--should be compared 
with J solutions of proven accuracy. This will establish confidence in their use 
and help define their regime of applicability. If the difference in the two solu- 
tions is unacceptably large, then the reason for this should be determined, 
and the most appropriate solution used with suitable justification. 

General Summary 

Several ways of addressing the problem of ductile crack growth have been 
discussed herein. None of these has universal appeal; the choice of which to 
apply will depend upon the type of problem addressed, the data available for 
the analysis, and the accuracy required of the result. The more elaborate 
techniques are generally more rigorous, but in failure assessments rigor is in- 
variably compromised by the uncertainties in the input data. This often 
means that the confidence in the predicted instability conditions is generally 
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no greater than that obtained from simpler procedures. Nevertheless, elabor- 
ate procedures are often necessary, if only in establishing confidence in the 
use of alternative ones. 

A direct analysis can be obtained by comparing graphically an applied J 
with the materials J resistance curve or, more definitively, by using the J-T 
diagrams described by Paris [21]. JA and T m c a n  be evaluated using numer- 
ical methods, or more conveniently by using approximate methods. 

The J estimation schemes of Kumar et al [12,13] take strain-hardening ef- 
fects explicitly into account. The success of this method depends upon how 
well the Ramberg-Osgood law fits the material's stress-strain curve. The fit is 
generally satisfactory for ferritic steels like A533B, but not for austenitic 
steels. For the latter case, excessive plasticity effects can be predicted at low 
stress levels (about 0.25 ay) when they are not observed in practice [15]. The 
solutions are nevertheless pessimistic at these stress levels; that is, they over- 
estimate J. The nature of the Ramberg-Osgood law also causes optimistic 
predictions at high stress levels, and structures can be predicted to carry a 
load at stress levels well above ultimate. For this reason it is prudent to eval- 
uate independently the plastic limit load of a structure. This method, as well 
as the other J estimation methods outlined herein, have not, at the present 
time, satisfactorily addressed the problem of thermal and residual stresses. 

Of the assessment diagram approaches, the R6 diagram based upon a flow 
stress criterion is the simplest to apply. For most practical situations involv- 
ing ferritic materials, use of this assessment line is compatible with the cur- 
rently known J solutions [27]. For unusual geometries however, it is, prudent 
to compare this line with alternative solutions for J where they are available. 

For materials with a high capacity for strain hardening, use of a flow stress 
criterion together with the R-6 diagram can be nonconservative at stress 
levels close to general yielding. This may be avoided either by using a yield 
stress criterion or by using an assessment line which incorporates strain- 
hardening effects. The yield stress criterion is the simplest to apply, requiring 
no adjustment of the assessment line, but it may be highly pessimistic. 
Strain-hardening assessment lines can be derived from any J solution which 
incorporates strain-hardening effects [30] or by using a simple interpolation 
formula as suggested by Milne [15]. 

Assessment diagram approaches to elastic plastic fracture provide the 
easiest and most comprehensive means of performing an analysis. This stems 
from the simple functional relationships which exist between the coordinates 
Sr and Kr and the major variables in an analysis. Thus effects due to thermal 
and residual stresses can be relatively easily incorporated, but they can be 
kept separate from those due to mechanical stresses. A comprehensive solu- 
tion to the problem can be very quickly obtained. 

Such a comprehensive solution, however, can be obtained only if sufficient 
materials properties data are available--in particular the resistance curve. 
While such data may be available, or obtainable, for new or specialized items 
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of plant, they are usually not available for older plant or for the vast majority 
of engineering structures. In such instances the maximum-load-COD ap- 
proach may, be the only technique which can be applied. 9 This is especially 
true for as-welded structures, where residual stress levels are unknown and 
only an empirically based solution can be applied. However, as for the other 
solutions, certain checks should be performed to ensure that areas of the 
structure do not experience a higher state of plastic constraint than the speci- 
men, and that the crack depth in the specimen is greater than that in the 
structure. 
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ABSTRACT: This paper is based upon work done to establish the validity of a simple en- 
gineering approach to assess ductile fracture. The approach is based upon the ideas of 
the British Central Electricity Generating Board's (CEGB) R-6 Failure Assessment 
Diagram (FAD) and the deformation plasticity solutions developed by General Electric. 
The FAD approach is an easy way to visualize a complex elastic-plastic analysis of a spec- 
imen or structure. The FAD is a safety/failure plane defined by the stress-intensity fac- 
tor/fracture toughness ratio, Kr, as the ordinate and the applied stress/plastic collapse 
ratio, S,, as the abscissa. For a particular stress level and flaw size, the coordinates (S r, 
K r) are determined. If the assessment point (Sr, K,') lies on or outside of the failure 
assessment curve (FAC), the structure will fa'fl. Design loads or margins of safety are 
readily determined graphically due to the unique linear proportionality of the diagram's 
axes. The FAC is constructed by taking the fully plastic solution results of deformation 
plasticity developed by Shih and Kumar along with Shih's estimation scheme to derive a 
curve in terms of (S~, K~) coordinates of the FAD. The validation of the deformation plas- 
ticity FAD was based upon the use of a Babcock & Wilcox-modified version of the incre- 
mental plasticity finite-element computer program ADINA (Automatic Dynamic Incre- 
mental Nonlinear Analysis). Since the FAC's arc based upon the deformation plasticity 
J-integral, the validation of these curves is also a validation of the J-integral. Compact, 
center-cracked plate, double-edge-cracked plate, and single-edge-cracked plates were 
among the fracture configurations which were evaluated using the ADINA computer pro- 
gram. The additional validation of the FAD approach from experimental data of five test 
programs is also a validation of the elastic-plastic J-integral/J-resistance curve approach. 
These test programs included six different materials and five different test configura- 
tions. Based upon the assessment results the deformation plasticity failure assessment 
approach and the elastic-plastic J-integral/J-resistance curve approach appear to provide 
an excellent predictive method for determining specimen load behavior. 

1Technical advisor, Fracture Mechanics, Applied Mechanics Section, Babcock & Wilcox, A 
McDermott Company, Research and Development Division, Alliance, Ohio 44601. 
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There is a need for a simple engineering approach to assess ductile frac- 
turefl Under most design loading conditions, nuclear reactor coolant pres- 
sure boundary ferritic materials will behave in a ductile manner. The Nuclear 
Regulatory Commission (NRC) in 10CRFS0 requires adequate margins of 
safety on the pressure-retaining components of the reactor coolant pressure 
boundary of water-cooled power reactors. This regulation also establishes 
design criteria which will assure that these pressure-retaining components 
behave in a nonbrittle manner when stressed under operating, maintenance, 
testing, and postulated accident conditions. Currently no elastic-plastic pro- 
cedure exists in the American Society of Mechanical Engineers (ASME) 
Codes for determining margins of safety for these accident conditions. In ad- 
dition, present safety margins based on linear elastic fracture mechanics 
(LEFM) analyses for normal operating or accident conditions could lead to 
conclusions which may result in the shutdown of some nuclear plants. 
Therefore, the availability of a simple but accurate engineering assessment 
procedure would be most valuable in avoiding costly repair procedures and in 
establishing adequate safety margins. 

One approach to this problem is a failure assessment procedure which rec- 
ognizes both fracture and plastic collapse. The proposed failure assessment 
procedure is based upon the concepts of the British Central Electricity Gen- 
erating Board's (CEGB) two-criteria assessment diagram known as the R-6 
Failure Assessment Diagram (FAD) [t] 3 and the deformation plasticity solu- 
tions from the Plastic Fracture Handbook [2] developed by General Electric 
under Electric Power Research Institute (EPRI) Contract RP1237-1. The 
FAD approach is an easy way to visualize a complex elastic-plastic analysis of 
a specimen or structure. The FAD is a safety/failure plane defined by the 
stress-intensity factor/fracture toughness ratio, Kr, as the ordinate and the 
applied stress/plastic collapse ratio, Sr, as the abscissa. 

Flawed structures can be evaluated in terms of the FAD through the coor- 
dinates (S/, K/)  of an assessment point, where 

K /  = KI/KIr and S/  = o/ol 

where 

Kt = stress-intensity factor for the structure to be assessed, 
Kic = fracture toughness of the material, 

(1) 

2The term "ductile" is used in this paper to refer to the physical character of the fracture 
zone, and the term "elastic-plastic" is used to refer to the state of stress and strain in the struc- 
ture. 

3The italic numbers in brackets refer to the list of references appended to this paper. 
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a = applied stress on the structure, and 
o 1 : plastic collapse stress. 

For a particular stress level and flaw size, the coordinates (S~', K~') can be de- 
termined. If this assessment point (S/, Kr') lies on or outside of the failure as- 
sessment curve (FAC), the structure will fail. For ductile tearing, the assess- 
ment points for a structure which is displacement-controlled lie on the failure 
assessment curve. In addition, design loads or margins of safety are readily 
determined graphically due to the unique linear proportionality of the dia- 
gram's axes. 

The first use of the FAD approach was based upon the extension of the 
CEGB two-criteria approach of Dowling and Townley [3]. Their two-criteria 
approach stated that structures will fail by either of two mechanisms--brittle 
fracture or plastic collapse--and that these two mechanisms are connected 
by a transition curve which allows one to go directly from LEFM behavior to 
plastic instability or collapse. The CEGB transition curve was based upon the 
Dugdale strip yield model. 

Harrison et al [I] of CEGB reformulated the two-criteria approach into a 
failure assessment diagram referred to in Britain as the R-6 Failure Assess- 
ment Diagram with coordinates (S~', K/). The equation of the R-6 FAC is 
given by 

I 8  see (~r S J2)  1-1/2 K~= S~ -~ en (2) 

Points calculated from Eq 1 which lie inside the FAC dictate that the struc- 
ture is safe from failure as illustrated in Fig. 1. 

Later work by CEGB [4] has shown that this procedure works well for 
cleavage fracture as well as ductile fracture, up to the point of crack initia- 
tion. For ductile fracture analysis, K r' can be redefined in terms of an 
equivalent J-integral by 

where J is given by 

K~ =x/JiE(a)/Jic (3) 

KI 2. (1 -- v 2) 
JIE - -  (4) 

E 

for the case of plane strain where E and v are Young's modulus and Poisson's 
ratio, respectively and Jic is the J-value associated with the initiation of duc- 
tile tearing. 

The discussion of the extension of the FAD approach to account for stable 
crack growth (ductile tearing) beyond initiation is presented later in the sec- 
tion on experimental validation for ductile tearing behavior. 
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FIG. l--R-6failure assessment diagram. 

The CEGB R-6 FAD as illustrated in Fig. 1 is based upon the strip yield 
model [5,6] and therefore does not take into account either geometry or 
material strain-hardening effects, so that the establishment of validity in 
general of the R-6 FAD is most difficult. Therefore, this paper presents work 
done under EPRI Contract RP1237-2, The Two Criteria Failure Assessment 
Procedure [7], which validates both the deformation plasticity failure assess -  
m e n t  approach and the elastic-plastic J-integral approach using both finite- 
element incremental plasticity results and experimental test data from con- 
figurations which have undergone ductile tearing. 

D e f o r m a t i o n  P las t i c i ty  Fa i lure  A s s e s s m e n t  D i a g r a m s  

Recent efforts in elastic-plastic failure analysis have concentrated on the 
development of a Plastic Fracture Handbook [2] which contains fully plastic 
solutions based upon deformation plasticity for both fracture mechanics 
specimens and flawed cylindrical configurations. A finite-element deforma- 
tion plasticity computer program developed by Needleman and Shih [8] was 
used to generate these fully plastic solutions. Provided that a material can be 
represented by a power-law hardening model, Ilyushin's principle [9] can be 
used to show that the resulting plasticity solutions are scalable and the results 
of the deformation plasticity theory will give exact solutions to flow theory of 
plasticity problems. Expressions for the J-integral can then be written in 
terms of the strain-hardening exponent. By exploiting the functional forms of 
both the fully plastic solution and the linear elastic solution, Shih and Hutch- 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



11-210 ELASTIC-PLASTIC FRACTURE 

inson [10] first showed that a simple approximate estimate for the complete 
range of applied stress and strain on a structure can be formulated in terms 
of the total J-integral, which can be written as 

J = Je(aef f) + JP(a, n) (5) 

where Je is the elastic contribution based on Irwin's plasticity-adjusted crack 
length (aeff) and Je is the deformation plasticity solution in terms of the 
J-integral. The deformation plasticity failure assessment curve in terms of 
x/Jelastic/J versus o/o  I or (St, K,) coordinates is constructed from Eq 5. The 
essence of the assessment diagram is that it is made up of a combination of 
an elastic parameter normalized with respect to the same parameter eval- 
uated using elastic-plastic theory and the ratio of the applied load to limit 
load of the structure. Figure 2 illustrates this concept schematically in terms 
of the J-integral parameter for crack growth initiation only. 

The straight line 

Y 1 = %/Jelastic/JIc (6) 

is linearly proportional to the elastic K calibration (in terms of J) and 
therefore increases linearly with stress level. The curve 

72 = N/'Jelastic/J (7) 

is based on the elastic-plastic structural response and therefore decreases 
with increasing stress level, since the denominator (J) becomes quite large 

Y / ' ~ Y l  = Y2 = J = JIC 

/ \  

X = o / OLIMI T 

FIG. 2--Schematic of failure assessment diagram approach (initiation onby). 
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near limit load. When the load on the structure for a given flaw size is in- 
creased such that yl  = Y2, the crack initiates a n d J  = Jic (o r J  : JR if ductile 
tearing occurs). Furthermore, the load path for a fixed crack size is such that 
any point on the line Y l is directly proportional to load. The distance of a 
point on Yl to the intersection of Yl with y~ is a measure of the margin of 
safety of the structure to be assessed. Depending on what failure model is 
chosen, the function Jelastir can take on various forms. Derived expressions 
for deformation plasticity-based FAC's are given in the Appendix for com- 
pact, double-edge-notched, single-edge-notched, center-cracked, and pre- 
cracked bend specimens. 

Finite-Element Incremental Plasticity Validation 

The validation of the deformation plasticity FAD and the elastic-plastic 
J-integral using finite-element analyses was based upon the use of a Babcock & 
Wilcox-modified version of the computer program ADINA (Automatic 
Dynamic Incremental Nonlinear Analysis). This program is based upon an 
incremental small-strain-solution approach using the yon Mises criteria of 
plasticity with isotropic hardening. The configurations of interest are loaded 
under displacement control, and an average of three J-integral paths versus 
the remote stress is calculated. The results are then recalculated in terms of 
($7, K i )  coordinates and plotted on the theoretically derived deformation 
plasticity FAC's (see Appendix). A number of finite element runs were made 
for various crack configurations using a Ramberg-Osgood stress-strain curve 
defined by 

cttx 0 
e = a / E  + ~ (O/Oo)" (S) 

where 

E = 200 000 (N/mm2). 
Ot ~ 1 ,  

n = 10, and 
o0 = 400 (N/mm2). 

To check convergence, two finite-element grids were run for a compact speci- 
men with a /w  = 0.58 under plane-strain conditions. It can be seen in Fig. 3 
that the more refined grid (102 elements, 424 nodes) and the estimation ap- 
proach results in terms of Sr, Kr are much improved. The discrepancy be- 
tween the two approaches appears to be reduced by a factor of 2 using the 
more refined grid. In addition, although not shown, the same grid was used 
for Ramberg-Osgood materials with low values of n (n < 4) to check out the 
validity of the deformation plasticity FAC. The agreement with the derived 
deformation plasticity FAC was excellent. The small discrepancy of the 
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finite-element results in almost all the computer runs for large Sr is thought 
to be due to the cruder grid used over the remaining ligament in the present 
incremental finite-element analysis using ADINA compared with the grids 
used in Ref 2 for the generation of the deformation plasticity results. 

Figure 4 shows the results of the comparison of the incremental plasticity 
solution for a center-cracked panel (CCP) with a/w ---- 0.05 under plane- 
strain conditions. Here the agreement in the range of small Scvalues (St < 
0.6) is excellent. For this case "quarter-point" elements [11] simulating the 
elastic stress singularity were used at the crack tip during the complete load- 
ing of the specimen. Subsequent incremental plasticity computer runs pro- 
vided no special treatment of the crack-tip singularity since in the plastic 
region the actual crack-tip singularity would be a function of the strain- 
hardening exponent [12]. Figure 5 illustrates the comparison between finite- 
element computer runs and the derived deformation plasticity FAC (see Ap- 
pendix) for the double-edged-cracked plate (DECP) for two finite-element 
grids. The first corresponds to an L / W  of 2.5. The grid consisted of 134 
eight-note isoparometric elements with 757 degrees of freedom. The un- 
cracked ligament consisted of a total of nine elements with a 2-by-2 Gaussian 
integration used to generate the stiffness matrix. Four triangles, formed by 
degenerating the eight-node quadratic elements, made up the crack-tip re- 
gion. No special treatment of the crack-tip singularity was attempted. Due to 
the difference between the finite-element results for L / W  ---- 2.5 and derived 
FAC, a second analysis was run based upon a similar grid but with a length- 
to-width ratio of L / W  = S.0. Note the minor effect shown in Fig. S of Shih's 
plastic zone adjustment correction, ~b [13], to the overall results. The maxi- 
mum difference between the two approaches occurs in the transition region 
between the elastic behavior and the fully plastic behavior. Shih [14] attri- 
buted this discrepancy to the use of the Ramberg-Osgood representation of 
the stress-strain curve in the estimation scheme. The single-edge-cracked 
plate under uniform tensile loading with a/b = 0.75 was run using ADINA 
for a Ramberg-Osgood material curve with a = 1, n = 10. The grid used 
consisted of 952 nodes and 270 elements. The results are shown compared 
with the derived deformation plasticity FAC in Fig. 6. In comparisons of 
some of the other geometries discussed earlier in this paper, quarter-point 
elements were used around the crack tip. In this computer run, only conven- 
tional isoparametric elements were used around the crack tip. This is why in 
the elastic region (Kr - 1.0), the finite-element solution is on the high side; 
that is, the stress-intensity factor is lower than it should be. 

Lastly, a comparison was made between the failure assessment approach 
and a finite-element elastic-plastic simulation of stable crack growth for a 
double-edge-notched tensile plate (DECP), Fig. 7, which was tested by Mate- 
rialprufungsanstalt (MPA)-Stuttgart as part of the German Component 
Safety Program [15]. Both approaches used as input a material JR-resistance 
curve determined by tests at Babcock & Wilcox, Alliance Research Center, 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



1
0

 6 

K
r 

4 

8~
qD

;q
I~

-O
'O

'q
D

'o
'0

"O
~O

~O
~o

 0
" ~ 

CE
NT

ER
 C

RA
CK

ED
 P

AN
EL

 a
/w

 =
 0

.0
5 

(a
/b

 =
 0

.1
01

 

q
J

O
"~

 
~ 

= 
1+

 n
 

= 
10

, 
•o

 
= 

60
 

K
S

I 
P

LA
N

E
 

:S
TR

E
S

S
 

e\
 O

\ 
�9

 
F
E
U
 

" 
F

A
D

 
h

 i 
(.

I0
, 

10
) 

~ 
5

.5
 

1 
M

Pa
 =

 .
14

5,
 K

S!
 

_
_

 
I 

t 
I 

J 
. 

, 
__

_t
 

L 
L 

.I 
__

 
I 

.2
 

.4
 

+6
 

+S
 

1.
0 

1.
2 

1.
4 

1.
6 

1.
8 

S
r 

2,
0 

m
 

o)
 

"1
o 71
 

3>
 

0
 C
 

m
 

F
IG

, 
4-

-C
om

pa
ri

so
n 

o
f A

D
IN

A
 fi

ni
te

-e
le

m
en

t 
so

lu
ti

on
 a

nd
 d

ef
or

m
at

io
n 

pl
as

ti
ci

ty
 F

A
D

 fo
r 

a 
ce

nt
er

-c
ra

ck
ed

 p
an

el
 u

nd
er

 
pl

an
e 

st
re

~s
 in

 te
rm

s 
o

f (
S 

t ,
 K

 r
) 

co
or

di
na

te
s.

 

C
op

yr
ig

ht
 b

y 
A

ST
M

 I
nt

'l 
(a

ll 
ri

gh
ts

 r
es

er
ve

d)
; W

ed
 D

ec
 2

3 
18

:0
2:

42
 E

ST
 2

01
5

D
ow

nl
oa

de
d/

pr
in

te
d 

by
U

ni
ve

rs
ity

 o
f 

W
as

hi
ng

to
n 

(U
ni

ve
rs

ity
 o

f 
W

as
hi

ng
to

n)
 p

ur
su

an
t t

o 
L

ic
en

se
 A

gr
ee

m
en

t. 
N

o 
fu

rt
he

r 
re

pr
od

uc
tio

ns
 a

ut
ho

ri
ze

d.



D
O

U
B

L
E

-E
D

G
E

 
C

R
A

C
K

E
D

 
P

A
N

E
L

 
ID

E
C

P
),

 
a

/w
 

=
 O

BO
 

1.
0 .8
 

.6
 -

- 

Kr
 .4

 

.2
 

M
A

T
E

R
IA

L
: 

O
 =

 1
. n

 =
 1

0 

-
-

Q
'

~
O

 
~'

~,
.,.

~ 
B

A
S

E
D

 
O

N
 

G
E

 
E

S
T

IM
A

T
IO

N
 S

C
H

E
M

E
 
W

IT
HO

UT
 

D
E

C
P

 S
P

E
C

IM
E

N
 

�9
 

S
H

IH
'S

 P
L

A
S

T
IC

 Z
O

N
E

 
A

D
JU

S
T

M
E

N
T

 
C

O
R

R
E

C
T

(O
N

. 

tf
t 

-�9
 

V1
 _ 

il
l 

�9
 

AD
IN

A 
FI

NI
TE

 
{ 

" 
L/

W
 =

 2
.5

,0
 

,
~

 
E

L
E

M
E

N
T

 
�9

 L
/W

 
50

0 
S

O
L

U
T

IO
N

 
R

E
S

U
LT

S
 

I 
i 

~
1

 
_ 

I 
I.

 
I 

, 
I 

.2
 

.4
 

,6
 

.8
 

1.
0 

1.
2 

1.
4 

S
r 

1.
6 

FI
G

. 
5-

-C
om

pa
ri

so
n 

of
 A

O
IN

A
 f

in
it

e.
el

em
en

t 
so

lu
ti

on
 

an
d 

de
fo

rm
at

io
n 

pl
as

ti
ci

ty
 F

A
D

 f
o

r 
a 

do
ub

le
-e

dg
e-

cr
ac

ke
d 

pa
ne

l 
un

de
r 

pl
at

te
 s

tr
ai

n 
in

 t
er

m
s 

of
 (

St
, 

K
 t)

 c
oo

rd
in

at
es

. 

03
 

r 0 0 0 Z C
 

"-
I 

Z 01
 

C
op

yr
ig

ht
 b

y 
A

ST
M

 I
nt

'l 
(a

ll 
ri

gh
ts

 r
es

er
ve

d)
; W

ed
 D

ec
 2

3 
18

:0
2:

42
 E

ST
 2

01
5

D
ow

nl
oa

de
d/

pr
in

te
d 

by
U

ni
ve

rs
ity

 o
f 

W
as

hi
ng

to
n 

(U
ni

ve
rs

ity
 o

f 
W

as
hi

ng
to

n)
 p

ur
su

an
t t

o 
L

ic
en

se
 A

gr
ee

m
en

t. 
N

o 
fu

rt
he

r 
re

pr
od

uc
tio

ns
 a

ut
ho

ri
ze

d.



K
 r 

1
0

 

08
 

--
 

06
 

- 

04
 

0
2

 0 

F
A

IL
U

R
E

 
A

S
S

E
S

S
M

E
N

T
 

D
IA

G
R

A
M

 
B

A
S

E
D

 
O

N
 

G
E

 
E

S
T

IM
A

T
IO

N
 

S
C

H
E

M
E

 

S
IN

G
E

[-
 

E
D

G
E

 
C

R
A

C
K

E
D

 
P

L
A

T
E

 
(S

E
C

P
) 

a
/b

 
=

 
0

7
5

. 
a 

=
 

1,
 

n 
=

 
10

 
(P

L
A

N
E

 
S

T
R

A
IN

) 

h 
1 

( 
7b

,1
0}

 
~

J
2

3
3

 

�9
 

�9
 

A
D

IN
A

 
fI

N
IT

E
 

E
L

E
M

E
N

T
 

a/
h 

= 
0

7
5

 

S
O

t 
D

]I
O

N
 

II
E

S
tI

| 
T

S
 

L
/l

) 
2

0
 

-.x
,, 

i 
tT

 

II
 

a 
!1

 

,,T
iIi

 t 

I 
I 

l 
I 

I 
I 

I 
I 

I 
0

2
 

0
4

 
0

.6
 

0
8

 
1

0
 

1
.2

 
1,

4 
1

6
 

1.
8 

S
 r 

F
IG

. 
6-

-C
om

pa
ri

so
n 

o
f 

A
D

IN
A

 f
in

it
e-

el
em

en
t 

so
lu

ti
on

 
an

d 
de

fo
rm

at
io

n 
pl

as
ti

ci
ty

 F
A

D
 f

o
r 

a 
si

ng
le

-e
dg

e-
cr

ac
ke

d 
pl

at
e 

un
de

r 
pl

an
e 

st
ra

in
 i

n 
te

rm
s 

o
f 

(S
 r ,

 K
 r

) 
co

or
di

na
te

s.
 

...
k 

O
~ 

m
 

r-
- 

~>
 

O
~ "1
7 

r-
 

"1
1 

0 t-
- 

70
 

m
 

C
op

yr
ig

ht
 b

y 
A

ST
M

 I
nt

'l 
(a

ll 
ri

gh
ts

 r
es

er
ve

d)
; W

ed
 D

ec
 2

3 
18

:0
2:

42
 E

ST
 2

01
5

D
ow

nl
oa

de
d/

pr
in

te
d 

by
U

ni
ve

rs
ity

 o
f 

W
as

hi
ng

to
n 

(U
ni

ve
rs

ity
 o

f 
W

as
hi

ng
to

n)
 p

ur
su

an
t t

o 
L

ic
en

se
 A

gr
ee

m
en

t. 
N

o 
fu

rt
he

r 
re

pr
od

uc
tio

ns
 a

ut
ho

ri
ze

d.



2
0

 
-

-
 

15
 

z
 

10
 

cL
 

Q
 

�9
 

�9
 

m
 

�9
 �9
 

�9
 

Q
 

�9
 

] 
I 

I 
I 

1 
2 

3 
4 

(r
am

) 

Q
 F

IN
IT

E
 E

L
E

M
E

N
T

 
S

O
L

U
T

IO
N

 

N
 

F
A

IL
U

R
E

 
A

S
S

E
S

S
M

E
N

T
 

A
P

P
R

O
A

C
H

 
B

A
S

E
D

 
O

N
 

D
E

F
O

R
M

A
T

IO
N

 
P

L
A

S
T

IC
IT

Y
 

_ 
l 

I 
0 

0 
5 

6 
7 

F
IG

. 
7-

-C
om

pa
ri

so
n 

o
f l

oa
d 

be
ha

vi
or

s f
ro

m
 fi

ni
te

-e
le

m
en

t 
so

lu
ti

on
 a

nd
 fa

il
ur

e 
as

se
ss

m
en

t 
ap

pr
oa

ch
 f

o
r 

do
ub

le
-e

dg
e 

cr
ac

ke
d 

pl
at

e.
 

03
 

t-
 

O
 

0
 

0
 

Z
 

-r
l 

rn
 

r"
 

C
 

Z
 

..
.j

 

C
op

yr
ig

ht
 b

y 
A

S
T

M
 I

nt
'l 

(a
ll

 r
ig

ht
s 

re
se

rv
ed

);
 W

ed
 D

ec
 2

3 
18

:0
2:

42
 E

S
T

 2
01

5
D

ow
nl

oa
de

d/
pr

in
te

d 
by

U
ni

ve
rs

it
y 

of
 W

as
hi

ng
to

n 
(U

ni
ve

rs
it

y 
of

 W
as

hi
ng

to
n)

 p
ur

su
an

t 
to

 L
ic

en
se

 A
gr

ee
m

en
t.

 N
o 

fu
rt

he
r 

re
pr

od
uc

ti
on

s 
au

th
or

iz
ed

.



11-218 ELASTIC-PLASTIC FRACTURE 

of three 2T compact fracture specimens tested at 80~ using the single-speci- 
men J-integral test procedure. In addition, the plate material was also tested 
to determine the stress-strain curve of the material. Values of ~ and n found 
(see Appendix) were used both for the derivation of the FAD and the con- 
stants of the Ramberg-Osgood expression (Eq 8) used in the finite-element 
formulation. Figure 7 shows a comparison in terms of load versus crack ex- 
tension between the failure assessment diagram approach and the rigorous 
finite-element crack growth analysis using ADINA. 

The elastic-plastic finite-element analysis was made using a Babcock & 
Wilcox-modified version of ADINA. This program simulates stable crack 
growth by growing the crack when the average of three J-integral path values 
exceeds the JR materials curve input into the computer code. The solution 
approach is an incremental small plasticity analysis based on the yon Mises 
criteria with isotropic hardening. The finite-element grid for the plane-strain 
double-edge-cracked specimen model consisted of 482 nodes and 137 eight- 
node isoparametric elements. In Fig. 7, note the excellent agreement in load 
prediction from crack initiation to past the maximum load point. The dif- 
ference in maximum load between the two approaches was less than 4 per- 
cent. The approach using the failure assessment diagram was to derive the 
FAD for a DECP with a/b ----- 0.80, c~ = 3.53, n = 7.63, and a0 = 611 
N/mm based upon both the K~ elastic solution from s et al [16] and the 
deformation plasticity solution from Ref 17. The material resistance curve JR 
was then used to calculate K/-values and the limit load expression was used 
to determine S/-values for an assumed remotely applied load. The load level 
of each point of the resulting (Sr, K')  locus of points generated was in- 
creased (ratioed up) such that each point fell on the failure assessment curve. 
The ratioing factors then gave the values of the applied load for each (S/, Kr) 
point as a function of crack extension as shown in Fig. 7. 

This last finite-element run discussed shows that the failure assessment 
diagram is equivalent to a rigorous finite-element crack growth analysis, pro- 
vided that the J-controlled crack growth is maintained in the structure up to 
the point of maximum load. 

Experimental Validation for Ductile Tearing Behavior 

As additional validation of the FAD approach and the elastic-plastic 
J-integral/J-resistance curve approach, experimental test data from configu- 
rations which have undergone ductile tearing will be presented. 

Milne [4] extended the interpretation of the FAD to account for stable 
crack growth beyond initiation as given by Eqs 3 and 4 discussed earlier. Now 
for ductile tearing the position of the assessment point (Sr', Kr') relative to the 
failure assessment curve determines how close the structure is to the initia- 
tion of ductile tearing, as shown in Fig. 8 by the point LI'. Now, since both 
S/, K/  are directly proportional to applied load (L), the load can be in- 
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FIG. 8--Failure assessment diagram in terms of stable crack growth. 

creased and the point LI' moves radially from the origin of the diagram to the 
point Li, which is the initiation point of ductile tearing. After initiation of 
ductile tearing, the locus of (S/, If/) points will follow the failure assessment 
curve between the initiation load (Li) and the maximum load point (Lm), and 
thus define the region between stable and unstable crack growth as shown in 
Fig. 8. Note that the R-6 FAD is used in Fig. 8 for illustrative purposes only. 
For displacement-controlled structures, the path follows the failure assess- 
ment line. For load-controlled structures, the path will go outside the assess- 
ment curve after the maximum load point (L m) has been reached, indicating 
that the structure has be'come unstable. 

In order to calculate the locus of points which follow the failure assessment 
line, K / a n d  S/must  be defined as follows 

a n d  

Kr(a + Aa) = a/JiE(a + Aa)/JR(Aa) 

S r' (a + Aa) = a/al (a + Aa) 

(9) 

(10) 

where now JIE, JR, and al are functions of the amount of slow stable crack 
growth. JR is the experimentally measured J-resistance curve plotted as a 
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11-220 ELASTIC-PLASTIC FRACTURE 

function of slow stable crack growth, Aa. JIE is calculated as before from the 
elastic stress-intensity factor for the current crack length, a + Aa. 

The condition that the assessment points must follow the FAC can alter- 
natively be expressed as 

Js(Aa) = J(a, P) (11) 

where a = a0 + Aa is the current crack length and P is the remotely applied 
load. Jn(Aa) is the crack growth material resistance and J(a, P) is analogous 
to the crack driving force but expressed in terms of the J-integral. 

The first test program which will be discussed is due to the work of General 
Electric (GE) sponsored under the EPRI contract RP601-2 [18] which in- 
eluded tests on compact specimens (CS), double-edge-cracked plates (DECP), 
and single-edge-cracked plates (SECP) of A533B steel. Figure 9 illustrates 
the derived FAD curves for plane-strain compact specimens of a/w : 0.625 
and 0.750 (see Appendix for equations of these curves) along with the (S~', 
K/)  points calculated from the actual test data of the GE/EPRI A533B 4T 
compact specimens [18]. The test results were given in terms of (,In, Aa, P) 
data sets. The coordinate points (St', K/)  were determined from Eqs 9 and 10 
where the applied stress a is the experimentally measured value and o 1 is the 
plastic collapse stress for a crack of length a + Aa. Note that both the assess- 
ment curve and the GE data points have been calculated in terms of the 
material yield strength instead of a flow stress, which is usually used instead 
in the application of the CEGB R-6 approach. The limit load expression used 
here for the definition of S~ is based upon the expression developed by Rice 
[19]; therefore, the "hi(a/w, n)" functions obtained from Ref 2 must be 
modified accordingly in order that the comparisons be consistent. This is 
discussed in detail in the Appendix. It can be seen that the compact failure 
assessment curves form a lower bound to the actual test data. This is consis- 
tent with the findings given in Ref 20. 

The DECP and SECP specimens tested by General Electric under the 
EPRI program RP601-2 [18] were assessed using the FAD approach. That 
test program provided complete test results in terms of load and J-resistance 
curves, and, therefore, plots of actual data points in terms of (S/, Kr') points 
were possible. These data points were then compared directly with the de- 
rived FAC's (see Appendix). Figure 10 compares the test results of three 
DECP specimens (Nos. 11, 14, and 18) with the FAC for a DECP with a/b : 
0.80. Both plane-stress and plane-strain FAC's were developed. On closer ex- 
amination, however, it appeared that the test data were more representative 
of plane-stress behavior. Additional comparisons not shown indicated that 
data points for Specimens 13, 15, 16, and 17 fall slightly above the plane- 
stress-derived FAC. This could indicate that the test data behavior may be 
more typical of mixed-mode or even plane-strain conditions. These data 
comparisons seem to indicate that the DECP configurations tested by 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



Kr
 

1.
0 

0.
8 

0.
6 

--
 

0.
4 

- 

0.
2 

I 0.
2 

=
"

"
~

O
/

-
a

/
w

 
= 

.7
50

 
~'

Y~
" 

~ 
O 

S
TR

A
IN

 H
A

R
D

E
N

IN
G

 
~

"~
a

/w
 

= 
.6

25
 

FA
IL

U
R

E
 

AS
SE

SS
M

EN
T 

"~
I:

~
A

 
C

U
R

VE
S 

B
A

S
E

D
 O

N
 

X
c'

~
r~

 
D

E
F

O
R

M
A

T
IO

N
 P
LA

S
TI

C
IT

Y
 

'~
 

~Z
~ 

~ 
FO

R
 C

O
M

PA
C

T 
SP

EC
IM

EN
S 

ra
 %

.~
/~

 
(P

LA
N

E
 S

TR
A

IN
) 

A
53

8B
 S

TE
EL

 
E

]~
.~

 
a/

VV
 

~
.

.
 

_ 
0 

T5
2 

.5
8 

I
\

~
^

 
~ 

�9
 

0 
T6

1 
.8

0 
I 

O
~'

l~
O

0~
Z~

 
El

 T
32

 
.6

2 
"%

Li
%

~!
 

Z~
Z~

^ 
.2

 
. 

J
t

 
\~

o
 

" 
�9

 T
21

 
.6

6 
R

--
6 

~M
~F

N
T 

~ 
~

.
 

FA
IL

U
R

E
 A

SS
ES

SM
EN

T 
~ 

C
U

R
VE

 
I I 

I 
I 

I 
I 

]l
 

[ 
] 

I 
I 

04
 

0.
6 

0.
8 

1.
0 

1.
2 

14
 

1,
6 

1,
8 

20
 

Sr
 

F
IG

. 
9

--
F

a
il

u
re

 a
ss

es
sm

en
t 

o
f 

E
P

R
I/

G
E

 
A

5
3

3
B

 4
T

 c
o

m
p

a
ct

 s
pe

ci
m

en
s.

 

W
 

t-
 

O
 

0 0 Z
 

"1
1 

i-
 

rn
 

<
 

r-
 

c .-.
t 

z P
O

 

C
op

yr
ig

ht
 b

y 
A

ST
M

 In
t'l

 (a
ll 

rig
ht

s 
re

se
rv

ed
); 

W
ed

 D
ec

 2
3 

18
:0

2:
42

 E
ST

 2
01

5
D

ow
nl

oa
de

d/
pr

in
te

d 
by

U
ni

ve
rs

ity
 o

f W
as

hi
ng

to
n 

(U
ni

ve
rs

ity
 o

f W
as

hi
ng

to
n)

 p
ur

su
an

t t
o 

L
ic

en
se

 A
gr

ee
m

en
t. 

N
o 

fu
rth

er
 re

pr
od

uc
tio

ns
 a

ut
ho

riz
ed

.



P
O

 

1.
0 .6

 

K
 r 

.2
 

0 x A 

S
T

R
A

IN
 

H
A

R
D

E
N

IN
G

 
F

A
IL

U
R

E
 

A
S

S
E

S
S

M
E

N
T

 
O

F
 

E
P

R
I/

G
E

 
A

5
3

3
B

 
D

E
C

P
 

S
P

E
C

IM
E

N
S

 
a 

= 
1.

11
5,

 
n 

= 
9.

70
8,

 
IJ

 o 
= 

60
 

K
S

I 
(P

LA
N

E
 

S
T

R
E

S
S

) 

~ 
/b

 
= 

0.
80

 

I 
M

P
a 

~ 
.1

45
 

K
S

I 
~

.
 

T
E

S
T

 
NO

. 
ao

Jb
 

11
 

0.
80

5 
14

 
0.

78
2 

18
 

0.
80

7 
I 

P
LA

N
E

 
S

T
R

E
S

S
 

I 
I 

I 
I 

I 
I 

�9
 2 

.4
 

.6
 

.8
 

1.
0 

1.
2 

S
 r 

F
IG

. 
lO

--
F

ai
lu

re
 a

ss
es

sm
en

t 
of

 G
E

/E
P

R
I 

A
53

3B
 d

ou
bl

e-
ed

ge
-c

ra
ck

ed
 

pl
at

es
 i

n 
pl

an
e 

st
re

ss
, 

a
/b

 
--

--
 0

.8
0.

 

X,
A 

I 
l 

I 
I 

1,
4 

1.
6 

1.
8 

2.
0 

fl
l 

r-
 

~>
 

G
o 

-o
 

r-
 

~>
 

G
o 

"1
3 

3O
 

~>
 

C
) 

C
 3O

 
r1

3 

C
op

yr
ig

ht
 b

y 
A

ST
M

 In
t'l

 (a
ll 

rig
ht

s r
es

er
ve

d)
; W

ed
 D

ec
 2

3 
18

:0
2:

42
 E

ST
 2

01
5

D
ow

nl
oa

de
d/

pr
in

te
d 

by
U

ni
ve

rs
ity

 o
f W

as
hi

ng
to

n 
(U

ni
ve

rs
ity

 o
f W

as
hi

ng
to

n)
 p

ur
su

an
t t

o 
Li

ce
ns

e 
A

gr
ee

m
en

t. 
N

o 
fu

rth
er

 re
pr

od
uc

tio
ns

 a
ut

ho
riz

ed
.



BLOOM ON FLAW EVALUATION 11-223 

General Electric were not constrained enough to produce a pure plane-strain 
test condition. Figure 11 shows similar comparisons of data for SEN 
specimens. The single-edge-notched specimens were loaded in such a way as 
to simulate the displacement and load conditions of a CCP specimen. 
Therefore, these SEN specimens were analyzed as CCP specimens. The FAC 
shown in Fig. 11 was derived from the plane-stress deformation plasticity 
solution for a/b = 0.75 from Ref 2. The agreement with the derived FAC for 
Test Nos. 3-8 were excellent, while Test No. 9's results (not shown) tended to 
fall slightly below the derived FAC. Test No. 9 had an initial a/b ratio of 
0.5875, while the rest of the tests had a/b ratios greater than 0.67. 

The task group on Application of Fracture Analysis Methods (ASTM 
E24.06.02) conducted a predictive round ~o~bin to experimentally verify 
whether the fracture analysis methods currently being used can or cannot 
predict failure (maximum load or instability load) of complex structural 
components containing cracks from compact fracture test specimens of the 
same thickness of material. The experimental test program was conducted by 
the National Aeronautics and Space Administration (NASA-Langley) and 
the Westinghouse Research Laboratory. The comparisons of data with the 
derived FAD's were limited to two compact specimens [12.7 turn (1/2 in.) 
thick of 203 mm (8 in.) and 102 mm (4 in.) in width] of 2024-T351 aluminum 
and 304 stainless steel compacts of the same dimensions. The specimen data 
in terms of (S/, Kr') coordinates were limited to these four specimens since 
these were the only specimens tested where complete resistance curves were 
given. Figure 12 shows a comparison of the two 2024-T351 compact alumi- 
num specimens with the derived deformation plasticity FAD for compact 
a/w = 0.S0 specimens with Ramberg-Osgood properties of a = 0.2511, n ---- 
8.53, and aiaow ---- 276 MPa (40 ksi). Note the excellent agreement of the data 
with the derived FAD. The drop-off of data points is due to the formation of 
large shear lips, and thus possibly a breakdown of J-controlled crack growth. 
Figure 13 also illustrates the excellent agreement of the 304 stainless steel 
compact specimen test data in terms of (St, Kr) coordinates with the derived 
deformation plasticity FAC. Here it is seen that the R-6 FAC is definitely 
nonconservative. The 304 stainless steel material has considerable strain- 
hardening properties which cannot be accounted for.using the R-6 based 
Dugdale model. 

In cases where only a compact specimen J-resistance curve was available, 
the FAD approach was used in conjunction with the derived FAC for the 
specimen and material of interest to predict the maximum load either in 
another similar compact specimen or in another type specimen of the same 
material. 

The J-resistance curves found experimentally from the compact specimens 
of 2024-37351 aluminum from the ASTM round robin were used to predict 
the maximum failure load of four 12.7-ram-thick (V2 in.) center-cracked 
panels using the deformation plasticity derived FAC generated for a center- 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
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cracked panel of a / w  = 0.40 and a = 0.2511, n = 8.53. The results are 
given in Table 1 with the overall standard error for all four specimens of 1.9 
percent. 

In addition to the 304 stainless steel compact specimen data analyzed and 
shown in terms of (S~', K / )  coordinates in Fig. 13, twenty-five additional 304 
stainless steel compact specimens tested under the ASTM round robin were 
also analyzed in terms of their maximum loads. These additional compacts 
were predicted to within a standard error of 5.2 percent. The J-resistance 
curves used to determine these maximum loads were taken from tests of two 
different-sized compact specimens, one 102 m m  (4 in.) wide and the other 203 
mm (8 in.) wide. Lastly, four Type 304 stainless steel center-cracked plates 
(CCP) were analyzed using the J-resistance curve taken from the experimental 
results of SC21 [the 203-ram (8 in.) width compact  specimen] of the same 
thickness [t ----- 12.7 m m  (0.5 in.)] as that  of the CCP's. Table 2 gives the 
results of these predictions. The overall standard error for all four CCP's was 
5.6 percent, which is comparable to that  found from the compact specimen 
results. 

Six large-scale test specimens tested under the German large component 
test program by MPA-Stuttgart [21] were evaluated using the deformation 
plasticity failure assessment approach. The J-resistance curve determined 
from a non-face-grooved 50-mm-thick (2 in.) (CTS0) compact specimen was 
used to predict the maximum load for a 200-mm-thick ( - 8  in.) compact 
specimen (CT200), two DECP, and two SECP specimens. FAD's were de- 
veloped for the CS, DECP, SECP, and CCP configurations, and, in conjunc- 
tion with the J-resistance curve of the CTS0 specimen, were used to predict 
the maximum loads of the specimens. The results of the predictions are sum- 
marized in Table 3. 

The SECP specimens were initially evaluated as SECP configurations, but 
after discussions with Dr. Issler of MPA it was determined that in fact these 
specimens were loaded in such a way as to simulate the boundary conditions 
of a CCP specimen. All the predictions appear to validate the use of a corn- 

TABLE 1--Prediction of Pmaxfor the A S T M  E24.06. 02 round-robin 2024- T351 aluminum 
center-cracked tension specimens. 

Pmax, Maximum Failure Load, kips 

Specimen No. B, in. W, in. a 0, in. Experimental Predicted 

AH91 0.495 5 1.030 67.9 68.8 
AH92 0.495 5 0.992 70.0 71.4 
AH3 0.495 10 2.016 130.7 133.7 
AH6 0.495 10 2.050 129.0 131.4 

standard error = 1.9% 

1 kip --- 4.448 kN. 
1 in. = 25.4 mm. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
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TABLE 2--Prediction of Pmaxfor the ASTM E24. 06. 02 round-robin stainless steel 304 
center-cracked tension specimens. 

Pmax, Maximum Failure Load, kips 

Specimen No. B, in. W, in. a 0, in. Experimental Predicted 

SH91 0.536 5 1.029 103.0 107.1 
SH92 0.536 5 1.031 105.5 107.1 
SH6 0.530 10 1.971 198.4 210.2 
SH10 0.536 10 2.000 197.5 210.2 

standard error = 5.6% 

l kip = 4.448 kN. 
1 in. = 25.4 ram. 

TABLE 3--Prediction of Pmax for the German large-component test specimens 
tested at MPA-Stuttgart. 

Predicted Experimental 
Maximum Maximum 

Specimen Load, Load, Percent 
Type Designation MN MN Difference 

CS CT50 0.232 0.224 3.6 
CS CT200 3.13 3.1 1.0 
DECP KS 01 AA 20.2 17.9 12.8 
DECP KS 01 AW 64 1.01 0.90 12.0 
SECP KS 01 HC 42.9 48.8 -- 12.1 
SECP KS 01 GC 46.4 53.8 -- 13.7 
SECP(CCP) KS 01 HC 49.6 48.8 1.6 
SECP(CCP) KS 01 GC 51.1 53.8 --5.0 

1 kip -- 4.448 kN. 

pac t  spec imen-genera ted  J-resistance curve for the predict ion of other- type 
specimen behaviors.  The  overpredict ion of max imum load for the  D E C P  
configurat ions appears  to be due to the  use of a non-face-grooved compact  
specimen (which had  some result ing shear lips producing  a greater  
J-resistance) for  the  predic t ion of a highly constra ined plane-s t ra in  D E C P  
specimen (which had  no shear  lips). If  the  compact  specimen (CT50) had  
face grooves, the  resistance curve would be  much lower and  the result ing pre- 
diction of the  D E C P ' s  m a x i m u m  load would have been  much  lower. 

In  order  to evaluate the  sensitivity of both  the  R-6 FAC and the  deforma- 
tion plasticity FAC,  two addi t ional  materials  were investigated. Two high- 
s t rength HY 130 side-grooved 2.5.4-ram-thick (1 in.) (1T) s t andard  A S T M  
E 3994 compac t  specimens were tested at  the  Babcock & Wilcox All iance 
Research Center  (ARC) [22] and  evaluated in terms of the  failure assessment 

4ASTM Test for Plane-Strain Fracture Toughness of Metallic Materials. 
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diagram. The specimens were tested using the single-specimen J-integral un- 
loading compliance procedure. The test results in terms of J and load P ver- 
sus stable crack growth, Aa, were used to determine (St', K/) points as shown 
in Fig. 14. The assessment points (S/, K/) were compared with the CEGB 
R-6 curve based on the average of the yield and ultimate strengths, and with 
the estimation scheme for Ramberg-Osgood stress-strain properties of a ---- 
1.651 and n ---- 33.72 based upon a power-law fit of the yield and ultimate 
strength of the HY 130 material. On inspection of Fig. 14, it can be seen that 
the data can easily fit either the more exact deformation plasticity FAC or the 
R-6 FAC. This is in agreement with earlier observations made in Ref 22 that 
the CEGB R-6 FAD is a good representation for materials with little or no 
strain hardening. 

A modified ferritic steel obtained from MPA-Stuttgart, 22Ni-Mo-Cr37, 
similar to SA 508 Class 2, was tested using the single-specimen J-integral un- 
loading compliance procedure at the Babcock & Wilcox ARC [7]. Three 2T 
compact specimens of this material were tested and a JR-CUrve was deter- 
mined. The equivalent (St', Kr') points were calculated and plotted on the 
corresponding deformation plasticity FAD. Figure 15, representing the KS 37 
specimen only, is typical of the results of all the compact specimens. In all 
three specimens after the maximum load point (for KS 37 this point is repre- 
sented by No. 9 in Fig. 15), the (S/, Kr') points drop below the FAC. Subse- 
quent examinations after the test when the specimens were broken open 
showed that the crack surfaces were irregular and that there were many un- 
torn ligaments, out-of-plane crack growth, and nonuniform crack growth. 
Physically the material had many laminations, and the crack was trying to 
propagate perpendicular to these laminations. The unloading compliance 
method gave crack growth measurements which were in error by as much as 
100 percent. The (S/, K~') points which fell below the failure assessment curve 
were recalculated by changing the amount of slow stable crack growth in the 
calculations such that these resultant recalculated points fell on the FAC. 
The resulting "equilibrium Aa's" were found to be consistent with the physi- 
cally measured crack growth made after the specimens were broken open. 

A similar type of behavior was shown by the ASTM E24.06.02 round-robin 
2024-T351 aluminum compact specimen AC 22 (see Fig. 12). In that case the 
AC 22 specimen developed large shear lips at about the same point where the 
(S/, K,.') points dropped below the FAC for the compact specimen. 

In both these cases the place where the points deviate from the FAC is 
where the J-controlled crack growth became invalid. Note it was only after 
the specimens were broken open that physical evidence was obtained. This 
strongly suggested that the FAD might be useful in detecting a loss of 
J-controlled crack growth due either to irregular crack growth or a break- 
down of the crack growth measurement. 

The expression for the failure assessment curve for a three-point-bend 
specimen was based upon the deformation plasticity solution in Ref 2 and the 
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linear elastic solution from Ref 16. Test data [23] from the Naval Research 
Laboratories of three-point-bend HY-80 steel specimens were evaluated in 
terms of St, Kr and plotted as shown in Fig. 16. The agreement between the 
experimental data and the derived failure assessment curve is excellent. 

Conclusions 

Compact, center-cracked plate, double-edge-cracked plate, and single- 
edge-cracked plates were among the fracture configurations which were eval- 
uated using the ADINA incremental plasticity computer program. Material 
properties simulating both ferritic and austenitic materials were used. In all 
cases the comparisons between the finite-element results and the derived 
deformation plasticity FAC's were excellent. 

Results of actual experimental test data in terms of (St', Kr') coordinates 
compared favorably with the derived deformation plasticity FAC's. Results of 
the predictions of maximum load of noncompact configurations using JR resis- 
tance curves developed from compact specimens were usually within 6 percent 
of the actual experimental test results, with the exception of a few tests where 
the greater deviation from experimental results could be reasonably explained. 

Based on the assessment results presented in this paper of several different 
materials: 

AS33B steel, 
304 stainless steel, 
22Ni-Mo-Cr37 modified and unmodified steel, 
2024-T351 aluminum, and 
HY130 and HY80 high-strength steels, 

several different specimen configurations: 

compact, 
double-edge-notched, 
single-edge-notched, 
center-cracked, and 
precracked bend, 

the deformation plasticity failure assessment approach and the elastic-plastic 
J-integral/J-resistance curve approach appear to provide an excellent predic- 
tive method for determining specimen load behavior. 

Acknowledgments 

The author wishes to acknowledge the support of this work by the Electric 
Power Research Institute, Palo Alto, Calif. under Contract RP 1237-2. The 
author also wishes to acknowledge both Drs. S. Malik and M. Schroedl (now 
with the Naval Research Laboratories) of the Babcock & Wilcox Research and 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



11-234 ELASTIC-PLASTIC FRACTURE 

Development  Division for  thei r  work on the development  and running  of the  
f ini te-element  va l ida t ions  using the comPuter  p r o g r a m  A D I N A  as well as R. 
Futa to  of the  Babcock  & Wilcox Research  and  Deve lopment  Division for  his 
cooperat ion in supplying the Research  and  Deve lopment  Divis ion 's  c ompa c t  
specimen test  da ta .  Add i t iona l  t hanks  is also offered for the  encou ragemen t  
and  helpful  d iscuss ions  f rom bo th  Drs .  P. Sensmeie r  of the  Ba bc oc k  & 
Wilcox Research and  Deve lopment  Division and K. Yoon of the  Babcock  & 
Wilcox Nuclear  Power Gene ra t i on  Division.  Lastly,  t h a n k s  is ex tended  to Dr .  
D. Norris  of EPRI  without  whose suppor t  this  work would ngt  have been 
possible.  

APPENDIX 

Deformation Plasticity-Derived FAC Expressions 

The author has taken the deformation plasticity solutions results from Ref 2 along 
with General Electric's proposed estimation scheme [13] and derived failure assess- 
ment expressions for the following specimens 

Center-Cracked Plate (Plane Strain and Plane Stress) 

J/Jelastic = 1/Kr 2 = ae/a sec(Tr/2ae/a a/b ) + oth 1 Sr n-1 
F12 7r(1 --fv2)F12A2(1 -- a/b) (12) 

where 

Sr 2 
I n - -  F12A 2 (1 -- a/b) z (13) 

1) 
ae/a : 1 + 1/3 + 1) 1 "~- Sr 2 

and 3 = 6 for plane strain and/3 = 2 for plane stress; A 2 = % for plane strain and 
A 2 = 1 for plane stress; f : 1 for plane strain and f : 0 for plane stress, and F12 = 
sec (7r/2 a/b), where 

4c~176 o ~  7ra 
Plimit* -- x/3 (plane strain) and K I = 7ra sec 2b 

or (14) 

Plimit : coo (plane stress) 

*where c is defined as the remaining ligament in all the expressions to follow or c = b -- a. 

Double Edge-Cracked Plate (Plane Strain) 

1 (1--3/sa--a-~--ea/b) 2 

J/Jelastic = Kr 2 = ( 1 -  ae/a a/b) 
( 1 - -a /b )  

(1 -- 3/8 a/b) 2 
ae/a 

4c~ h I Sr n-1 
(15) 

+ 
7r(5.94) 2 (1 - v 2) (1 - 3/8 a/b) 2 a/b 
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where 

and 

ae/a = 1 + 
(5.94) 2 n -- 1 

24 n + 1 
- -  (1 -- 3/sa/b)2 (1 -- a/b)  - -  

Sr 2 

1 + Sr 2 

Plimit = 5 .94ao(b-  a) 

K 1 = a ~  (1 .01--0 .375a/b)  
, , / 1  - -  a/b  

a /b  ~ 0.50 

Compact Specimen (Plane Strain) 

1 (2 + a/w ae/a) 2 (1 - a/w)  3 

J/Jelastic - Kr  2 - (1 -- a /w  ae/a) 3 (2 + a/w)  2 

~h{ (a/w, n)S: -1 
+ 

(1 -- v2)F12A2a/w(1 -- a/w) 

where 

ae/a = 1 + 
1 n -- 1 Sr 2 

6~r n + 1 FI(a)2A2(1 --a/w)21 + Sr 2 

where 

and 

Fl(a) 
2(2 + a/w)  1 

(1 -- a/w)  a/2 axf~w 
- -  • (0.663) 

2 [ 0 . 3 +  0',/-0~.9+0.4t'] 
A = ~  r 

l + a /w ]2 
~ '=1+1 .1025  1 a/w 

Plimit = A~ (based on Rice's limit load) 

K I = owr~aFl(a), a /b  >__ 0.60 

Single-Edged-Notched Plate (Plane Strain) 

1 [ 0 . 8 7 8 + 0 . 2 4 4 a e / a a / b 1 2 [  1 - - a / b  .]3 ae 
J/Jelastic -- Kr  2 -- 0.878 + 0.244 a/b  1 - ae/a a /b  J a 

a(1 - a/b)2hlSr n-1 + 
r(0.878 + 0.244 a/b)2(1 - v2)A 2 

where 
I [  ( (  1 ) 2 ]  I/2 __ ( 1 ) l  

A = 1.455 1 + b/a  "--- b /a  - 1 

(16) 

(17) 

(18) 

(19) 

(20) 

(21) 

(22) 

(23) 

(24) 

(25) 
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11-236 ELASTIC-PLASTIC FRACTURE 

where 

and 

1 (n -- 1) (0.878 + 0.244 a/b) 2 A2S 2 
ae/a = 1 + (26) 

6 (n + 1) (1 -- a/b)  (1 + Sr 2) 

Plirnlt = AoO c 

K I = o~/~a (0.878 + 0.244 a/b)  
(1 - a/b)  3/2 ' a/b >- 0.5 

Three-Point-Bend Specimen (Plane Strain) 

, [ , a l b  ] [059022alb~ 
J/Jelastic -- Kr 2 -- 1 -- ae/a a /b  0.59 -- 0.22 a/b a 

where 

+ 
a h l S #  -1  

97r(1 --  v2)a/b(0.59 -- 0.22 a /b  )2A 2 

(27) 

and 

(28) 

3 n -  1 Sr 2 
ae/a = 1 + - -  (1 - -  a/b)(0.59 -- 0.22a/b)2A 2 (29) 

2 n + l  l + S r  2 

A = 0.728 

Plimit =Acro c2/L 

K I : a ~ r a  (0.59 -- 0.22a/b)(1  -- a/b)  -3/2 

for (30) 

S / b  ----- 4 and a/b  >-0.60 

R a m b e r g - O s g o o d  Stress -Strain  R e p r e s e n t a t i o n  

All the foregoing deformation plasticity-derived FAD expressions are based on the 
representation of the material stress-strain curve by the Ramberg-Osgood equation 

e/eo = o/ao + a(o/oo) n (31) 

where a and n are defined in the preceding and o0 and e0 are chosen for convenience 
as the engineering yield strength and engineering yield strain, respectively, of the 
material. The constants ~ and n are determined by a least-squares best fit of the true 
plastic stress-true plastic strain plotted on log-log paper. The constants (~ '  and n ') 
which give the best fit to the equation 

logep = logc~' + n '  log ap (32) 

are used in the derivation of the deformation plasticity FAD's. 
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Determination of the Deformation Plasticity Comtants "h i "  

The constants "hi"  used in the derived deformation plasticity FAC expressions can 
be taken directly from Ref 2 noting that they are functions of the a/b ratio of the con- 
figuration, the strain-hardening exponent n, and the stress state, that is, plane strain 
or plane stress. However, it must further be noted that these h 1 values are dependent 
upon the reference limit load expression used in Ref 2. If for some reason a different 
reference limit load is used in a FAD analysis, a modified h 1 value must be used. As an 
example, the 4T compact AS33B GE/EPRI  specimens (see Fig. 9) were analyzed us- 
ing the limit load expression due to Rice [19]. The expression given in this Appendix is 
also based on the Rice expression. Therefore the h; (a/w, n) values used must be de- 
rived from the h 1 (a/w, n) values given in Ref 2, The h 1 values given in Ref 2 are based 
on a limit load of Merkle and Corten [24]. 

By equating the deformation plasticity J-integral solutions based on Rice and 
Merkle-Corten limit loads, the required h; (a/w, n) Rice limit load-based values are 
obtained as 

(PPdce~ n+l 
hl(a/w, n) = hl(a/w, n)\7//~M.C (33) 

where PRice is the limit load due to Rice and PM-C is the limit load due to Merkle and 
Corten. Note that the limit load constraint factor A is based on Rice's limit load and is 
consistent with the use of the hi' values in the foregoing. 

Note that for the DECP analyses, the h 1 values used were based upon an earlier ver- 
sion of the Plastic Handbook [17] where 

Plimit : 5.94a0(b -- a) (34) 

while the more recently released version [2] has different h 1 values corresponding to a 
different reference limit load. 
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ABSTRACT: The failure assessment diagram procedure for assessing the integrity of 
flawed structures evolved from the "two criteria" approach due to Dowling and Townley. 
The present form of the diagram, also referred to as the R-6 diagram, is due to Harrison, 
Loosemore, and Miine. Chetl and MiMe generalized the approach to account for thermal 
and residual stress and for crack growth problems, respectively. The failure assessment 
curve is obtained by using the Dugdale solution to interpolate between brittle fracture 
governed by Klc and plastic collapse governed by the limit load Po. This leads to a single 
failure curve in the R-6 approach. However, it should be noted that the Dugdale solution 
is intended for a finite crack in a thin infinffe sheet subjected to remote tension and also 
assumes that the material is elastic-perfectly plastic. 

Failure assessment diagrams can be determined directly using the estimation method 
and the J-controlled crack growth approach. The essential elements for constructing the 
diagrams are the elastic crack solutions (available in several elastic crack handbooks) and 
the fully plastic crack solutions for the specific crack configurations. It will be shown that 
the failure assessment equation can be obtained by rearranging the crack growth equilib- 
rium equation associated with the JR-CUrve approach. The more precise derivations show 
that the shape and position of the failure assessment curve depend on crack configura- 
tion, the relative size of the crack, type of loading, and material deformation properties. 
Explicit equations for failure curves are derived for elastic-strain hardening material and 
for elastic-strain hardening material with saturation stress. 

Failure curves are constructed for several fracture test specimens and for axially and 
circunfferentially flawed cylinders. The curves are generated for a practical range of 
deformation properties and crack length-to-width ratios. The usage of these curves is il- 
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lustrated with several problems. Load-deformation and crack growth behavior of flawed 
structures can be determined (albeit indirectly!) from the failure curves for the specific 
structures being evaluated. 

KEY WORDS: elastic-plastic fracture, failure assessment diagram, crack growth, 
J-integral, thermal stress, residual stress, JR-Curve 

The failure assessment diagram procedure for assessing the integrity of 
flawed structures evolved from the "two criteria" approach due to Dowling 
and Townley [1].3 The present form of the diagram, also referred to as the 
R-6 diagram, is due to Harrison, Loosemore, and Milne [2]. Chell [3] and 
Milne [4] generalized the approach to account for thermal and residual stress 
and for crack growth problems, respectively. The failure assessment curve is 
obtained by using the Dugdale solution to interpolate between brittle frac- 
ture governed by KIt and plastic collapse governed by the limit load Po. This 
leads to a single failure curve in the R-6 approach. However, it should be 
noted that the Dugdale solution in intended for a finite crack in an infinite 
sheet subjected to remote tension. The solution also assumes that the 
material is elastic-perfectly plastic and that the plane-stress condition is ap- 
plicable. The general validity of the R-6 diagram is discussed in this paper. 

Crack growth stability based on J-controlled crack growth has been treated 
by Paris et al [5] and Hutchinson and Paris [6]. Along these lines Bloom [7] 
and Shih, German, and Kumar [8] determined the failure assessment curve 
for a number of crack configurations. The studies reported in Ref 8 revealed 
that there is no unique failure line, but that the shape and position of the 
failure line depends on the geometry of the cracked body, the type of loading, 
and material deformation properties. In this paper the failure assessment 
curves are derived from the crack growth equilibrium equation (under 
J-controlled growth conditions) for two material models. Several applications 
with these curves are also discussed. 

Derivation of Failure Curves for J-Controlled Crack Growth 

Failure curves can be constructed from elastic-plastic solutions for the par- 
ticular crack configuration and taking into account the strain hardening 
property of the material. An essential component for the analyses is the so- 
called fully plastic solutions; a catalog of fully plastic solutions for a number of 
crack configurations is available in Ref 9. The methodology for constructing 
elastic-plastic solutions from basic solutions is discussed in Refs 8-12. The 
methodology exploits the functional forms of the fully plastic solutions and 
the linear elastic solutions to construct simple formulas for the J-integral, 
crack opening displacement 6, and remote displacement (due to crack) Ac 
which are accurate for the complete range of elastic-plastic deformation. 

3The italic numbers in brackets refer to the list of references appended to this paper. 
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The crack driving force J, which depends on the applied load P and crack 
length a, is the sum of the elastic (based on an adjusted crack length) and 
fully plastic contribution. From the estimation method [8-12] 

J=J~(ae,  P ) + J P ( a , n , P ) = J ( a e ) [ P / P o ] 2 + j ( a , n ) [ P / P o ]  .+1 (1) 

where 

ae = adjusted crack length, 
n = material hardening exponent, and 

Po = reference load or limit load based on the yield stress ao for the par- 
ticular crack configuration under consideration. 

Under J-controlled crack growth conditions, equilibrium of crack growth 
requires the crack driving force to equal the resisting force, i.e., 

J(a, P) = JR(aa) (2) 

where JR is the material resistance which depends only on the amount of 
crack extension Aa. Using the estimation scheme (that is, Eq. 1) the equality 
may be rewritten as 

J(ae)[P/Po] 2 + J(a, n )[P/Po] "+1 = JR( Aa) (3) 

The latter equation can be rearranged to the desired form 

Je(a, P) Je(a, P) 
- -  - -  ( 4 )  

J(a~)[P/Po] 2 + J(a, n)[P/Po] n+l JR(Aa) 

where J~ is the elastic crack driving force and has the form 

J*(a, P)  = J(a)[P/Po] 2 (5) 

By definition J" is related to the elastic stress-intensity factor K by 

je = K2 /E  , (6) 

where E '  = E for plane-stress problems and E '  = E/(1  -- v 2) for plane- 
strain problems. 4 By virtue of Eq 6, J(a) can be determined directly from 
available solutions for K. A consequence of J-controlled growth is [6, 8] 

E'JR(Aa)  = KR2(Aa) (7) 

4E is Young's modulus and v is Poisson's ratio. 
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where the material KR-CUrve is obtained under small-scale yielding condi- 
tions. The equality (or identity) holds at the same amount of physical crack 
growth and is valid for either limiting plane-strain or plane-stress states, as 
long as J-controlled growth conditions are met. 

Now introduce the stress ratio Sr defined by the ratio of the applied load P 
to the reference load Pc, that is 

sr = P /Po  (8) 

Further introduce ratios of the elastic force to the resisting force defined by 

Kr : K ( a ,  P)/KR(Aa) 

Jr = Je( a, P)/Jn(Aa) 

(9) 

(10) 

It follows from Eqs 6 and 7 that 

Kr2(a, P, Aa) : Jr(a, P, Aa) (11) 

Substituting Eqs 8 through 11 into Eq 4 gives 

where 

and 

HeS2 .+ HnSrn+ 1 ~--- Jr = Kr 2 (12) 

H e =-J(fle)/.](a) (13) 

H,, = J(a, n)/J(a) (14) 

Equation 12 describes a curve in the space of Kr and Sr where the crack driv- 
ing force (under dead-load condition or load-controlled situation) is in 
equilibrium with the material resistance. It is clear that the shape and loca- 
tion of the equilibrium curve depends on the crack configuration and 
material properties, including the hardening exponent, since He and Hn de- 
pend on these quantities. 

The curve described by Eq 12 defines the equilibrium crack growth states 
in terms of the applied load P and the crack length a for a given amount of 
crack extension. For example, if we choose to define crack initiation as 
failure (that is, setting Aa = 0 in the preceding considerations), then Kn = 
KIc and JR ----- Jic, and the elastic driving force, given by Eqs 9 and 10, is nor- 
malized by the respective crack initiation resistance values. In this case Eq 12 
defines the equilibrium states for crack initiation in terms of P and a. By 
considering several values of ~m, Eq 12 specifies the family of equilibrium 
states for a given crack configuration undergoing crack extension. 
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In the place of the elastic-plastic driving force (Eq 1), the Dugdale solution 
for J, namely 

J(a, o ~ )  8 [ 7r a ~ 
= - -  % e~ a g n r  see(-2- "~o ) ]  (15) 

may be used as the crack driving force in Eq 2. For this model the equilib- 
rium curve (Eq 12) reduces to the failure line of Harrison, Loosemore, and 
Miine [2] for crack initiation and Milne [4] for crack growth, namely 

Sr 2 

8 gn [sec(--~- Sr)] 
71-2 

= J r = K r  2 (16) 

J2 
J1 

8 

(a) 
Crack Driving Force 

P 

(b) 
Equilibrium Curves 
at Vadous Levels 
of J 

K, 

V 'J ,  

Single Failure Curve 
where 

s, - P/Po 

s, 

F I G .  1--Construction of failure assessment diagram from J-integral crack driving force. 
Generalized coordinates K r and S r collapse crack growth curves into single failure curve. 
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In Refs 1-4, the Dugdale solution is assumed to be the appropriate crack 
driving force for all crack configurations and for strain-hardening materials 
as well. This gives rise to a single failure line in the space of Kr and S ,  as 
described by Eq 16. The more appropriate failure curves deseribed by Eq 12 
do not lead to a unique failure line. However, the failure curves for some con- 
figurations and for certain range of crack length-to-width ratio based on Eq 12 
may be quite similar. 

A failure curve may also be derived from an R-curve analysis based on 6, 
measured at the original crack tip. For this ease, H e and H~ will be given in 
terms of the appropriate dimensionless quantities g(a) and 6(a, n). 

Equation 12 is a restatement of the equilibrium condition for crack growth 
(Eq 2) in terms of the stress ratio Sr and elastic force Kr or Jr. A graphical in- 
terpretation of the developments thus far is appropriate. For a given crack 
configuration, Fig. la  shows J as a function of crack length a with applied 
load P held fixed. Let J1 denote the value of J at crack initiation. It is possible 
to identify the values (al, P1), (a2, P2) and (a3, P3) that will cause the crack to 
initiate as indicated in Fig. la.  This information can be replotted in another 
diagram with a and P as the coordinates. Now the points (at, P1), (a2, P2), (a3, 
P3) can be connected to form a curve in the space of a and P. The value of J 
associated with this curve isJj; that  is, the curve is a contour f o r J  = J1- Since 
J1 is also the value of J at crack initiation, the following interpretation may be 
made. Any combination of crack length and applied load which falls on the 
curve will cause crack initiation in the crack configuration under consider- 
ation. The process may be repeated for larger values of J, for example, J2, J3 
etc. to correspond to different amounts of crack growth. The family of equi- 
librium curves tagged as J1, J2, J3, etc. (corresponding to different amounts of 
crack growth) are shown in Fig. lb.  By appropriately normalizing the ordi- 
nate and abscissa of the diagram through the parameters Kr and St, the fam- 
ily of curves in Fig. lb collapses into a single crack growth curve as indicated 
in Fig. lc. In other words, certain information obtainable from the JR-Curve 
analyses could be compressed into a single curve via the generalized coordi- 
nates K r and St. The latter curve is unique only to the particular crack config- 
uration and material deformation property employed. 

Failure Curve for Straln-Hardening Material wlth Saturation Stress 

The failure diagram can be generalized to include materials which strain- 
harden and eventually reach a saturation stress ~.  Consider a uniaxial stress- 
strain law of the form 

e/Co = a/Oo + a(~/ao)" + 3(~r/~r,) m (17) 

where oz and 3 are material constants and m / n  >> 1. There are primarily 
three regimes of deformation. For applied stress a less than Oo, the strain is 
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essentially elastic. In the range between % and as, the primary contribution 
to the strain comes from the strain-hardening term, that is, the second term 
on the fight-hand side of Eq 17. For a greater than a s, the strain is 
dominated by the last term in Eq 17; in fact, the material behaves like a 
perfectly plastic material in the latter regime. This material behavior is 
depicted in Fig. 2. Thus Eq 17 describes an elastic strain-hardening material 
with a saturation stress. Let/z be defined by 

o~ 
-- (18) 

Oro 

and let the limit load and stress ratio be defined in terms of as, that is 

Ps = A c as (19) 

0 O0 . . . .  ~ ~  

l r / [  O I O/O O "l" ~(O/OO )n 

ELASTIC 

s 

0 8 . . . . . . . . .  

o _ ~ -  SATURATION 

O0 - -  B 

] ~ - ~ / ~ o  = o;% + ~(O/Ooln +/31o/%1 m 

V ELASTIC 
s 

F I G .  2--Elastic-strain-hardening material and elastic-strab~ hardening with saturation stress 
material. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



11-246 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

P 
S~ -- (20) 

P, 

where A is the constraint factor and c the uncracked ligament. Using the 
estimation method, the failure line for a material obeying Eq 17 is [8] 

He(iA, Sr)2 ~t_ Hn(iJ.Sr)n+l _~_ HmSrm+l = Jr ~- Kr  2 (21) 

where 

H,. = ](a. m)#(a)  (22) 

and He and H,  are as given by Eqs 13 and 14, respectively. 
There is some support for the saturation stress model. The true-stress/ 

true-strain data for 304 stainless steel [13] when corrected for necking using 
Bridgman correction indeed suggests a saturation stress. Norris [14] reana- 
lyzed the foregoing data using a more accurate iterative method discussed in 
Ref 15. The resulting curve, which supports a saturation stress concept, is 
shown in Fig. 3. 

Failure Curves for Several Crack Configurations 

Strain-Hardening Model 

The basic input to the construction of the failure assessment diagram is the 
linear elastic and the fully plastic crack solutions for the relevant crack con- 
figuration. The fully plastic solutions are given in Refs 9-12 while a good 
source of elastic solutions is Ref 16. 

The failure line for a strain-hardening material of the Ramberg-Osgood 
type is given by Eq 12. As discussed previously, the shape and position of the 
failure line in the space of Kr and Sr are dependent upon crack configuration 
and deformation properties. To illustrate the point, we examine the failure 
line for the plane-stress and plane-strain center-cracked panel (CCP). The 
plane-stress failure curve for several hardening exponents is shown in Fig. 
4a. The failure curve for the elastic-perfectly plastic material (n = oo) and 
the Dugdale or R-6 curve are also indicated. The curves intersect the or- 
dinate at unity and approach the abscissa asymptotically for hardening 
materials. In the case of the elastic-perfectly plastic material and the R-6 
curve, they intersect the abscissa at unity. It is apparent that the failure 
curves are dependent on deformation properties. The corresponding plane- 
strain curves are shown in Fig. 4b. While the plane-stress and plane-strain 
curves are rather similar, the curves are strongly dependent on the hardening 
exponent. In many engineering applications, the limit load (or reference 
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F I G .  3--Stress-strain curve for Type 304 stainless steel (taken from Ref  14). 

load) is computed on the basis of the flow stress ay. Thus if S, is defined from 
the latter limit load, then the equilibrium curves for the strain-hardening 
materials will shift toward the R-6 and the elastic perfectly plastic curves. 
Consequently the failure curves would appear to be less strongly dependent 
o n  n .  

The dependence of the failure curves on the crack length-to-width (a/b) 
ratios is shown in Fig. 4c. The curves are only slightly dependent on relative 
crack lengths. This suggests that in the analyses of small amounts of crack 
growth where the failure assessment diagram is employed, a failure curve 
based on the original crack length should yield information within acceptable 
engineering accuracy. 

Failure curves for the compact specimen are shown in Fig. 5. In general 
the observations concerning the CCP are also applicable here. However, the 
plane-strain and plane-stress curves are more dissimilar. This is in part due 
to the rather different limit load and slipline field associated with the plane- 
strain and plane-stress configuration under bending. The greater degree of 
similarity between plane-strain and plane-stress failure curves for the CCP 
can be attributed to the similarity in the respective limit load and slipline 
field. A direct illustration of this point is given in Fig. 6. 

Failure curves are also generated for the single-edge-cracked panel (SECP) 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



ll-248 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

Kr 

~r 

1,0 

0.8 

0.6 

0.4 - -  

0.2- -  

0 
0 

CCP, PLANE(a) STRESS .... \ ~ 1 .  \ \ , ,~=5 

I 
I I I 1 I 

0.25 0.50 0.75 1.00 1.25 

.% 

.50 

Kr 

~r 

1.0 

0,8 

0.6 

0.4 -- 

0.2 -- 

0 
0 

I 
I I I I I 

0.25 0.50 0.75 1.00 t .25 1.50 

Sr 

FIG. 4--Plane-stress and plane-strain failure curves for center-cracked panel for several 
strain-hardening exponents and crack length-to-width ratios. 
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FIG. 4--Continued. 

Kr 

~ r  

1.0 

0.8 

0.6 

0.4 

0.2 

= 5  

CS-PLANE STRE 
a/b -- 0.5 

I 1 I I I I 
0.25 0.50 0.75 1.00 1.25 1.50 

FIG. 5--Plane-stress and plane-strain failure curves for compact specimen for several strain- 
hardening exponents and crack length-to-width ratios. 
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FIG. 6--Comparison of plane-strain and plane-stress failure curves for center-cracked panel 
and compact specimen. 

subjected to remote tension. The curves for three a/b ratios and n of 10, 
which is typical of AS33B steels, are shown in Fig. 7a. Similar curves are 
plotted in Fig. 7b for an n = 5 material which is representative of 304 
stainless steel. The R-6 curve is also included in the figure. 

Failure assessment diagrams are readily generated for flawed pipes. The 
fully plastic solutions, or the h functions for these configurations, are 
available in Ref 9. From these fully plastic solutions, the crack growth equi- 
librium curves or the failure curves are determined according to Eq 12 or Eq 
21. The failure curves for axially and circumferentially cracked cylinders are 
shown in Fig. 8 for A533B steel and 304 stainless steel. The crack length-to- 
width ratio of 1/4 was chosen to match the deepest relative crack depth for the 
maximum postulated flaw size in the ASME Pressure Vessel and Pipe Code. 
Also included in the figure is the R-6 curve. 

Saturation Stress Model 

For the very ductile materials where fracture or plastic collapse develops at 
large plastic strains, the failure curve described by Eq 21 may be the more 
appropriate to employ for purposes of analyses. The failure curve will inter- 
sect the abscissa at unity; in other words, fracture instability or plastic col- 
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FIG. 7--Plane-strain failure curves for single-edge-cracked panel for n = 10 and n : 5 
materials. 

lapse will occur when the limit load for the flawed structure is attained. This 
assumes of course that the structure is subjected to load-controlled loading. 
The failure curves for the hardening material with saturation stress contain 
the strain hardening and the R-6 curves described in the preceding para- 
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FIG. 8--Failure curves for axially and circumferentially cracked cylinders. 

graphs as special cases. Failure curves are constructed for the compact speci- 
men configuration for a material with a saturation stress which is 33 percent 
higher than the yield stress (typical of A533B steels). The diagrams for two 
crack length-to-width ratios are shown in Fig. 9. In the first case, the curve is 
quite similar to the R-6 curve. In the other, the differences are significant. 

Similar curves using the saturation stress model are shown in Fig. 10 for 
the circumferentiaUy cracked cylinder. The curves appropriate to A533B 
steel fall below the R-6 curve. These curves are at odds with suggestions that 
the R-6 curve may constitute a lower-bound failure line for defect tolerance 
analyses of structures. However, it may be noted that a lower-bound R-6 
curve could still be obtained if the value of the flow stress is adjusted for the 
crack configuration. 

Steel piping fabricated from 304 stainless steel is rather ductile. In most 
situations, crack growth in 304 stainless steel piping will occur only at fully 
yielded conditions close to the limit load for the configuration. The stress- 
strain curve for the material also appear to saturate at large strains [14]. 
Thus the failure diagram using the saturation stress model (Eq 21) could be 
employed for the analyses of flawed stainless steel piping [17]. 
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FIG. 9--Plane-strain failure curves for strain-hardening material with saturation stress. Com- 
pact specimen a/b equals 0.5 and 0.25. 
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FIG. lO--Failure curves for circumferentially crack cylinders using saturation stress modeL 

Failure Curves for  Variable Crack Length 

The failure curves in Figs. 4 through 10 are constructed for constant crack 
length-to-width ratios. As noted in the preceding sections, the variation in 
the curves due to small variation in crack size is relatively insignificant. 
Where there are substantial amounts of crack growth, the failure line should 
be reconstructed to account for the change in crack length. To illustrate this 
point, we examine the plane-strain compact specimen which is allowed to 
undergo substantial stable crack growth. In Fig. 11, the dashed lines corre- 
spond to failure curves for the plane-strain compact specimen with constant 
crack length-to-width ratio of 0.25, 0.50, and 0.75. For large amounts of 
crack growth, the change in the crack length-to-width ratio is significant and 
therefore the equilibrium curve will shift. 

Consider a 4T compact specimen of A533B steel with an initial crack 
length-to-width ratio ao/b of 0.5. The mean JR-Curve is given in Fig. 3 of Ref 
8 and the experimental data are reported in Ref 19. For this crack configura- 
tion and the specific JR-curve, the failure curve or the crack growth equilib- 
rium curve is indicated by the solid line in Fig. 11. This curve is obtained by 
adjusting the value of the quantities He and H ,  in Eq 12 according to the 
"updated" crack length determined from the JR-CUrve. Similarly, equilib- 
rium curves for different initial crack length can be obtained. A curve for 
ao/b = 0.25 is also included. 
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FIG. ll--Plane-strain failure curves for A533B steels with initial crack length-to-width ratios 
of 0,25 and 0,5, respective~. 

Applications of Failure Assessment Diagrams 

To employ the failure assessment diagram for structural integrity analyses, 
the following steps should be taken: 

1. The fa'dure line for the specific crack configuration should be constructed 
using Eqs 12 or 21 (whichever is the more appropriate). The h-functions for 
the given material deformation properties can be obtained from the tabula- 
tion in Ref 9. 

2. For the given crack configuration, and initial crack length ao, K (or je) 
is computed using the tabulation in Ref 16. This value is normalized by Kic 
(or Jic) to obtain Kr. The stress ratio Sr is obtained by normalizing the ap- 
plied load P by the limit load (or reference load) for the crack configuration 
being examined. 

3. The point Kr, Sr is now placed on the failure assessment diagram. There 
are two possible situations. If the point lies inside the region bounded by the 
axes and the failure curve, the structure is safe. If the point falls on or beyond 
the failure curve, the crack in the structure will initiate. If failure is defined 
on the basis of crack "initiation," then the structure is unsafe or has failed. If 
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the design will allow for crack growth, the load-carrying capacity of the struc- 
ture can be evaluated further. 

4. For the case where the load point falls beyond the safe region, the crack 
in the structure is incremented by an amount Aa. The reference or limit load 
for the structure is recomputed using the current crack length a o + Aa. The 
applied load normalized by the reference load defines the updated stress 
ratio Sr. Based on the current load and crack length, the updated K (orJ ~) is 
also computed. The value of K R (or JR) corresponding to crack growth of a is 
directly obtained from the resistance curve for the material; Kr is given by the 
ratio K(ao + Aa) and KR(Aa). 

5. The updated point K,, S, is again placed on the diagram and the 
preceding steps 3 and 4 are repeated. 

By the foregoing process, the crack growth behavior and the load-carrying 
capacity of the structure can be determined. If there is substantial stable 
crack growth, then the failure curVe (or equilibrium curve) itself should be 
updated to correspond to the updated crack lengths. In general, changes in 
the failure curve itself are negligible for small amounts of crack growth. The 
foregoing procedure assumes load-controUed conditions or a dead-load 
system. The procedure can be modified to accommodate a displacement-con- 
trolled system with finite compliance [4]. However, the procedure becomes a 
little more complex for displacement-controlled systems and it may be easier 
to obtain similar information directly from the R-curve analyses using the 
crack driving force diagrams discussed in Refs 8 and 9. A discussion of the 
determination of stable crack growth and the point of instability in more gen- 
eral terms (that is, for finite compliance systems) is given in Refs 5-8. 

E ~ m t t n g  the Load-I~|ormatlon and Crack Growth Behavior from the 
Faiim~ Assessment Dial~an 

The crack growth equifibrium relationship Eqs 12 and 21 provide an im- 
plicit relationship between the applied load, the initial crack length, and the 
amount of crack gz~rth for a given crack configuration and material JR" 
curve. In other words, if the JR-CUrVe is known (or measured from a test 
specimen) the toad crack growth behavior of flue structure under examination 
can be determined from Eq 12 or Eq 21 in the following manner. For the 
given crack contiguration, material deformation properties, and initial crack 
length ao, the quantities He and Hn are computed. At the onset of crack 
growth the value of JR is equal to Jlc. Now Eq 12 is a nonlinear equation in S, 
which can be solved by say the Newton, Raphson method. The solution gives 
the value of Sr (or applied load P); at erael~ initiation. Suppose the crack is ex- 
tended by an amount 5a. The quantities He and H,, are recomputed for the 
ne~ crack length a0 + Aa;,. the value o~J~ ~taken from the resistance curve 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



[I-258 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

data for the given amount of crack growth. The nonlinear equation can again 
be solved for the new value of St. By repeating this procedure for additional 
values of a, the complete load crack growth behavior is determined. Alter- 
natively, the same information can be obtained more directly from the crack 
driving force diagram by following the JR-curve. This has been discussed in 
Refs 8, 9, and 12. 

Using the foregoing procedure, the crack growth behavior for a series of 
4T A533B steel compact specimens was obtained. All the specimens had side 
grooves of 12.5 percent with the exception of T51, which had 25 percent side 
grooves. A comparison of the predicted behavior and the experimental 
results is given in Fig. 12. The estimated curve generally falls slightly below 
the actual measurements and this is in accord with earlier studies on crack 
growth behavior under J-controlled crack growth conditions [19]. 

Similarly the load-versus displacement behavior of the structure cannot be 
determined directly from the failure assessment diagram. The information 
discussed in the preceding paragraph (for example, the results presented in 
Fig. 12) may be employed in the estimation method formula for the displace- 
ment, which depends on the applied load and crack length. The consequence 
of these computations is the load versus displacement behavior for the struc- 
ture [8,9]. 

The experimental data obtained from compact specimens are plotted on 
the failure assessment diagram in Fig. 13. Most of the points are closely 
clustered and the data band is provided instead. The data band does fall be- 
tween the equilibrium curves determined from Eq 12. 

It should again be emphasized that the information concerning the load 
crack growth behavior and the load deformation behavior is more readily ob- 
tained from the crack driving force diagrams. These latter diagrams provide 
all the information for the analyses of crack growth and the load deformation 
behavior. 

Discussion 

In general the shape and position of the failure assessment curve as 
described by Eqs 12 or 21 depend on crack configuration, crack length-to- 
width ratio, type of loading, material deformation property, and whether 
plane-strain or plane-stress conditions are applicable. For certain crack 
geometries and type of loading, the curves may not depend too strongly on 
the hardening exponent and crack length-to-width ratios. The J-integral 
crack driving force employed to arrive at Eqs 12 and 21 is obtained by the 
estimation scheme discussed in Refs 8-12. These earlier investigations also 
demonstrated that the estimation scheme formulas for J and other relevant 
crack parameters are rather accurate, at least for the crack configurations - 
examined. Results from these earlier investigation support the use of these 
formulas to determine the failure assessment curve. Indeed the results sum- 
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FIG. 12--Load crack growth behavior for 4T compact specimens 721, T51, 7"22, and T32. 
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marized in Figs. 12 and 13 validate the determination of failure assessment 
curves using the estimation scheme. 

The R-6 failure assessment line [1-4] is obtained by using the Dugdale 
solution, which is derived for a finite crack in a infinite sheet subject to 
remote tension. The solution also assumes that the material is elastic- 
perfectly plastic and that plane-stress conditions prevail [20]. Thus it is not 
expected that the R-6 curve should have general applicability. However, 
through appropriate adjustments of the material flow stress and limit load, 
the R-6 curve may be rather useful, especially for crack configurations where 
the normalized crack driving force does not depend too strongly on the 
hardening exponent and relative crack size. 

It is also apparent that the failure assessment diagram offers a simple pro- 
cedure for a quick first evaluation of the safety margin of flawed structure 
subjected to load-controlled boundary conditions. However, the procedure 
becomes more complex for displacement-controlled systems, and it may be 
easier to obtain similar information directly from the crack driving force 
diagram analysis [8, 9]. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



SHIH ET AL ON FAILURE ASSESSMENT DIAGRAM 11-261 

A c k n o w l e d g m e n t  

This  work was suppor t ed  by  the  Gen e ra l  Electric Research a n d  Develop-  
m e n t  Center ,  Schenec tady ,  N.Y.  In  the  f ina l  p r epa ra t i on  of the  m a n u s c r i p t  

C. F. Shih was suppor t ed  by  the  Mater ia ls  Research Labora tory  at Brown 
Universi ty  t h rough  Cont rac t  No. DMR79-23257.  The  he lpful  c o m m e n t s  of 
Dr.  D.  M. Norris of the  Electr ic  Power  Research Ins t i tu te  are grateful ly  

acknowledged.  

References 

[1] Dowling, A. R. and Townley, C. H. A., International Journal of Pressure Vessels and Pip- 
ing, Vol. 3, 1975, pp. 77-137. 

[2] Harrison, R. P., Loosemore, K., and Milne, I., "Assessment of the Integrity of Structures 
Containing Defects," CEGB Report No. R/H/R6, Central Electricity Generating Board, 
U.K., 1976. 

[3] Chell, G. G. in Elastic-Plastic Fracture, ASTM STP 668, J. D. Landes, J. A. Begley, and 
G. A. Clarke, Eds., American Society for Testing and Materials, 1979, pp. 581-605. 

[4] Milne, I., Materials Science and Engineering, Vol. 39, No. 1, 1979, pp. 65-79. 
[5] Paris, P. C., Tada, H., Zahoor, A., and Ernst, H. in Elastic-Plastic Fracture, ASTM STP 

668, J. D. Landes, J. A. Begley, and G. A. Clarke, Eds., American Society for Testing and 
Materials, 1979, pp. 5-36. 

[6] Hutchinson, J. W. and Paris, P. C. in Elastic-Plastic Fracture, ASTM STP 668, J. D. 
Landes, J. A. Begley, and G. A. Clarke, Eds.. American Society for Testing and Materials, 
1979, pp. 37-64. 

[7] Bloom, J. M., this publication, pp. II-206-II-238. 
[8] Shih, C. F., German, M. D., and Kumar, V., International Journal of Pressure Vessels 

and Piping, Vol. 9, 1981, pp. 159-196. 
[9] Kumar, V., German, M. D. and Shih, C. F., "An Engineering Approach for Elastic-Plastic 

Fracture Analysis," EPRI Topical Report NP-1931, Electric Power Research Institute, 
Palo Alto, Calif., July 1981. 

[I0[ Shih, C. F. in Mechanics of Crack Growth, ASTM STP 590, American Society for Testing 
and Materials, 1976, pp. 3-22. 

[11] Shih, C. F. and Hutchinson, J. W., Transactions, American Society of Mechanical Engi- 
neers, Journal of Engineering Materials and Technology, Vol. 98, 1976, pp. 289-295. 

[12] Kumar, V. and Shih, C. F. in Fracture Mechanics, ASTM STP 700, American Society for 
Testing and Materials, 1980, pp. 406-438. 

[13] Hartley, C. S., Jenkins, D. A., and Lee, J. J., Transactions, 5th International Conference 
on Structural Mechanics in Reactor Technology, Vol. C, Paper C3/13, North Holland 
Publishing Co., Amsterdam, 1979. 

[14] Norris, D. M., private communication, 1979. 
[15] Norris, D. M., Jr., Moran, B., Scudder, J. K., and Quinones, D. F., Journal of the 

Mechanics and Physics of Solids, Vol. 26, 1978, pp. 1-19. 
[16] Tada, H., Pads, P. C., and Irwin, G. R., The Stress Analysis of Cracks Handbook, Del 

Research Corp., HeUertown, Pa., 1973. 
[17] Shih, C. F., German, M. D., Andrews, W. R., deLorenzi, H. G., Hussain, M., and Mow- 

bray, D. F., "Crack Opening and Stability Analyses for Flawed Stainless Steel Piping," 1st 
Semiannual Report to Electric Power Research Institute, Contract No. Tl18-8, General 
Electric Co., Schenectady, N.Y., 1980. 

[18] Kumar, V., German, M. D., and Shih, C. F., this publication, pp. II-239-II-261. 
[19] Shih, C. F., deLorenzi, H. G. and Andrews, W. R. in Electric-Plastic Fracture, ASTM 

STP 668, J. D. Landes, J. A. Begley, and G. A. Clarke, Eds., American Society for Testing 
and Materials, 1979, pp. 65-120. 

[20] Dugdale, D. S., Journal of the Mechanics andPhysics of Solids, Vol. 8, 1960, pp. 100-104. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



H. Okamura, 1 K. Kageyama, 2 and Y. Takahata 3 

Lower-Bound Solutions and Their 
Application to the Collapse Load 
of a Cracked Member Under Axial 
Force and Bending Moment 

REFERENCE: Okamura, H., Kageyama, K., and Takahata, Y., "Lower-Bound Solu- 
tions and Their Application to the Collapse Load of a Cracked Member Under 
Force and Bending Moment," Elastic-Plastic Fracture: Second Symposium, Volume 
II--Fracture Resistance Curves and Engineering Applications, ASTM STP 803, C. F. 
Shih and J. P. Gudas, Eds., American Society for Testing and Materials, 1983, pp. II-262- 
II-277. 

ABSTRACT: The lower bound of collapse load of an edge-cracked member subjected to 
axial force and bending moment is remarkably improved by introducing the statically ad- 
missible stress field in plane-strain and plane-stress conditions. A procedure for the 
calculation of collapse load of a member with a surface flaw is also proposed. In addition, 
a method of evaluation of the J-integral for compact specimen is derived by using the 
aforementioned lower-bound solution, Finally, the applicability of the failure assessment 
diagram through the collapse load and fracture toughness is confirmed experimentally 
and numerically under the combined loading of bending and tension, as long as the JIc 
criterion is valid. 

KEY WORDS. fracture (materials), cracks, plasticity, plastic deformation, collapse load, 
surface flaw, compact specimen, J-integral, elastic-plastic fracture, fracture mechanics, 
failure assessment diagram, limit analysis 

In some structural design codes such as the American Society of Mechani- 
cal Engineers (ASME) Pressure Vessel Code Section III, the design of struc- 
tural components is usually and essentially based on the collapse load in un- 
cracked state of the members, and partly referred to the strength for brittle 
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fracture in its cracked state. The criterion for brittle fracture has been well 
established, and we can predict the fracture strength of a cracked member 
with heavy section by the fracture toughness, Kic, in the small-scale yielding 
condition. In the design of most structural components, however, it might be 
important to evaluate the strength of a cracked member in the elastic-plastic 
regime. A reasonable and convenient failure criterion for the cracked member 
in the fully plastic regime will be given by the collapse load. And the strength 
of the cracked member in the elastic-plastic regime might be estimated, it is 
hoped, by the two-criteria approach [1] 4 using Kic and the collapse load. 

The lower bound of collapse load is more important in the structural de- 
sign and safety assessment than the upper bound from the stand-point of 
conservative estimation. But a well-known lower-bound solution of an edge- 
cracked member is not so useful because it underestimates the collapse load 
in comparison with the experimental results. In the present paper, the im- 
proved lower-bound solutions of the collapse load of an edge-cracked mem- 
ber under axial force and the bending moment are obtained in conditions of 
both plane strain and plane stress. The collapse limit diagram for structural 
design is obtained and compared with the ASME Pressure Vessel Code. 

In addition, a three-dimensional analysis of collapse load is carded out 
and a lower bound of collapse load of the member with surface flaw subjected 
to the axial force and bending moment is obtained. 

Consideration of the collapse load of a cracked member is important not 
only in structural design based on limit analysis but also in elastic-plastic 
fracture mechanics. Merkle and Corten [2] proposed an estimation proce- 
dure of the I-integral for the compact-tension specimen by using a well- 
known lower-bound solution in order to consider the axial force as well as the 
bending effect. The lower-bound solution is remarkably improved in the 
present paper and the result is applied to the estimation of the J-integral of 
the compact specimen; 

As a fracture criterion from small-scale yielding to the fully plastic regime, 
the failure assessment diagram (FAD) was proposed by Harrison et al [3], 
based on the two-criteria approach using Kic and the collapse load. In the 
present paper, the FAD is applied to the combined loading of bending and 
tension, and the effect of the combined loading is studied by using an eccen- 
tric tension specimen of A533B Class 1 steel and the finite-element method. 

Improved Lower-Bound Solutions in Plane Strain 

Lianis and Ford [4] introduced the statically admissible stress field as 
shown in Fig. 1 and obtained the lower bound of collapse moment of an edge- 
cracked strip under pure bending in plane strain. The fundamentals of the 
following limit analysis may be found in several textbooks on plasticity such 

4The italic numbers in brackets refer to the list of references appended to this paper. 
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F 

F 
FIG. i--Statically admissible stress field in plane strain. 

as Prager-Hodge's [13]. In the present paper, the effect of axial force on the 
stress field is considered and the solution of the lower bound is extended to 
the ease of combined loading of axial force and bending moment [5]. 

To an edge-cracked strip with width W, crack length a, and thickness B, 
the membrane stress Pm and the bending stress P~ in the sense of stress inten- 
sity are defined as follows, by using the ligament width W'  = W -- a, the ax- 
ial force F, and the bending moment M '  referred to the centerline of the liga- 
ment width (see Fig. 1) 
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P~ = F / B W ' ,  P[~ = 6 M ' / B W  "2 (1) 

The membrane stress Pm and the bending stress Pb are also defined as for full 
thickness W 

Pm= F / B W ,  Pb = 6M/BW2 (2) 

where M is the bending moment referred to the centerline of full thickness. 

Case of Deep Crack 

The stress field in Fig. 1 is statically admissible when 

a = ~r/4 - B/2 (3) 

6 = I r /2  - -  ct (4) 

0 --<_/~ --_< 7r/6 (5) 

Equations 3 and 4 are derived from the equilibrium of the region ABFD, and 
Eq 5 is necessary not to break the yield criterion in the region CDE. The ap- 
plied load exists in equilibrium with the stress field and F and M '  are given 
a s  

F = 2kB{p(2 + sin/3) -- W'  } (6) 

M '  = k B p ( W '  -- 0)(2 + sin/3) (7) 

where k is the shear yield stress and p the length AD. The most suitable lower 
bound of collapse is obtained under the condition that Point C remains 
within the strip, as follows 

- -4 (P ' /2k  -- 1/4)2/5 + s/4, (--1 < Pm/2k < 1/4) 

P~/3k ]~ 4(1 + Pm/2k ){ ( T . _ ~  Z ~/5 - 4_~, /2k )/2 -- Pm/2k 

I,,. 0/4 P;,/2k <= I )  

(8) 

For pure bending (Pro = 0), Pb/3k = 1.20 and it coincides with the con- 
straint factor obtained by Lianis and Ford [4]. 
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Critical Crack Depth 

Equation 8 is applicable when crack depth ratio a / W  is larger than the 
following critical value (a/W)~, because crack depth is required to satisfy the 
condition in which Point B exists in the strip 

( " ( I  + Pm/2k)/(7/2 + Pm/2k), (-- 1 <= PL/2k < I/4) 

(1/4 <= Pm/2k ~ 1) 

(9) 

Case of Shallow Crack 

In the case that a / W  is less than the foregoing (a/W)r the most suitable 
lower bound of collapse is also obtained as follows 

3k ----2 14- 2 k /  

X [ 1 - -  11,N/I pm W 1/1 4- P~/2k -~11 2 + ~  - ~ - ( - - a  +-~12 + 8 - - P m ( - ~ - - l )  - 2 k  (10) 

Collapse Limit Diagram in Plane Strain 

The results of Eqs 8-10 are summarized in Fig. 2, the collapse limit dia- 
gram. The maximum (a/W)c in Eq 9 is 1/3, and Eq 8 is applicable in all combi- 
nations of the axial force and the bending moment in the range of a / W  > 1/3. 
As a~ W decreases, the collapse limit asymptotically converges to the true solu- 
tion with no crack, namely 

P~/3k : 1 -- (Pm/2k) 2 (11) 

The upper-bound solutions for the deep edge crack are also shown in Fig. 2. 
The broken line is the extension of Green's solution by Okamura et al [6] and 
Shiratori et al [7]. Results of the dashed-dotted curve are obtained by using the 
circular slipline assumed by Rice [8] and Ewing [9]. A well-known lower- 
bound solution coincides with the lower-bound curve of a / W  = 0. As seen 
from the diagram, the lower bound of the collapse is improved remarkably, 
and the present analysis decreases the difference between the upper and the 
lower bounds, especially in the range of the small P~,/2k for the deep crack. It 
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FIG. 2--Collapse limit diagram in plane strain. 

might be emphasized that the improved lower-bound solution can be applied 
to the member with an arbitrary crack depth ratio; on the other hand, the 
upper-bound solution is restricted to the deeply cracked member. 

Improved Lower-Bound Solution in Plane Stress 

Ford and Lianis [10] obtained the lower bound of collapse moment of the 
edge-cracked strip under pure bending in plane stress by introducing the stati- 
cally admissible stress field which is similar to the stress field of plane strain 
shown in Fig. 1. The effect of the axial force can be considered [1I] in the same 
manner as the plane-strain problem. In the plane-stress problem, it makes a 
large difference in the solution whether the yield criterion is yon Mises' or 
Tresca's. The yon Mises yield criterion is assumed in the following results. 

Case of Deep Crack 

The result of the lower bound of collapse of a deeply edge-cracked strip 
under axial force and bending moment is obtained in the range that the mem- 
l:rane stress is not large 

1 -"~ 1§ 1§ , 

( - ,  < o.s47s) (12) 
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where Sy is the tensile yield stress. The range of P;,/Sy is required to satisfy a 
condition in which Point C in Fig. 1 remains within the strip. In the case that 
P;n/Sy is larger than 0.5475, the solution could not be obtained in the closed 
form. The optimum values of ct,/3, and 8 were obtained numerically and the fi- 
nal results are shown in Fig. 3. In the case of pure bending, P~/Sy is equal to 
1.072 and coincides with the constraint factor obtained by Ford and Lianis 
[101. 

Critical Crack Depth 

Equation 12 is applicable under the condition in which the crack depth ra- 
tio is larger than the following critical value (a/W)c 

( ' p ,  
a =0.1540 1 +  P;" ~[(1 +0 1 5 4 0 ' ' ~ ,  s , / / \  " s ,  / vv)' c 

(~-~  <0.5475) (13) 

In the range whereP"/S r is largerthan 0.5475, (a/W)c is given numerically bythe 
geometrical condition in which Point B remains within the strip. The maximum 
value of (a/W) c is 0.220 and Eq 12 is valid in all combination of the axial force and 
bending moment as long as a / W  > 0.220. 

Collapse Limit Diagram in Plane Stress 

In the case that a crack is shallower than the critical depth, the most suitable 
lower bound of collapse load is obtained by calculating numerically the statically 
admissible angles ct,/3, and & 

d" .--.-_': upper 

: ~N>022 

o=5 

-1.0 -O5 0 PmlSy Q5 1.0 

FIG. 3--Collapse limit diagram in plane stress. 
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The results of lower bound of collapse limit in plane stress are shown in Fig. 3 
with the upper bounds for a deep crack obtained by Ewing and Richard [9]. The 
lower bound given by Eq 12 coincides with the upper bound in the range where 
- -  1 < P ~ J S y  < 0.5475 and a / W  > 0.220, and the result gives the true solution. 
As the crack depth ratio decreases, the collapse limit asymptotically converges to 
the true solution with no crack, namely 

P~ _ 1 _ (-~-.~ / 2 
1.S S-----~ (14) 

If we assume Tresca's yield criterion, the true solution is given by Eq 14. 

Collapse Limit Diagram for Structural Design 

The lower bound of collapse load is more important in structural design and 
safety assessment than the upper bound from the standpoint of conservative esti- 
mation. But there is still a question whether the lower bound is too conservative or 
reasonable in the sense of a structural design criterion. In order to confirm the 
applicability of the improved lower-bound solution, the collapse load was ex- 
perimentaUy studied by using a mild steel. The edge-cracked specimens were ec- 
centrically pulled by pins under several combination of axial force and the bend- 
ing moment. The crack depth ratios a / Wwere nearly equal to 0.5. The results are 
compared in Fig. 4 with the theoretical solutions of plane strain. Assuming the yon 
Mises yield criterion to apply, we use k for Sy/X/3. It is concluded from the ex- 
perimental results that the improved lower-bound solution can be used as a 
reasonable design criterion of the collapse of an edge-cracked member. 

a~ 

1 �9 0 
Rice- Ewing 

"~?~ --- M o d i ~ i ~  O r e e n  

0 .75 -  \ \ o ~  . . . . .  Modified lower bound 
"',o~ o Experiment 

0.5 " " \ ~  

0.25 

00 ' , , , 2 4 6 8 

Pb'/1.5P~' 
FIG. 4--Experimental results of  collapse load of edge-cracked specimen in comparison with 

the theoretical curves. 
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In the design of structural components, it might be important to reveal 
how the collapse load varies when a given length of crack is induced. The 
lower-bound curves are shown in Fig. 5 as a function of crack depth ratio 
a/W on a Pm versus P m +  Pb diagram. The plane-strain condition is as- 
sumed, and Pm and Pb in the uncracked state are defined by Eq 2. The inner 
hexagon shows the ASME Pressure Vessel Code Section III design limit in 
the normal operating condition. The collapse limit diagram indicates that 
the member can sustain the design load without appreciable plastic deforma- 
tion as long as crack depth ratio is smaller than 0.15, if the member is 
designed according to the preceding design code. 

FIG. 5--Collapse limit diagram for structural design. 
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Lower Bound of Collapse Limit for Surface Flaw 

The lower-bound solution in plane stress can be applied to the three- 
dimensional analysis of the collapse limit of a member with a surface flaw un- 
der axial force and the bending moment. The shape of a flaw is assumed to 
be rectangular with depth a and width c. If we circumscribe the rectangular 
with a real flaw, the assumption of the shape might be reasonable from the 
standpoint of conservative estimation. 

The member is divided into two plates, the cracked plate with thickness c 
and the uncracked plate with thickness B-c as shown in Fig. 6. The statically 
admissible stress field in plane stress is assumed in both plates. The stresses 
are not continuous on the boundary between the cracked plate and the un- 
cracked plate. But the equilibrium condition is satisfied on the boundary be- 
cause the tractions acting on the boundary are zero in the plane-stress condi- 
tion. Therefore, the stress field of the member with a surface flaw, which is 
shown in Fig. 6b, is statically admissible and gives the lower bound of the 
collapse load. 

The two plates share the applied load F and M between them, and the col- 
lapse limit of the member with surface flaw is obtained by combining Eq 12 
of the cracked plate and Eq 14 of the uncracked plate as follows 

Pb 
1.5 Sy ( ~--~) \ Sy / 

IL PmfSy ~( Pmc 
+2~- (1- -~)  o ( 1 - - ~ ) - - 1 +  1 -  ~ ' ) \  Sy ,] 

+ (1 -- ~') + Lo~'(1 -- ~)2 
1-~"  

where ~ = a/W, and ~" = c/B. Pmc is the membrane stress acting on the liga- 
ment section of the cracked plate and L0 is the constraint factor 1.072 for 
pure bending. From Eq 15 the optimum P,~c which makes the collapse mo- 
ment maximum is revealed to be given by the relation 

P,~c = (1 -- ~'){Lo(1 -- ~) -- 1 } + Pm/Sy (16) 
Sy (1 -- ~){2 - -Lo  + (Lo -- 1)~'} 

Therefore the most suitable lower bound of collapse moment for a surface 
flaw is obtained as Eq 17 under the conditions of Eq 18 
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Pb 

1.5Sy 
- -  (1 - -  ~') + Lo~'(1 - -  ~)2 + g'(1 - -  ~'){Lo(1 - -  ~) - -  1}2 

2 - - L o + ( L o - -  1)~" 

+ 2 - - L 0 +  (Lo--  1)~" - - 2 - - L  o + ( L 0 -  1)~" 

a__ W > 0.220, --1 < P~c P , a  
- -  Sy < 0.5475, --1 < < 1 (18) 
- -  ~ S y  - -  

Pros is the membrane stress of the uncracked plate. When P m / S y  becomes 
less than -- 1 in Eq 16, the most suitable lower bound is given by substituting 
the relation P~c/Sy = -- 1 into Eq 15. 

As an example, the result of collapse moment of the member with surface 
flaw under pure bending is shown in Fig. 7. 

Est imat ion  of the  J-Integral  for a C o m p a c t  S p e c i m e n  B a s e d  on  the  I m p r o v e d  
L o w e r - B o u n d  Solut ion  

Analysis of the collapse limit of a cracked member plays an important role 
in elastic-plastic fracture mechanics. An application is the J-integral analysis 
for a compact specimen. Merkle and Corten [2] calculated the J-integral of 

~_ W_. 
(a) 

I- 7 
thickness : c 

%'TTTT' 
ill -% 

W 

thickness : B-c 

(b) 

FIG. 6--(a) Member with a surface flaw; (b) stress field assumed in the member. 
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FIG. 7--Collapse moment of a member with a surface flaw under pure bending. 

the specimen and proposed a formula of estimation in which a single load- 
displacement curve is used. In their analysis the stress distribution corre- 
sponding to a statically admissible stress field to get a well-known lower- 
bound solution of Eq 11 is used in order to consider the axial force as well as 
the bending effect. The lower-bound solution is considerably improved in the 
present paper and the collapse load can be estimated more precisely. This re- 
sult is applied to the estimation of the J-integral of the compact specimen. 

In the case of a deep crack, the lower bound of collapse limit in plane 
strain is given by Eq 8. In much the same way as proposed by Merkle and 
Cotton, the ]-integral for the compact specimen is obtained as Eq 19, by us- 
ing the applied load F and the load-line displacement A. 

J=(r/,C~r+ncc/~c)/W', where ~r=  0 B- dA, ~e = j 0  \ B /  (19) 

r/, and r/c are obtained by the authors [5], Merkle and Corten [2] and Shiratori 
and Miyoshi [7], and all the results can be expressed in the same form as 
follows 

Lot(1 - ~) ~(1 - ~) 
r/r= ( r + ~ ) { 2 r + ( 2 _ L o ) ( ~ _ l ) } ,  r/c= ~ 2 + 2 / L o _  1 (20) 
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where 

: a / W ,  r : {L0(~ 2 -- 1)/2 + 1 }1/2 _ 

('1.20 (present analysis) 
L0 = !1.00 (Merkle and Corten) 

[1.261 (Shiratori and Miyoshi) 

A new expression of ~/r and ~c in Eq 20 is chosen so that L0 coincides with the 
constraint factors of the stress field assumed for pure bending. In the expres- 
sion, a and W are defined by the distances from the load line according to the 
convention for compact specimens. The result of Shiratori and Miyoshi is de- 
rived from the extended Green's solution [6, 7], which gives an upper bound 
of collapse limit. Table 1 compares the factors */r and ~/c. There is a small dif- 
ference between the factors of the authors' lower bound and Shiratori- 
Miyoshi's upper bound. As formulated in Eq 20, ~/r and ,/r are the functions 
of the constraint factor L0 for pure bending. It might be emphasized that the 
true values of ,/r and ~c for real L0 may lie in a narrow range between the 
results of the authors and Shiratori et al. 

Failure Assessment Diagram as an Elast ic-Plast ic  Failure Criterion 

The two-criteria approach has been proposed by Dowling and Townley [1] 
as an elastic-plastic failure criterion in which the stress-intensity factor and 
the collapse load are used, and we can conveniently evaluate the strength of a 
cracked member in the elastic-plastic regime by using linear fracture me- 
chanics, limit analysis, and the assessment curve based on the approach. In 
the present paper, the validity of the failure assessment diagram (FAD) [3] is 
examined from the standpoint of a J-integral evaluation for a cracked mem- 
ber under bending and tension. 

Converting J into the equivalent stress-intensity factor Kp by the relation 
K p  ---- x / E ; )  where E '  is E, Young's modulus, for plane stress or E / ( 1  - -  ~ )  

TABLE 1--Comparison of the factors 71r and ~cfor lower and upper bounds. 

a / w  ,7~ ,11 ,1;' ,7~ ,7/ ,1~' 

0.45 2.385 2.290 2.418 0.285 0.206 0.313 
0,50 2.348 2.265 2.377 0.273 0.200 0.299 
0.55 2.311 2.239 2.336 0.255 0.190 0.278 
0.60 2.274 2.212 2.294 0.234 0.176 0.253 
0.65 2.237 2.186 2.254 0.209 0.160 0.225 
0.70 2.200 2. t59 2.214 0.182 0.141 0.195 

7/r', 7" by Merkle-Corten; ~r', ~/c' by Shiratod-Miyoshi. 
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for plane strain, we get the following assessment curve which is similar to the 
FAD but that does not depend on Kic. 

K = S t  8 ensec S (21) /Cp 

where Sr is the applied load/collapse load. Kp or J will be estimated from 
both Sr and K, the stress-intensity factor by elastic analysis. Equation 21 is 
derived from the Dugdale model of an infinite inner-cracked plate subjected 
to uniform tensile stress at infinity, and the effects of the finite boundaries 
and the bending stress are not accounted for. The applicability of Eq 21 is in- 
vestigated experimentally and analytically in case of the edge-cracked mem- 
ber under combined bending and tensile loading. 

The material tested is a pressure vessel steel JIS SQV2A, equivalent to 
ASTM A533B Class 1. In order to apply both the membrane stress and bend- 
ing stress simultaneously, the edge-cracked specimens with various eccentric- 
ity e and crack length a were pulled by pins. The J-integral was determined 
from the elastic behavior of the specimens by a specimen compliance method 
generalized by Begley and Landes [12]. The collapse load was defined as the 
onset of gross deformation by the criterion of twice compliance, in which the 
collapse point is determined by the intersection of the load-displacement 
curve and the straight line whose compliance is twice as large as that in the 
proportional range of the load-displacement curve. The results are plotted on 
the assessment diagram. The ranges of e / W  and a / W  are 0.01 - 0.66 and 
0.2 - 0.25, respectively. The numerical analysis by the finite-element 
method (FEM) was also carded out for the edge-cracked specimen with a / W  
of 0.25 under the various ratios of Pb/Pm. 

The experimental and numerical results are compared in Fig. 8 with the 
theoretical curve of Eq 21, which is derived from the Dugdale model. It is 
concluded that, within the range of the present analysis, the J-integral under 
a combined loading of bending and tension can be estimated from the failure 
assessment curve in Eq 21 with a certain accuracy and that the elastic-plastic 
failure stress of a cracked member can be determined by the FAD as long as 
the Jic criterion is valid. 

Conclusions 

1. Improved lower-bound solutions of an edge-cracked strip subjected to 
axial force and bending moment are analytically derived in conditions of 
both plane strain and plane stress. The present analysis decreases the differ- 
ence between the upper and the lower bounds of collapse limit for deep crack 
under plane-strain conditions, especially in the range that the membrane 
stress is small. The lower-bound solution of the plane stress is proved to be 
the exact solution in the range of a / W  > 0.22 and --1 < P~/Sy < 0.5475. 
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FIG. 8--Failure assessment diagram in comparison with experimental and numerical results. 

2. The collapse load of the edge-cracked specimen of a pressure vessel 
steel was experimentaUy studied and the experimental results agree quite 
well with the improved lower bound. The lower-bound solution of collapse 
limit is more important in safety assessment than the upper bound because of 
conservative estimation. 

3. The collapse limit diagram of lower bound for structural design can be 
obtained and compared with the design limit by the ASME Pressure Vessel 
Code. 

4. A procedure is proposed for the calculation of the collapse limit of a 
structural member with a surface flaw under axial force and bending mo- 
ment. 

5. An estimation procedure of the J-integral for a compact specimen is 
proposed, based on the improved lower-bound solution. The factors 7/r and ~/c 
in the formula are shown as the functions of the constraint factor for pure 
bending, and ~/r and */c for the true constraint factor are between the results 
of the present authors and those of Shiratori and Miyoshi. 

6. The applicability of the FAD is confirmed experimentally and analyt- 
ically under the combined loading of bending and tension. The FAD is a 
useful design criterion of elastic-plastic failure of a cracked member as long 
as the JIc criterion is valid. 
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ABSTRACT: The ductile-brittle transition in ferritic steels is reviewed using data from 
pressure vessel steels A533B, A508, BS1501-271, and their associated weld metals and 
heat-affected zones in a variety of conditions. A schematic model is presented which pro- 
vides a rational basis for understanding the phenomenon and making predictions. This 
model, which is consistent with the predictions obtained from physical models of cleavage 
fracture, contains the ~ollowing important features. 

1. If in the transition regime, K]e is defined as the fracture toughness at the onset of the 
brittle mode of fracture and KIj is defined as the fracture toughness at the onset of ductile 
crack growth, then Kic > K u. 

2. The ductile crack extension obtained between the initiation of ductile crack growth 
and the onset of brittle fracture is defined by the elastic-plastic crack growth resistance 
curve.  

3. Kie cannot be reached without generating the appropriate amount of ductile crack ex- 
tension. 

It follows that, when performing a failure analysis in this temperature regime, the 
choice of K u as a failure criterion is unnecessarily pessimistic and inconsistant with the 
choice of Kic as a failure criterion below these temperatures. A procedure is presented 
which allows the permissible extent of crack growth to be obtained. 

KEY WORDS" ductile-brittle transition, ferritic steels, phenomenological model, frac- 
ture toughness, IR-curve, ductile crack extension, permissible extent of crack growth, 
elastic-plastic fracture 
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In ferritic steels the transition in fracture mode from metallurgically brittle 
to metallurgically ductile mechanisms has been recognized for some con- 
siderable time. In Charpy impact test data it coincides with a general increase 
in the energy absorbed, the steepness of the increase depending upon the dif- 
ference between the upper and lower shelf energy levels and the temperature 
range over which the transition occurs. In fracture toughness test data it oc- 
curs in the temperature range where the brittle fracture toughness is increas- 
ing rapidly. In both types of test, within the transition temperature range, a 
crack may propagate initially in the ductile mode but change to the brittle 
mode after some, often small, amount of crack extension. Since ductile frac- 
ture is often stable and brittle fracture is generally unstable, a fracture 
mechanics analysis which predicts ductile stable crack growth in the transi- 
tion regime, and which does not allow for this possible mode change, may be 
unconservative. There is therefore a need to estimate whether, in the transi- 
tion regime, any ductile crack growth can be permitted and, if so, how much. 
This paper reviews our current knowledge of the ductile-brittle transition in 
ferritic steels and develops a phenomenologically descriptive model which 
allows estimation of the amount of ductile crack growth permissible at any 
temperature in the transition temperature range. 

Deserlptlon of Transition 

The ductile-brittle transition in fracture toughness is shown schematically 
as a function of temperature in Fig. 1. Here the toughness at the initiation of 
brittle fracture is designated KIc and is signified by the heavy line. The lighter 
line signifies the initiation of ductile fracture and is designated Ku. Typically 
KIc increases rapidly over a limited temperature range while Ku remains 
relatively constant. The lower limit to the transition occurs where these two 
lines intersect, at DBL. Below this temperature, neglecting size effects, which 
are covered later, all fracture mechanisms are brittle (cleavage). Immediately 
above this temperature, cracks initiate and grow a small amount by ductile 
mechanisms whereupon brittle fracture intervenes. Within this regime KIr 
continues to increase with temperature until a point is reached where for all 
practical purposes Kic is unattainable. Eventually cleavage becomes impossi- 
ble because crack-tip blunting limits the maximum attainable stress to less 
than the cleavage stress [1].3 This is the upper limit to the ductile-brittle tran- 
sition temperature range, DBU, and beyond this cracking can be by ductile 
mechanisms only. 

The behavior depicted in Fig. 1 is, in practice, confused by scatter in 
material properties. For Kic this can be greater than a factor of two, and is ex- 
aggerated by size effects. The size effects may be explained in terms of 
statistical sampling which results from the scatter in KIc [2] and in terms of 

3The italic numbers in brackets refer to the list of references appended to this paper. 
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FIG. l--Ductile-brittle transition (schematic). 

the loss in triaxiality which occurs when testing small specimens [3]. Never- 
theless, provided certain reservations are made regarding Kxc and glj, (see the 
following), the schematic model in Fig. 1 is consistent with all the observa- 
tions which have been made concerning this phenomenon. These observations 
cover a vast range of ferritic materials but are rarely documented fully. For 
present purposes, however, it is sufficient to note the observations of Wessel 
[4], Begley and Toolin [5], Logsdon [6, 7], Sumpter [8], Logsdon and Begley 
[9], Loss et al [10], Milne and Curry [11,12], and Curry et al [13]. The 
materials examined in these investigations include pressure vessel steels 
A533B, A508, BS1501-271, and their associated weldments in various condi- 
tions including as-tempered, after post-weld heat treatment, after irradiation, 
and after strain-aging. All these observations have been made using fracture 
toughness specimen geometries. The phenomenon has also been demon- 
strated on a structural geometry, the intermediate test vessel V-9 in the Heavy 
Section Steel Technology (HSST) program [14]. The description in Fig. 1 is 
also consistent with the mechanistic model of brittle cleavage fracture pro- 
posed by Ritchie et al [1] insofar as the mechanistic model predicts the tem- 
perature dependence of Kk shown in Fig. 1, and hence the competition be- 
tween the ductile and cleavage mechanisms at temperatures close to DBL 
[3,81. 

The Meaning of Kk and KIj 

The brittle fracture toughness is designated as Kit in Fig. 1. This implies 
that it must be derived from data which are valid by the relevant standard 
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testing procedures, the ASTM Test for Plane-Strain Fracture Toughness of 
Metallic Materials (E 399-78a) and BS5447. Linear elastic fracture mechanics 
(LEFM) valid tests present no practical difficulties at low toughness levels 
but, at the levels of toughness commonly observed in the transition range, 
valid tests are rarely possible. Indeed the size requirements for high- 
toughness material are such that in only a few instances have upper-shelf 
values of Kic have been reported for ferritic steels. For example, Begley and 
Toolin [5] required 203-mm (8 in.) compact tension specimens to measure the 
upper-shelf Kit of a 31/2 percent nickel-chromium-molybdenum-vanadium 
(31/2NiCrMoV) steel. 

The LEFM validity criteria were empirically derived to ensure that the 
resulting Kic would be size independent. This requires that the test be per- 
formed in plane strain under nominally linear elastic conditions. Thus below 
DBL a valid Kic corresponds to the critical stress intensity factor at the onset 
of brittle fracture (cleavage). Although an invalid test below DBL still charac- 
terizes the same event, cleavage, the size effect mentioned earlier often raises 
the fracture toughness to a level above the valid KIc [2,15] in such a way that it 
is possible to plot a series of fracture toughness curves as a function of temper- 
ature at different specimen sizes [3, 8]. Thus the effect may be represented as a 
shift in the temperature-dependent part of the brittle fracture toughness curve 
so that invalid specimens have a lower DBL than valid ones as shown in Fig. 2. 
There is some limited evidence that this size effect diminishes for cleavage 
above DBL [12] so in this range the invalid curve is represented by a broken 
line in Fig. 2. Nevertheless, in this temperature range the fracture toughness at 
the onset of brittle fracture still characterizes the cleavage initiation albeit after 
some variable amount of ductile crack extension. 

When cracks initiate and propagate by ductile mechanisms the event is 

I DBL 

TEMPERATURE 

K D 

FIG .  2--Effect of invalid-sized specimens on the ductile brittle transition (schematic). 
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seldom discrete enough to be unambiguously measurable. In such cases it is 
conventional to measure the material's resistance to crack growth, generally 
in terms of J, and to plot this against the crack extension, Aa, to give a 
J-resistance curve. This curve is extrapolated to zero crack growth where the 
initiation toughness, JIc is defined. Jic can be converted to units consistent 
with plane-strain stress-intensity factors, that is, K u ,  through the equivalence 
KIj -~ E ~ l c ,  where E '  = E / 1  -- v 2, E being Young's modulus and v 
Poisson's ratio. In practice the point on the ]-resistance curve which defines 
zero crack growth is in dispute [16] as is the form of analysis used to fit a curve 
through the experimental data. However, these conflicts need not concern us 
for the present, except insofar as we recognize that by any system of measure- 
ment Jic will be a point on the early part of the resistance curve. Since this part 
of the JR-CUrve is, within limits [17,18], geometry- and size-independent Jle 
will be a material parameter. 

Between DBL and DBU, the fracture toughness at the onset of brittle frac- 
ture is defined by the point on the resistance curve corresponding to the extent 
of the ductile crack growth that precedes the brittle instability [10.12}. Close 
to DBL, the crack growth required for this is small, but it increases rapidly 
with temperature. Consequently, larger specimens are required in order to 
obtain a cleavage instability at temperatures approaching DBU than just 
above DBL. Nevertheless, at any temperature between DBL and DBU it is 
theoretically possible to test a specimen which is so large that, at the brittle 
fracture event, an LEFM valid Klc will be obtained. In this case the amount of 
ductile crack extension will be less than 2 percent of the original crack depth. 
Thus in LEFM toe term KI~ has the same meaning at all temperatures up to 
DBU, both in te rms  of the standards and in terms of the event it 
characterizes: the initiation of brittle fracture. On the other hand, in LEFM 
invalid tests this parameter can be taken only as characterizing cleavage ini- 
tiation. If, however, in this regime the parameter is size independent, the 
LEFM value for KIc will still be obtained, despite the test being invalid. 

Mechanisms of the Transition 

The transition from ductile stable crack growth to brittle unstable crack 
growth can be understood with reference to Figs. 3 and 4. In Fig. 3 the transi- 
tion region of the toughness temperature diagram is shown exaggerated. The 
left-hand ordinate is scaled in units of toughness and the right-hand ordinate 
in units of crack extension, Aa. The origin for the right-hand ordinate has 
been chosen to correspond with K u on the left-hand ordinate at the ap- 
propriate temperature, 7"1. Figure 4 is a schematic J-resistance curve, plotted 
at 7"1 in terms of K (called Kn). 

When a specimen is tested at Ti, the initial stages of loading stretch the 
crack tip to the extent defined by the blunting line in Fig. 4. At K n the crack is 
on the point of resharpening and growing. This point is labeled A in Fig. 3. 
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Further loading causes the crack to extend in a stable manner, following the 
resistance curve in Fig. 4. For example, after a crack extension of Aa l, the 
resistance toughness Ka has risen to the level defined at B in Fig. 4. This 
toughness level has also been plotted on Fig. 3 at B. Loading until the crack 
extends to Aa2 raises the measured toughness to the level defined at C in Fig. 
4, which from Fig. 3 coincides with Kic at T1. At this point brittle fracture is 
initiated and the specimen fails. 
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This schematic model is entirely consistent with the concept of a competi- 
tion between the ductile and brittle mechanisms within this temperature 
range [3,8] and also with the mechanistic model for cleavage fracture pro- 
posed by Ritchie et al [1]. In this model cleavage cannot occur until the local 
condition is satisfied that the cleavage stress is exceeded over a metallurgically 
significant distance. The cleavage stress is relatively temperature indepen- 
dent, while the yield stress decreases with temperature. Thus at low 
temperatures the condition for cleavage is satisfied at nominal stress levels 
which are modest compared with the yield stress, but in the temperature 
range where the yield stress drops well below the cleavage stress, the increased 
plasticity makes this condition more difficult to achieve [3]. In this tempera- 
ture range the cleavage condition can be satisfied only at high nominal stress 
levels and this is reflected in the temperature dependence of glc. 

Above DBL the conditions for ductile crack growth are satisfied before 
those for cleavage. However, the ductile crack cannot propagate without the 
stress in the remaining ligament increasing. In this situation, even though the 
crack is growing in a stable mode, the conditions for cleavage are still capable 
of being satisfied. If the crack can grow far enough for this to occur a cleavage 
instability will ensue. At any temperature between DBL and DBU the crack 
extension required to satisfy the cleavage condition depends upon the dif- 
ference between Kic and K n. 

There are two important corollaries of this model. First, in the presence of 
ductile crack growth, even when Kic determines the load capacity of the 
specimen, it is the resistance curve which defines the crack extension up to 
this point. Second, KIc cannot be reached without extending the crack by this 
amount. 

There is considerable experimental evidence in support of this model [4-13] 
even though much of it is confused by scatter and most of it has not been plotted 
in terms of resistance curves. Resistance curves are available in Refs 10, 12, and 
13, however, the latter two containing toughness-temperature plots also. It is 
clear from these that at toughness levels above KIj the brittle fracture tough- 
ness rises very steeply with temperature. Indeed in tests on BS1501-271 steel, 
Milne and Curry [12] observed a rise so steep that the size effect manifest in 
the cleavage toughness below KIj , represented by a shift in DBL, was lost 
above KIj. This is partly a consequence of the curve being steeper, whereby 
large differences in toughness correspond to smaller differences in tempera- 
ture, and partly a consequence of mechanistic features which are unavoidable 
in ductile crack growth. These include sharpening of the crack as it extends 
from the blunted stretch zone, which will cause an instantaneous elevation of 
the local stress intensification, propagation of the crack into a strain hard- 
ened matrix, and an increase in the nominal applied stress in the load-bearing 
ligament as the crack propagates. 

Fracture toughness is of course a material property that is particularly 
prone to scatter, and this tends to be exaggerated in the temperature depen- 
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dent part of the toughness-temperature curve. An extreme case of scatter was 
observed by Curry et al [13] and is shown in Fig. Sa. However, it is an implicit 
feature of the model that each specimen will belong to a particular toughness 
temperature curve, in the manner demonstrated in Fig. 5b where a number of 
curves have been drawn to pass through the data of Fig. 5a. Each curve is ex- 
actly the same shape, but is drawn at different positions along the tempera- 
ture axis. The shape was determined by the American Society of Mechanical 
Engineers (ASME) XI KIc reference curve below 200 MPax/m and above this 
by an eyeline fit to the bulk of the data in the temperature range between -- 10 
and -- 15~ 

It should be emphasized that there is little to justify the exact shape of these 
curves. Although they often connect data from the same-sized specimens, 
because of scatter, data from other sizes of specimen may also fall on any 
given curve. They are presented only to demonstrate that the scatter in frac- 
ture toughness can be represented by a scatter in DBL of a master curve. It is 
readily demonstrated that this conclusion would be obtained regardless of the 
shape chosen for the master curve. Note that the right-hand ordinate is scaled 
in terms of crack extension with an origin corresponding to about 270 MPa4m. 
All the data above this toughness level were evaluated at the point where cleav- 
age followed ductile crack extension, and they all fell on the same JR-CUrve, 
regardless of specimen size or temperature [13]. The crack extension was mea- 
sured only in macroscopic terms and is an average of the ductile crack exten- 
sion observed over the total area of the specimen ahead of the fatigue crack tip. 
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In macroscopic terms, KIj therefore corresponds to a toughness level of 270 
MPaff-m. When cleavage occurs below this toughness level, as it does for the 
solid points in Figs. 5a and 5b, the scatter can be represented in terms of the 
cleavage fracture toughness only. On the other hand, when cleavage occurs 
above this toughness level, open points in Fig. 5a and 5b, scatter can also be 
observed in the crack extension obtained prior to cleavage. This is clear from 
Fig. 5b where at 0~ for example, the crack extension at cleavage ranged 
from 0 to 3.7 mm. This scatter in crack extension before cleavage is of course 
automatically allowed for in the model. Note that for this specific material, 
the highest temperature at which a cleavage transition has been observed is 
+ 13~ for a 125-mm-thick specimen. The dashed line in Fig. 5b has been 
drawn through the lowest data point obtained in this series of tests. Since this 
curve extends to temperatures of 25 to 30~ the model suggests that the 
possibility of a ductile-cleavage transition must be admitted at these temper~ 
atures, even though none has been observed here. 
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Application to Structures 

When performing an analysis of a structure which is operating within its 
ductile-brittle transition temperature, there is clearly the possibility that the 
crack growth mechanism will change from a stable ductile to an unstable brit- 
tle process if the crack is allowed to grow far enough. One way of avoiding this 
is to avoid crack growth altogether by using Ku as the assessment criterion. 
Another way is to perform a resistance curve analysis in the normal manner, 
but to limit the crack extension to that permitted by the difference between 
KIc and Ku. This second option is obviously the more appropriate, since it is 
based upon a truer assessment of what influences the load capacity of the 
structure. It is also consistent with the two corollaries noted in the preceding, 
and with a standard assessment at toughness below KIj which uses KIc as the 
failure criterion. 

An example of an analysis where this philosophy has been followed has 
been presented by Milne [19]. In this example the HSST intermediate vessel 
test V9 [14] was analyzed using three JR-curves, each limited by the same 
amount of crack extension that was observed in the actual test. An alternative 
limit, which is more consistent with the preceding philosophy, is to limit the 
JR-curves at the same level of toughness. Choosing 560 MPa,fm for this 
(equivalent to JR = 1414 kNm-1),  the three JR-Curves, and the analysis used 
in Ref 19, the following three results are obtained for the cleavage pressure, Pc 

For JR -~ 220 + 188 Aa, 
For JR ---- 220 + 94 Aa, 
For JR = 220 + 47 Aa, 

Pc = 192 MPa after 6.35 mm of crack extension 
Pc = 189 MPa after 12.7 mm of crack extension 
Pc = 184 MPa after 25.4 mm of crack extension 

The measured values were 185 MPa after 12.7 mm of crack extension [14]. 
In erecting a safety case the major objective of an analysis is to be confident 

of avoiding failure rather than predicting it. In this respect there are two 
aspects to the use of toughness data relevant to possible transitions from duc- 
tile to brittle fracture, the scatter in the materials property data base and the 
validity of it. 

For the first of these, it is conventional below Ku to allow for scatter in Kic 
by using a lower bound to the data base. This convention is no less applicable 
above Ku, and a glance at Fig. 5b demonstrates that in this regime the use 
of lower-bound cleavage fracture toughnesses will also correspond to the 
lower bound of the permitted crack extension. Such an analysis will therefore 
be pessimistic in the same way than an analysis to a lower bound Kic is 
pessimistic. 

For the second of these, there are two general requirements of validity to 
consider. The most restrictive of these, KIe as defined by the standards, will be 
satisfied only rarely and so it must be accepted that the analysis will in general 
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be based upon an elastic-plastic failure criterion. Under these circumstances 
it would be prudent to limit the analysis to the regime of J-controlled growth 
despite the fact that at temperatures higher than the ductile-bfittle transition 
range it appears to be safe to exceed these limits [19]. Provided the conditions 
for J-controlled growth in both the structure and the specimen test data are 
satisfied, the safe amount of ductile crack extension can be established as the 
lower of the two limits 

1. six percent of the crack length or ligament width, or 
2. the crack growth obtained between Ku and the cleavage toughness (Kit) 

along the resistance curve, 

these two limits being applied to both the test specimens and the structures. 
Kic is definable above Ku by specimens large enough to demonstrate that 
specimen size has an insignificant influence on the temperature range of this 
part of the toughness-temperature curve. If this requires only modest-sized 
specimens, the safe amount of crack growth will be dominated by specimen 
size, not the size of the structure. 

Figure 6 demonstrates the operation of the scheme on a plot of Kic versus 
temperature. It has been assumed that Kic has been established, as indicated 
in the foregoing, taking into account the influence of possible strain aging ef- 
fects and other forms of hardening. The fight-hand ordinate is scaled in terms 
of miUimetres of crack growth with the origin corresponding to Ku at Ts, the 
service temperature, using the resistance curve data obtained when establish- 
ing the K[r curve. It is assumed that these JR data satisfy the conditions for 
J-controlled growth and that Aa limitations imposed by specimen size are 
more severe than those imposed by structure size. The resultant crack growth 
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limits are plotted on this diagram for compact tension specimens 25, 50, and 
75 mm thick. At the service temperature, Ts, ductile crack growth is permit- 
ted up to 1.5 mm by the J capacity of the 2S-ram specimen, 3-mm by the J 
capacity of the 50-mm specimen, and 3.5 mm by the transition to brittle frac- 
ture at Kle. This latter crack extension is within the J capacity of the 75-mm 
specimen. 

Finally, it should be emphasized that permitting crack growth at temper- 
atures between DBL and DBU is entirely consistent with conventional frac- 
ture mechanics criteria. Under linear elastic conditions, the criterion would 
be Kit. Between DBL and DBU this cannot be attained without allowing the 
crack to grow the required amount, and this is recognized in the standard 
testing procedures. It is also consistent with resistance curve analysis, since 
the crack extension is determined by the resistance curve between Ku and 
Kic. Consequently the scheme outlined in Fig. 6 represents no major depar- 
ture from current practice in failure analysis. 

Conclusions 

In ferritic steels, if the ductile-brittle transition is characterized by a change 
in fracture mode from stable ductile tearing to unstable brittle fractures, Kic 
can be defined as the fracture toughness at the onset of brittle fracture and Ku 
as the fracture toughness at the onset of ductile fracture. In the transition 
temperature regime: 

1. Kle > Kn. 
2. The ductile crack extension obtained between Ku and KIc is defined by 

the elastic-plastic crack growth resistance curve. 
3. Kic cannot be reached without extending the crack the appropriate 

amount by ductile mechanisms. 
4. In this temperature regime, crack growth can be permitted in a failure 

analysis provided the extent of crack growth is limited to that determined by 
the smaller of the two criteria: (1) the crack growth between Ku and K1r and 
(2) the conditions for J-controlled growth. 
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ABSTRACT: A plastic fracture mechanics methodology is presented for part-through 
cracks in pipes under bending. A previous analysis result on the behavior of part-through 
cracks in pipes is reviewed. Example quantitative results for the initiation and instability 
of radial growth of part-through cracks are presented and compared with the experimental 
data to demonstrate the applicability of the method. The analyses in our previous work are 
further developed to include the instability of circumferential growth of part-through 
cracks. Numerical results are then presented for a compliant piping system, under dis- 
placement controlled bending, which focus on (1) instability of radial growth (unstable 
wall breakthrough) and (2) instability of circumferential growth of the resulting through- 
the-thickness crack. The combined results of the above two types of analyses are pre- 
sented on a safety assessment diagram. This diagram defines a curve of critical combina- 
tion of length and depth of part-through cracks which delineates leak from fracture. The 
effect of piping compliance on the leak-before-break assessment is discussed. 

KEY WORDS: ductile fracture, degraded piping, part-through cracks, J-integral/ 
tearing modulus, J-resistance curve, unstable wall breakthrough, leak-before-break, 
safety assessment diagram, elastic-plastic fracture 

Periodically over the past several years, cracks have been discovered in 
small to medium-size-diameter piping at operating boiling water reactor 
(BWR) facilities. The lines found to have cracks include recirculation bypass 
piping, core spray lines, reactor-water-cleanup lines, and control rod drive 

1Supervising engineer, EDS Nuclear Inc., 7910 Woodmont Ave., Bethesda, Md. 20814; 
formerly with Fracture Proof Design Corp., St. Louis, Mo. 

2Research leader, Battelle Columbus Laboratories, 505 King Ave., Columbus, Ohio 43201. 
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return lines [1,2]. 3 Almost all cracking incidents have been found to occur in 
the heat-affected zones (HAZ's) of girth welds in Type 304 stainless steel pip- 
ing. These cracks are typically at the inner surface of the pipe wall and are 
oriented circumferentially. 

Type 304 stainless steel is a highly ductile and tough material and the po- 
tential for pipe break resulting from the presence of these cracks is consid- 
ered low as evidenced by the service experience. However, service experience 
for cracks subjected to large loads is not available because of very low rate of 
occurrence of such loads. It is, therefore, desirable to obtain a quantitative 
determination of the potential for pipe rupture under large loads to insure 
the integrity of the piping system. 

Experimental observations on flawed Type 304 stainless steel pipes sub- 
jected to bending indicated that the cross section containing a crack usually 
undergoes general yielding before the initiation of crack growth. This obser- 
vation originally suggested the "net-section failure stress" criterion for pre- 
dicting the strength of flawed BWR pipes [3]. This criterion is quite useful in 
predicting limit loads which, for load-controlled loadings, give a reasonable 
prediction of fracture. But, this simple criterion cannot be applied for dis- 
placement-controlled (or compliant loading) situations where stable crack 
growth and fracture instability are to be predicted. A discussion of the limita- 
tions of this approach can be found in Ref 4. 

An approach that allows fracture instability to occur after some amount of 
stable crack growth is the J-integral/tearing modulus approach. The first ap- 
plication of this approach to the analysis of part-through cracks in reactor 
piping was reported recently by Zahoor and Kanninen [5], who considered 
the stability of radial growth of surface cracks in rigid piping systems. The 
present paper discusses first the significant results of the work in Ref 5 
relating to the fracture mechanics-based leak-before-break analysis, that is, 
the propensity of part-through cracks to grow predominantly radially through 
the pipe wall. Following this, the stability analysis of a part-through crack in a 
compliant piping system is presented. This analysis, although a direct exten- 
sion of our earlier papers [5, 6], provides the necessary tools for the analysis of 
the mathematically more difficult problem of a variable-depth part-through 
crack in a pipe under bending. Using the analysis of Ref 5, the predictions are 
made for the load and displacement at initiation of part-through cracks to 
show the predictive capability of the method. Additional results are then pre- 
sented which show that reasonably accurate predictions for wall breakthrough 
can be made using the method presented in this paper. Following this, 
numerical analyses for stability of radial and circumferential growth are pre- 
sented for two different piping compliance systems. The combined results of 
the two types of analyses provided an assessment of leak-before-break for flawed 
piping systems. 

3The italic numbers in brackets refer to the list of references appended to this paper. 
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Part-Through Cracks in Bending 

In this section we review briefly an analysis result from our earlier work [5] 
on the behavior of part-through cracks in pipes under large bending loads. 
Figure 1 shows the cross section of the flawed pipe. As shown, the part- 
through crack is assumed in the circumferential plane. For simplicity of illus- 
tration, the bending moment is assumed to have been applied through a 
four-point-bend loading system as shown in Fig. 2. (Notice that the spring 
shown is not required for this discussion, but it is required for the analysis of 
compliant piping systems that is discussed in a later section.) The pipe is ori- 
ented such that the flaw is loaded symmetrically in bending. Consistent with 
the observed behavior of Type 304 stainless steel, it is assumed that the ap- 
plied load P is so large that it produces gross yielding of the flawed section 
(Fig. 1). To further simplify the development, it is assumed that +a0 acts on 
the tension side and -- a0 on the compression side of the flawed section where 
a0 is the flow stress. 

Under fully plastic bending, the elastic contribution to the load-point dis- 
placement may be small compared with its plastic contribution. Hence, the 
former can be neglected. Assuming that this is the case, the J-integral may be 
estimated as [5] 

2dPl 
J - -  dA 6pt (1) 

where 

P l  : limit load, 
~p! : load-point displacement due to the plasticity confined in the cracked 

section, and 
A = part-through crack area. 

Notice that the foregoing expression for J in Ref 5 does not contain the factor 
2. This is an error in our earlier work [5,6]. All J expressions and the first 

I 

N- -A 

o i 

F I G .  1--Cross section of  the crack plane in a circumferentially cracked pipe. 
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~ C s ~r 

! 1 
PL AP +' 

FIG. 2--Circumferentially cracked pipe in a compliant four-point-bend loading system. 

term in dJ/da must be multiplied by a factor of 2 in order for the analyses in 
Refs 5 and 6 to be correct. This error, however, does not change any of the 
conclusions reached in these papers. 

Because there are two crack fronts associated with a part-through crack, 
the change in area, dA, is equal to Rtd (4ax) for a thin-walled pipe; x is a non- 
dimensional crack depth defined as fraction of pipe thickness. The foregoing 
crack area is for a uniform-depth part-through crack; other cases such as a 
variable-depth crack can be analyzed in exactly the same manner with added 
mathematical complexity. For a part-through crack, one of the most impor- 
tant question is: What is the relative magnitude of J along the circumferen- 
tial and radial crack front? If it is assumed that a virtual crack extension oc- 
curs at either crack front, then Eq 1 gives simple but useful estimates of J for 
circumferential and radial crack fronts [5] 

Jr = 21SlP~pl 

and (2) 

J~ = 2[3zPt 8pt 

where B~ and/~2 depend upon flaw and pipe dimensions. The interesting 
feature of this result is that Jr and J~ have identical form and they differ in 
magnitude only through/~-functions. 

The relative magnitudes of J~ and Jr can now be determined by dividing 
their respective expressions. Figure 3 shows the variation of J6/Jr with crack 
length 4~ and crack depth a/t  [5]. It can be noted from this figure that the ra- 
tio J~/Jr is always less than 1 and decreases monotonically as crack length in- 
creases. This result shows the propensity for a predominantly radial growth 
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for part-through cracks in pipes under bending. In a recent work [7], a simi- 
lar behavior has been shown also for part-through cracks in pipes under ten- 
sion. This conclusion of predominantly radial growth agrees qualitatively 
with the experimental data on Type 304 stainless steel [4]. 

The preceding analysis result suggests that the leak-before-break is very 
likely for part-through cracks in pipes. But, any approach for quantitative 
assessment of this possibility must consider crack growth and relative poten- 
tial for instability of both crack fronts and must include the compliance of 
piping system. This aspect will be addressed later in this paper. 

Comparison of Crack Initiation Predictions with Experimental Data 

The motivation for the anatysis presented in this section was to check the 
predictive capability of Eq 2. As discussed in the foregoing section, a circum- 
ferential part-through flaw in a pipe subjected to bending would first initiate 
in the radial direction. Hence Eq 2 for Jr is appropriate for making predic- 
tions of radial growth initiation. Specifically, analysis predictions of load and 
load-point displacements will be made for comparison with the experimental 
data of Ref 4. 

Several experiments on circumferentiaily cracked 102-mm-diameter 
(4-in.) Type 304 stainless steel pipes were conducted by Wilkowski [4]. The 
surface crack experiments were conducted in a rigid four-point-bend loading 
system under displacement-controlled bending (Fig. 2, without spring). The 
part-through cracks were located at the inside wall and were of uniform 
depth. The specimen preparation and testing procedures are described in 
adequate detail by Wilkowski [4]. Here, major elements of the experimental 
work will be described briefly for completeness of this discussion. The sur- 
face cracks were machined by either a 0.254-mm-thick slitting saw, or by 
electric discharge machining (EDM). The EDM process used a 10-deg 
tapered electrode which gave a notch root radius of 0.076 to 0.127 ram. Past 
experience has shown that these notch radii are sufficient to represent sharp 
cracks in Type 304 stainless steel. 

Three surface crack experiments were selected for prediction. For each 
case, the data recorded included load, crosshead displacement, crack-mouth- 
opening displacement at the center of the surface crack, and the electric poten- 
tial across the center of the surface crack. The electric potential method was 
used to define crack initiation, maximum load, and stable growth. The details 
of the method and measurement technique are beyond the scope of this paper. 
The three surface cracks selected had constant depths of about 60 percent of the 
pipe thickness and lengths of 25 and 50 percent of the circumference (Table 1). 
The analysis procedure for load and load-point-displacement predictions was 
as follows: The limit load was predicted from 

Pt = 8aoR2t{ cos (x~b/4) -- 0.Sx sin (~/2) } / ( Z  --  L )  (3) 
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ZAHOOR AND KANNINEN ON DUCTILE FRACTURE 11-297 

TABLE 1 --Analysis predictions of initiation of radial growth of circumferential part-through 
wall cracks in 102-ram-diameter Schedule 80 Type 304 stainless steel pipes subjected to bending. 

Crosshead Displacement, 
Length, Load, kN mm 

x, Fraction 
Experi- Depth/ Cireum- Experi- % Experi- % 

ment Thickness ferenee mental Predicted Error mental Predicted Error 

3S 0.595 0.50 57.51 50.35 -- 12.4 39.4 35.6 --9.7 
65 0.608 0.25 58.00 64.41 q- 11.0 42.4 36.8 -- 13.2 

10S 0.575 0.50 55.64 56.31 +1.2 39.0 36.3 --7.2 

A flow stress a 0 of 482 MN/m 2 was assumed. Z and L in the experiment were 
1.524 and 0.406 m, respectively. Values of the predicted load Pt are given in 
Table 1. As shown, good agreement between the predicted and experimental 
load was found. It should be noted that all part-through crack pipe data re- 
ported in Ref 4 indicated the initiation to be very near the maximum load. 

The load-point displacement prediction required a value of J at crack ini- 
tiation. This becomes obvious by examining Jr in Eq 2, giving 

where 

8pt = Ji~/2[3~Pi (4) 

sin (x$/4) + 2/~b sin (~b/2) 
~x = (s)  

4Rt{cos (x~b/4) -- 0.Sx sin (~b/2)} 

The initiation J-value for Type 304 stainless steel has been reported by several 
investigators; the values greatly depend upon the patience of individual in- 
vestigators, the method used, and the accuracy of the measurement system to 
detect initiation of growth from severely blunted crack tip [4, 8]. Moreover, 
the plastic straining needed to achieve initiation in surface-cracked pipes 
would be different from what is required for a through-crack geometry whether 
compact tension, center-cracked panel, or pipe specimen. The values reported 
for Jtc vary from 0.600 to 2.802 MN/m. We assume a value of 2.802 MN/m, 
which is felt to be realistic for part-through cracks and piping application. 

The elastic contribution to the load-point displacement was calculated 
from 

8ep = C~pPI (6) 

where Cep = (Z -- L )  2 (Z  + 2 L ) / 2 4 E I  is the elastic compliance of the un- 
cracked pipe in four-point bending where I is the moment of inertia of the 
pipe. The load-point displacement ~ was then calculated by adding 6ep and 
6pl- This means that the elastic contribution to 6 due to the presence of the 
crack was presumed to be negligible. Because the test fixture was very rigid 
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compared with the surface cracked pipe, the load-point displacement gives a 
fairly accurate estimate of the crosshead displacement. The predictions are 
given in Table 1. Here again, the agreement between the predicted and ex- 
perimental values is good. It should be noted that 8 predictions have about 
the same accuracy as those of Pt. The agreement given in Table 1 clearly sug- 
gests that the J-estimates developed in Ref 5 are reasonably accurate. 

Prediction of Wall Breakthrough 

Encouraged by the results of crack initiation, it was decided to make pre- 
diction of wall breakthrough; that is, the displacement at which a part- 
through crack would grow unstably to become a through-wall crack. This 
type of prediction requires the computation of applied dJ,./da. In this sec- 
tion, we present a method that can be used to develop predictive curves of 
displacement at wall breakthrough for part-through cracks. The length of 
the part-through crack was selected to be 50 percent of the pipe circumfer- 
ence (~ : II). In order to compare the prediction with experimental data, 
Experiment No. 10S [4] for which initiation was predicted in the preceding 
section was selected. 

Figure 4 shows the load-displacement record of Experiment 10S 14]. The 
various stages of crack growth are shown: initial flaw at one, onset of radial 
instability at two, end of instability or through-crack development at three, 
and through-crack development to entire length of the surface crack at four. 
This experiment was conducted in displacement-controlled bending. Our in- 
terest is to predict the displacement at the onset of radial instability. The pre- 
diction was based upon a comparison of the applied djr/da against its mate- 
rial counterpart. 

The material J-resistance curve used is shown in Fig. 5. This curve was de- 
veloped using surface flawed pipe experimental data on 102-mm-diameter 
pipes [4]. Because the surface cracks did not grow uniformly in the radial di- 
rection, an average radial growth was defined assuming equal growth all 
along the length of the surface flaw and it is denoted as ~a. Radial crack 
growth was measured by heat-tinting of the flaw during experiments. The 
J-values were calculated, using appropriate expression in Eq 2. The J-~a 
data points from several experiments were used to develop the resistance 
curve shown in Fig. 5. Further details can be found in Ref 4. 

The expression used to calculate applied dJr/da was taken from Ref 5 

ajr 'v_ 
= 2R r 2 "-~ ~ Jr (7) 

da t 

Figure 6 shows a plot of dJ/da versus J for crack growth in the radial direc- 
tion. The solid curves shown are for crack depths ranging from 10 to 90 per- 
cent of the thickness. The calculations were performed as follows. First, Jr 
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FIG. 4--Load-displacement record of a 5Z 5 percent depth part-through-wall cracked pipe in 
four-point-bend loading [4]. 

was calculated from Eq 2 using a o0-value of 482.5 MN/m 2 and assuming in- 
creasing values of 6pt. It was then substituted into Eq 7 and dJr/da was ob- 
tained. The distances Z and L in the four-point bend loading system were 
1.524 and 0.406 m, respectively. The calculational pairs for each crack depth 
were plotted giving straight lines as shown in Fig. 6. The material crack 
growth resistance behavior is shown by the dashed curve. This curve was de- 
rived from the J-resistance curve shown in Fig. 5. 

The intersection of the applied curve with the material curve gave a critical 
value of J for each x at which unstable radial crack growth is predicted. 
These critical Jr-values were then used in Eqs 2, 3, and 6, giving load-point 
displacements at wall breakthrough. The results are shown in Fig. 7. It can 
be seen that the predicted result for 50 percent circumference and 57.5 per- 
cent depth part-through crack agrees with the experimental data shown in 
Fig. 4. 

Stability of Growth of Part-Through Cracks 

In our earlier work [5], we considered the stability of radial growth of part- 
through cracks. Here, we extend the analysis to include the stability of cir- 
cumferential growth of part-through cracks. Additionally, crack stability is 
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FIG. 5--Type 304 stainless steel J-resistance curve for radial growth of part-through-wall 
cracks in pipes. 

now derived in terms of crack area rather than crack length or depth. This al- 
lows the consideration of variable depth part-through cracks. The analysis 
assumes a spring in series with the cracked pipe (Fig. 2). The spring can be 
interpreted as representing the additional compliance of a piping system. 
The total displacement, fiT, can be expressed as (see Fig. 2) 

<S T = EP + 6pt (8) 

where "( -=- 2c~ + cep where cs and Cep are the compliance of the linear elastic 
spring and that of the untracked pipe, respectively. Assuming fully plastic condi- 
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tions and crack growth under displacement-controlled bending (3r = con- 
stant) gives 

dar = 0 = -( dPt dbp~ 
d'A " ~  + dA (9) 

where dA denotes the increment in crack area. For the example in Fig. 1, dA is 
equal to Rtd ((ax). Equation 9 is not restricted to uniform depth cracks. Sur- 
face cracks having variable depth can be considered using Eq 9. An example 
of variable-depth flaws is part-elliptical or part-circular flaws. The quantity 
d~pt/dA can be derived from Eq 1. Equation 9 then becomes 

(10) 

For simplicity, let us consider the flaw case shown in Fig. 1. The change in 
area for circumferential growth is equal to Rtxddp. The partial derivatives of J 
can be derived using Eq 1 through 3. The derivation is very similar to that in 
Ref 5; therefore, it is omitted here. The final result is 

where 

and 

23'2 . 

arJ,~ -- 4~xt(&Pt)  2 + --R--J~, (11) d(R4/2) 

F2 = sin (xq~14) + cos (~b/2) 

The foregoing result can be used to develop applied curves for circumferen- 
tial growth of part-through cracks. Through-wall cracks analysis is a special 
case of the foregoing result and is easily obtained by substituting x = 1 in Eq 11. 
The result for radial growth in compliant piping can be derived in a similar 
manner. The only change in Eq 7 is that cep is replaced by c. 

In general, the analysis for stability of growth of part-through cracks re- 
quires the determination of applied dJ/da for both the circumferential and 
radial crack fronts. Previous work [8, 9] has considered stability of through- 
wall cracks with the presumption that all part-through cracks will become 
through cracks. Because crack growth resistance may be different in radial 
and circumferential directions, a mere comparison of applied dJ/da for the 
two directions will not provide enough information about the leak-before- 
break behavior. Therefore, for each direction (radial and circumferential) a 
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separate comparison of the applied and material dJ/da is required to deter- 
mine if instability is possible in either direction. The results of the analysis 
for each direction can then be combined to define leak-before-break poten- 
tial for surface cracks. This is explained by a safety assessment diagram de- 
fined and developed in the next section. 

Development of Safety Assessment Diagram 

Consider a part-through crack, growing stably under a fixed or slowly 
varying displacement-controlled bending, that reaches the radial crack growth 
instability point. If the resulting through-the-thickness crack is stable, then 
the pipe will remain intact, at least until the displacement increases further. 
If this occurs, then a leak-before-break condition has been demonstrated. 

The proposed procedure for the development of safety assessment diagram 
is as follows: First, calculate applied dJ,./da for several surface cracks and 
compare them with the material counterpart to determine the instability 
point. Using this result, compute the load-point displacement from the first 
of the two expressions in Eq 2. Secondly, calculate the dJ+/d(Rck/2) for the 
same cracks using Eq 11 and compare it with its material counterpart to de- 
termine instability point, if any. Using this result, calculate the load-point 
displacement using the second of the two expressions in Eq 2. Finally, com- 
pare the displacement pairs to determine whether radial instability occurs 
first. If it is so, then leak is predicted. If not, break is predicted. This proce- 
dure will define certain part-through cracks that will produce a leak and 
others that will not. It is realized that these results will depend upon ? be- 
cause it influences the applied values of dJ/da. Also, relative differences be- 
tween the resistance curves influence the final result. 

The safety assessment diagrams were developed for two piping compli- 
ances. The first example considered a 102-ram-diameter Schedule 80 Type 
304 stainless steel piping system. For illustration purposes a straight pipe 
with two hangers, symmetrically placed, was considered. This example is 
identical to the four-point bend system of Fig. 2 but without spring. The sec- 
ond example considered a spring in series with the pipe as in Fig. 2. The 
compliance of the spring was chosen to be about two times that of the pipe. 

In the first example, the pipe length was assumed as 6.4 m. The spacing 
between the hangers was assumed as 4.27 m, which is the maximum allow- 
able spacing in 102-mm-diameter lines of stainless steel construction [10]. 
These dimensions are then Z and L, respectively, for our analysis purpose. 
Analyses such as those depicted in Fig. 6 were performed for ~ = II/6, 1-[/3, 
1-I/4, 1-I/2, and II. The results are shown by the solid curves on Fig. 8. 

The dashed curve resulted from a similar analysis for crack instability of 
through-the-thickness cracks. The J-resistance curve used in this analysis is 
shown in Fig. 9. The details of the method and data used in the development 
of this resistance curve can be found in Ref 6. It should be noted that the 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



11-304 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

12 

Io 

~ 8  

g 

o 

Surface c r a c k , x =  ~ 1 300 

0.1 

J -.  200 

150 

ThrouQh - thickness crock, x = I. 0 ..a ~ or 

E 
- - too 

t~ 

2 - 
= 3.50xlodm/N 

Z = 6 . 4 0 0  m 
L = 4 . 2 6 7  rn 

I , I I I 
0 O.I 0.2 0.3 0.4 0.5 

Crack Lenoth, fraction circumference 

FIG. 8--Instability predictions for part-through-wall and through-wall cracks in 102-mm- 
diameter pipes. 

J-values shown on this figure are corrected for the factor 2, which was missed 
due to an error in our earlier work [6]. The procedure used for through-crack 
instability prediction is as follows: For each assumed ~, J ,  was chosen to be 
equal to Jc, the J-value for initiation of through-the-thickness crack. Then, 
dJJd(R~k/2) was calculated using Eq 11. Next, a small amount of crack 
growth was assumed and the applied J ,  was obtained via the J-resistance 
curve using the statement of equilibrium. The crack functions were com- 
puted using crack growth and substituted into Eq 11 to obtain dJJd(R~k/2). 
This procedure was repeated for other assumed crack growth. Thus, an ap- 
plied curve was developed for each selected initial crack length which was 
compared with the material curve of Fig. 9. The critical values of J at insta- 
bility were then converted into load-point displacements. The predicted load- 
point displacements and the crack lengths at instability were plotted giving 
the dashed curve in Fig. 8. 

A leak region, marked by the area on left of the vertical line, is shown in 
Fig. 8. In this region ($ less than II/9), any part-through crack is predicted 
to have stable radial crack growth; that is, applied and material curves do 
not intersect. The intersection of the part-through crack curves and through- 
crack curve defines the leak-before-break behavior. That is, the intersection 
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FIG. 9--Type 304 stainless steel J-resistance curve for circumferential growth of through-wall 
cracks [6]. 

points define combinations of crack length and depth of part-through cracks 
that are just sufficient to cause fracture. This result is shown in Fig. 10 in the 
form of a safety assessment diagram. Two regions are defined: In the leak re- 
gion, when a part-through crack becomes a through crack it will be stable be- 
cause additional displacement (loading) will be required for growth of 
through-crack. In the fracture region, a part-through crack that becomes a 
through crack would become unstable immediately and would result in pipe 
fracture without any leak warning. 

For the purpose of comparing the leak-before-break behavior of different 
lines, it is convenient to present the result in terms of piping compliance as 
this is the most important input parameter. For the problem just considered, 
Ewas calculated as 3.50 • 10 -6 m/N. In the second example, a spring hav- 
ing a C s of 6.295 • 10 -6 m/N was assumed in series with the pipe. The di- 
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FIG. lO--Safety assessment diagram for a 6.4-m-long, 102-mm-diameter pipe subjected to 
displacement-controlled bending. 

mensions of the pipe and other input parameters were exactly the same as in 
the first example. The spring compliance is approximately two times that of 
the pipe. This represents a relatively rigid piping system (b- = 1.6 • 10 -5 m/N). 
A safety assessment diagram was developed using the procedure just de- 
scribed. The final result is compared with the previous example in Fig. 11. 
As expected, the fracture region increases slightly due to the increase in com- 
pliance. Curves such as those shown in Fig. 11 can be developed for several 
values of b- representing compliance of real piping systems. The main feature 
of the proposed safety assessment diagram is that they can be developed in 
advance for each potential crack location. If a part-through crack is detected 
during in-service inspection, then it can be quickly evaluated to verify if leak- 
before-break behavior can be demonstrated. 

Discussion and Conclusions 

The plastic fracture mechanics methodology elaborated in this paper pro- 
vides a means of predicting the instability of wall breakthrough and subse- 
quent instability of through cracks. It was shown that accurate predictions 
are possible for initiation of radial growth and for instability of wall break- 
through. The method clearly delineated the wall breakthrough from final 
fracture event. This aspect was not considered in any previous work [8, 9]. 
Thus, the assessment of leak-before-break in cracked pipes is now possible 
using a rational and sound method. 
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FIG. ll--Effect of piping compliance on the leak-before-break behavior of part-through 
cracks. 

There are two aspects that deserve further work in any leak-before-break 
analysis. One of them is the calculation of compliance of the real piping sys- 
tem which is needed in the form of E. The other is the issue of J-resistance 
curves for radial and circumferential growth in pipes. The work by the au- 
thors [4, 6] is the first effort in developing such information directly from pipe 
specimens. Additional refinements in the analysis techniques and evaluation 
of data are needed to insure accurate resistance curves and consequently 
useful predictions. The analysis equations presented in this paper assume 
fully plastic bending conditions for all part-through cracks. This assumption 
may not be valid for ferritic piping. Further work is suggested where linear 
elastic and fully plastic fracture mechanics solutions can be combined. The 
instability analyses can then be developed along the lines of Refs 4-7, 11. 
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ABSTRACT: When a crack is discovered during inspection of a piping component in a 
nuclear power plant, the decision on replacement is dependent on the available design mar- 
gin of the pipe in the presence of the crack. This paper describes the development of engi- 
neering methods to assess the design margin in cracked pipes. Procedures are outlined to 
evaluate cracks in piping, using methods consistent with the American Society of Mechani- 
cal Engineers (ASME) Code design basis, and to develop failure diagrams for piping. A 
criterion based on net section collapse is shown to predict adequately the load capability of 
piping with cracks. The predictions of the net section collapse approach are shown to be 
consistent with results from elastic-plastic fracture analysis based on J-integral and R-curve 
methods. Finally, the methodology is used to recommend acceptance criteria for flaws in 
power plant piping. The proposed criteria assure that the mininmm safety margins inherent 
in the ASME Code are preserved during operation. Since allowable flaw sizes can be deter- 
mined using infornaation already available in piping stress reports, the proposed criteria of- 
fer a simple conservative method for assessing flaws in piping. 

KEY WORDS: net-section collapse, circumferential cracks, failure diagrams, nuclear 
piping, flaw assessment, ductile fracture, J-integral, estimation scheme, elastic-plastic 
fracture 

W h e n  a c rack  is d i scovered  d u r i n g  inspec t ion  of a p ip ing  c o m p o n e n t  in a 

nuclear  power plant ,  a decision has  to be m a d e  whether  the  r epa i r / r ep lacement  

of the  c o m p o n e n t  is w a r r a n t e d  i m m e d i a t e l y  or  if it could  be  de fe r r ed  unt i l  a 

conven ien t  t ime  w h e n  it cou ld  be  m a d e  wi th  m i n i m u m  i m p a c t  on p lan t  avail- 

ability. T h e  decis ion wou ld  be  based  on  t h e  compar i son  of  t he  d iscovered  
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crack with the critical crack size for given service conditions. For components 
made of materials in which brittle fracture is the failure mode, the critical 
crack size can be determined on the basis of linear elastic fracture mechanics 
(LEFM) methods. However, for piping components made of materials like 
stainless steel and high-toughness carbon steel, failure is characterized by ex- 
tensive yielding and subsequent plastic instability. For such ductile materi- 
als, therefore, it is necessary to use elastic-plastic fracture mechanics or plastic 
collapse methods in establishing critical crack sizes for given service condi- 
tions. The purpose of this paper is to describe methods for the evaluation of 
flaws in ductile piping and to develop simple flaw acceptance criteria. The 
focus will be on part-through and through-wall circumferential cracks since 
observed field cracks are generally located near the circumferential girth 
welds in piping. 

The methodology used to determine the acceptance flaw size is to first eval- 
uate the critical flaw size for the applied loading conditions. The acceptance 
flaw size is then determined by requiring a suitable design margin on the crit- 
ical flaw conditions. The critical flaw size is determined by using limit-load 
concepts. It is assumed that a pipe with a circumferential crack is at the 
point of incipient failure when the net section at the crack develops a plastic 
hinge. Plastic flow is assumed to occur at a critical stress level, ay, called the 
flow stress of the material. The criterion is simple to apply and has been 
shown to be effective in predicting failure of stainless steel pipes containing 
circumferential cracks [1,2]. 2 Using this method, referred to hereafter as the 
net-section collapse approach, critical flaw parameters can be represented in 
the form of a failure diagram defining the combination of critical crack 
depth and length at which collapse occurs for a given applied stress. The ad- 
vantage of the net-section collapse approach is that it is consistent with the 
American Society of Mechanical Engineers (ASME) Boiler and Pressure Ves- 
sel Code [3] (hereafter referred to as "ASME Code" or "Code") piping 
design basis and uses information already available in piping stress reports. 
No additional analysis or materials data are required in this assessment. Al- 
though the crack assessment procedure used here is based on collapse theory, 
the existence of a critical net section stress can also be justified by a general 
yield fracture mechanics analysis [4]. To compare the present method with 
elastic-plastic fracture mechanics criteria, failure predictions were made for 
(1) crack initiation based on J1e, and (2) maximum load assuming J-controlled 
crack growth. Comparisons were made for through-wall cracks and part- 
through circumferential cracks in both stainless steel and carbon steel piping 
under axial loads. The elastic-plastic fracture estimation scheme of Shih et al 
[5, 6] was used for the J-computations and the crack growth analysis was per- 
formed using typical J-R curves for the material. Comparisons were also 
made with the British two-parameter R-6 criterion [16]. 

2The italic numbers in brackets refer to the list of references appended to this paper. 
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Finally, the failure diagrams developed for different applied stress levels 
were used to establish acceptance criteria for cracks in piping designed to the 
ASME Code. The approach used in establishing flaw acceptance standards 
was to require that the minimum safety margins of the Code be retained 
throughout plant operation even with cracks. Using this procedure, accept- 
able flaw sizes can be conveniently determined as a function of stress level for 
the different plant operating conditions. 

Net Section Collapse Formulatlon 

Consider a circumferential crack of length, g, and constant depth, d, lo- 
cated on the inside surface of a pipe (Fig. 1). In order to determine the point 
at which collapse occurs, it is necessary to apply the equations of equilibrium 
assuming that the cracked section behaves like a hinge. For this condition, 
the assumed stress state at the cracked section is as shown in Fig. I where the 
maximum stress is the flow stress of the material, ay. Let Pm be the mem- 
brane stress in the longitudinal direction in the uncraeked section of the pipe 
and Pb be the bending stress. Equilibrium of longitudinal forces and mo- 
ments about the axis give the following equations 

Case 1: Neutral axis located such that ~ + 3 < 7r: 

( r  -- a d / t )  -- (Pm/af )r  
3 (1) 

2 

Pb = 2of (2 sin 3 -- d / t  sin ct) (2) 
~r 

Case 2: Neutral axis located such that ~ + 3 > r (assume crack takes 
compression): 

= 7r (1 -- d / t  -- Pro~of) (3) 
2 -- d / t  

Pb = 2of (2 -- d / t )  sin 3 (4) 
7r 

Case 3: Through-wall crack; pressure loading only: 

~r 2 2 sin-1 (5) 
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where 

t = pipe thickness, 
= hall crack angle as shown in Fig. 1, and 
= angle that defines location of neutral axis. 

The foregoing equations together define the combinations of c~ and d/ t  for 
which failure by collapse is predicted under the given applied stresses, Pm 
and Pb. 

It should be noted that only the stresses due to externally applied loads 
need to be considered in evaluating Pm and Pb- Such loads include pressure, 
deadweight, seismic inertia, and water hammer, and are defined as primary 
loads by the ASME Code [3]. Stresses due to temperature gradients and due 
to thermal expansion loads need not be considered in this analysis since such 
stresses do not affect the net section collapse load. 

The preceding equations can be solved by considering a given value of crack 
depth, d, and determining the angle ~ at which collapse is predicted for 
specified values of Pro, Pb, and of. The material flow stress, gf, is in general a 
function of the yield strength, Sy, and ultimate strength, S, ,  of the material. 

Figure 2 shows a failure analysis diagram developed for stainless steel pip- 
ing with the curves shown for two stress levels--one corresponding to the nor- 
mal operating condition and the other corresponding to the design condition 
which includes limiting earthquake loads. The value of flow stress was as- 
sumed as 331 MPa (48.0 ksi) based on experimental data. For the normal op- 
eration condition, the primary stress of interest is the axial membrane stress 
due to internal pressure. This stress was assumed as 41 MPa (6 ksi). Other 
primary stresses were negligible. For the design condition (which includes the 
operating basis seismic loads), the ASME Code [3] stress limit is (Pro + Pb) = 
1.53 Sm [Sin for stainless steel = 110 MPa (16.0 ksi)]. It should be noted that 
this is the maximum stress permitted by the Code and, in reality, the calcu- 
lated stresses are usually well below the Code limits. 

The failure analysis diagram of Fig; 2 indicates that stainless steel pipes 
can tolerate large circumferential cracks without failure. For example, under 
normal operating conditions, a through-wall crack extending through 55 per- 
cent of the circumference is tolerated. 

Available field observed data on circumferential cracks in austenitic pipes 
and safe ends are also shown on the failure analysis diagram (Fig. 2) in order 
to make a qualitative estimate of typical safety margins. The nominal pipe 
size in these data varies from 5 to 25 cm (2 to 10 in.). It is seen that the field 
data on cracks are well within the safe region. Moreover, the data show a ten- 
dency for the pipe to leak before the collapse load point is reached, thus indi- 
cating a strong trend for a "leak before break" condition. Also, since field 

3S m is the design stress-intensity value defined in the ASME Code and is dependent on the mini- 
mum yield and ultimate strength of the material. 
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cracks have varying depths and are seldom aligned in the same plane, the 
idealized representation used here would enhance the conservatism. 

Comparison with Elastic-Plastic Fracture Mechanics Predictions 

The criterion used in this assessment of the strength of circumferentiaUy 
cracked pipes is based on the concept of a critical net-section flow stress. The 
existence of a critical net-section stress for crack initiation in a center-cracked 
panel (CCP) has been justified by Smith [4] using the results of fully plastic 
solutions developed by Shih et al [5,6]~ By relating the crack opening dis- 
placement, and thereby J, to the net-section stress, Smith concluded that ex- 
cept for a slight panel width dependence, the net-section stress at crack ini- 
tiation in a CCP is essentially constant for highly ductile materials such as 
stainless steel. Recently Zahoor and Kanninen [7] examined stability of part- 
through circumferential cracks in pipes subjected to bending loads by devel- 
oping J-integral expressions based on a critical net-section stress at initiation. 
Thus, the net-section collapse approach used here to evaluate piping flaws is 
consistent with elastic-plastic fracture concepts also. To provide additional 
confirmation that the net-section collapse method is conservative relative to 
elastic-plastic fracture mechanics (EPFM) predictions, the two methods were 
compared using two examples--a through-wall crack and a fully circumfer- 
ential part-through crack in a pipe subjected to axial loading. More general 
cases of axial and bending loads as well as part-through surface cracks could 
not be evaluated because of the limited number of EPFM solutions available 
in the literature for cracks in pipes. 

In comparing the net-section collapse method with the EPFM predictions, 
both initiation, that is, attainment of Jic, and maximum load, including 
stable crack growth, were used as the failure criteria. Two high-toughness 
piping materials--Type 304 stainless steel and SA106 Grade B carbon steel-- 
were considered. The J-integral calculations were performed using the esti- 
mation scheme [8] in which elastic and fully plastic solutions are added to ob- 
tain the value of J-integral in the elastic-plastic range. In computing the 
elastic-plastic solutions, the material stress-strain curve is characterized by 
the Ramberg-Osgood form as follows: 

(7 0 
(6) 

The values of the parameters n, a, Oo, and e0 used in the J-integral compu- 
tations are shown in Table 1. Once the applied J-values are computed, failure 
predictions can be made by comparing the applied J and dJ/da with the ma- 
terial properties: JIe, the crack initiation toughness measure, and dJMAT/da, 
the slope of the J-R curve. The room temperature Ylc-values for Type 304 
Stainless Steel reported in the literature [9,10] range from 788.0 to 1365.9 
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TABLE 1--Material properties used in elastic-plastic fracture mechanics comparison. 

Material 
Properties used in Elastic- 
Plastic Fracture Evaluation 

Properties used in 
Net-Section Collapse 

Evaluation 

Stainless steel type 304 

Carbon steel SA106 Grade B 

JIc = 4000 in.. lb/in. 2 ay = 52.5 ksi 
8000 in. �9 lb/in. 2 

dJ 
- -  13 0001b/in. 2 

da 

Ramberg-Osgood parameters 

a 0 = 30.0ksi 
~0 = 0.001 
n = 5.42 
c~= 1.69 

J~ ~- 1500 in. �9 lb/in. 2 aj = 47.5 ksi 

dJ 
-- 30 000 lb/in. 2 

da 

Ramberg-Osgood parameters 

a o = 27.0ksi 
e o = 0.0009 
n = 6.98 
a = 1.08 

N O T E  S : 

1 in. �9 lb/in. 2 ~ 0.17512 kJ/m 2 
1 lb/in. 2 = 6.9 kPa. 
1 ksi = 6.90 MPa. 

k J /m  2 (4500 to 7800 lb .  in . / in .2) .  In comparisons reported here, two values 

of JIe, 700.5 to 1401.0 k J / m  2 (4000 and  8000 l b - i n . / i n . 2 ) ,  were used. Since 
from the allowable crack size assessment s tandpoint  it is desirable to under-  
predict the maximum load, a lower-bound d J / d a - v a l u e  of 93 MPa (13 500 lb /  
in. 2) was selected based on experimentally determined J-R curves for circum- 
ferentially cracked stainless steel pipes included in Ref 10. Note that  in some 

cases such as investigation of stability of part- through circumferential  
cracks, choice of a lower-bound d J / d a  may not be appropriate.  The Jk  and 

d J / d a - v a l u e s  for carbon steel were obtained from Ref 11. The flow stress oj 
used in the net-section collapse predictions was based on the material yield 
and ultimate strengths given in the ASME Code. Table 1 shows all the mate- 
rial properties used in the analysis. 

In  the following sections, details of the comparison between the net-section 

collapse and the EPFM predictions are presented for two examples: a 
through-wall flaw and a 360-deg part- through circumferential flaw in a pipe 
under  axial loading. 
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Through- Wall Flaws: Stainless Steel Pipe 

Reference 12 includes a curve of J versus applied axial stress (am) for a 
66-era-diameter (26 in.) pipe with a quarter circumference through-wall flaw. 
A bilinear stress-strain curve with a yield strength, Sy, of 276 MPa (40 ksi) 
and a tangent modulus, JEt, of 1152 MPa (167 ksi) was assumed in that analy- 
sis. This J-curve is derived directly from a shell model and thus does not in- 
volve any shell correction. From that curve, the axial stress corresponding to 
J of 700.5 kJ/m 2 (4000 in. .  lb/in. 2) was determined as 152 MPa (22 ksi). 
Thus, based on crack initiation as failure criterion, the elastic-plastic fracture 
calculations predict an allowable through-wall flaw size of one quarter of the 
circumference under an applied axial stress of 152 MPa (22 ksi). This data 
point is shown in Fig. 3. The net-section collapse failure line corresponding 
to an axial stress of 152 MPa (22.0 ksi) is also shown in Fig. 3. This failure 
line is given by Eqs 1-4 with Pm = 152 MPa (22 ksi) and Pb = 0. It is seen 
that crack initiation occurs before the onset of net-section collapse. However, 
when crack growth is accounted for, the maximum load predicted by EPFM 
is expected to be higher than the net section collapse load. 

The foregoing comparison was based on J-solutions for a specific pipe size 
and crack length. General estimation schemes that permit J-computation for 
any pipe size and crack lengths are not available at this time. Instead, center- 
cracked plate solutions with shell correction factors were used to make the 
comparison between EPFM and net-section collapse predictions for different 
pipe size and crack length combinations. 

Shell correction factors for through-wall circumferential cracks in shells sub- 
jected to axial membrane stress are given, among others, by Rooke and Cart- 
wright [13] and Delale and Erdogan [14]. The shell correction factor in these 
references is defined as the nondimensional ratio of K in the shell to am x/~a, 
where or, is the applied remote axial stress. In this paper, the shell correction 
factor is defined as the ratio of J in the shell to J in a CCP of width equal to 
the circumference of the shell. The values in Refs 13 and 14, which are essen- 
tially identical, were reevaluated this way and are plotted in Fig. 4 as a func- 
tion of the nondimensional parameter X ( =  ax/Rt; a = one-half the crack 
length, R and t are shell radius and thickness, respectively). While derived 
on a linear dastic basis, these factors are believed to be applicable in the 
elastic-plastic range. Paris [15] has used similar factors in the elastic-plastic 
evaluation of postulated cracks in pressure vessels. The bending introduced 
due to the presence of a through-wall crack is included in these shallow-shell- 
theory solutions. A good agreement noted between the J-integral values for 
66-cm (26 in.) pipe with quarter circumference flaw included in Ref 12 (re- 
ferred earlier in this subsection) and those obtained using a shell correction 
factor indicates that this approach is reasonable. 

Two pipe sizes--small and large--were considered in this evaluation. The 
small pipe was a 10-cm (4 in.) Schedule 80 [Do = 11.43 cm (4.5 in.), 
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FIG. 3--Comparison of net-section collapse and elastic-plastic fracture mechanics predic- 
tions for a through-wall flaw in 304 stainless steel pipe (ksi = 6. 90 MPa). 
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FIG. 4--Procedure for calculation of J for axially loaded cylinder with a through-wall crack. 

t = 8.559 mm (0.337 in.)] and the large pipe was 50-cm (20 in.) Schedule 80 
[Do = 50 cm (20 in.), t = 26.187 mm (1.031 in.)]. The J-integral values for 
the equivalent CCP geometry were obtained using the estimation scheme 
formulas given in Ref 6 and the stress-strain parameters given in Table 1. 
These were multiplied by the shell correction factor to determine the applied 
J. Allowable axial membrane stress was based on comparison with Jic (that 
is, crack initiation) for three crack length-to-circumference ratios: 0.125, 
0.25, and 0.375. The results are shown in Fig. 5 along with the net-section 
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FIG. 5--Comparison of net-section collapse and estimation scheme (J Ic) load predictions for 
axially loaded 304 stainless steel pipe with through-wall circumferential crack (1 ksi = 6.90 
MPa; 1 in. = 25. 4 ram). 

collapse prediction line which was obtained using Eq 5. The EPFM results 
are in good agreement with the net-section collapse prediction. The dif- 
ferences in the allowable membrane stresses between the 10-cm (4 in.) and 
50-cm (20 in.) pipes using the EPFM are as expected due to the built-in crack 
size effect in the mathematical expression for J. The net-section collapse 
predictions are independent of pipe size. It is seen that the net section col- 
lapse predictions are conservative (that is, predict a lower allowable mem- 
brane stress) with respect to EPFM prediction for crack initiation in the 
10-cm (4 in.) pipe. In the case of the 50-cm (20 in.) pipe, however, the allow- 
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able stress by the net-section collapse method is somewhat higher than pre- 
dicted for crack initiation based on Jic. As before, if crack growth is included 
and the maximum load is computed using the material J-R curve, the EPFM 
prediction for the allowable stress is expected to be higher than that based on 
the net-section collapse method. Figure 6 shows the comparison based on 
maximum load assuming J-controlled crack growth. The maximum loads 
were calculated using a computer program which simulated the graphical 
procedure depicted in the crack driving force diagram of Ref 6. The J-R 
curve was assumed to be a straight line with a slope equal to the value of the 

4 Irl. ~ h  80 JIc = 4.0 in, kipl in. 2 

0 20 in .  SchSO ~J;~'- = 13.0k ip/ in .  2 

O'f = 52.5 ks= (ROOM TEMP) 

6O 

LO 
n" 

X 
< 

0 

UJ 

20 

0 
0 

�9 NET-SECT ION COLLAPSE PREDICTION 

I N I T I A T I O N  

I I l ~ I 
0.1 0,2 0 3 0.4 0 5  

a / ~  R 

FIG. 6--Comparison of  net-section collapse load and estimation scheme maximum load for  
axially loaded 304 stainless steel pipe with through-wall circumferential crack (1 ksi = 6.90 
MPa; 1 in. = 25. 4 mm). 
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material dJ/da in Table 1. From Fig. 6, it is seen that when the stable crack 
growth is taken into account, the EPFM predictions for both the 10- and 
50-cm (4 and 20 in.) pipes fall above the net section collapse. Although this 
comparison for the through-wall flaws is not extensive, it does illustrate the 
good agreement between the EPFM and the net section collapse predictions. 

Fully Circumferential Flaws 

Figure 7 shows the allowable axial stress for fully circumferential flaws in 
stainless steel pipes calculated on a crack initiation (Jic) basis. As in the 
through-wall flaw case, the calculations were performed for two pipe sizes. 
The J-integral values were obtained as a function of axial stress using the esti- 

4 ~n. Sch 80 0 2 0  m .  Sch 80 

JIc = 4000 in. - IbJ in.  2 

80 

60 

40 

20 

t 

O -41.-- - - - - I ~ O  

I 

. . - - S ;g ;% COL ,SE 

I I I I 
0 0.2 0.4 0.6 0.8 1.0 

CRACK D E P T H / W A L L  THICKNESS (a/b) 

FIG. 7--Comparison of net-section collapse and estimation scheme (Jlc) load predictions for 
axially loaded 304 stainless steel pipe with 360-deg circumferential crack (1 ksi = 6.90 MPa; 
1in. -----25.4mm). 
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marion scheme formulas of Ref 8. A pipe size effect similar to that observed 
in the through-wall case is also noted here. In this case, however, the EPFM 
predicted allowable axial stress for both pipe sizes is higher than the net sec- 
tion collapse prediction. Thus, from this limited comparison for stainless 
steel pipes, it is seen that the net-section collapse predictions are in reason- 
able agreement with the EPFM calculations. 

Comparison with Two-Criteria Failure Assessment Approach 

The two-criteria approach or the R-6 diagram has been developed mainly 
by researchers at the Central Electricity Generating Board (CEGB) for an en- 
gineering integrity analysis of flawed structures [16]. This diagram enables 
the safety margin for fracture and limit load failures to be plotted in a failure 
space defined by the stress-intensity/fracture toughness ratio (K~) as the or- 
dinate and the applied stress to plastic collapse stress ratio (Sr) as the ab- 
scissa. The failure curve is obtained by using the Dugdale solution for a finite 
crack in an infinite sheet subjected to remote tension. Similar failure assess- 
ment curves plotted on K~ -- Sr axes have been derived using estimation 
scheme solutions by Shih et al [8] and Bloom [17]. Procedures developed by 
these authors will be used in comparison presented here. 

For this comparison, a 15-cm (6 in.) Schedule 80 pipe [D o = 16.827 cm 
(6.625 in.), t = 10.972 mm (0.432 in.)] of SA 106 Grade B carbon steel was 
chosen. The pipe was assumed to have a through-wall crack extending 
through 1/8 of the circumference and subjected to remote axial stress. The 
pertinent room-temperature material resistance curve data and the stress- 
strain curve parameters are all given in Table 1. The following formulas from 
Ref 8 are used to develop the failure assessment line 

where 

P 
P~ 

J 

% 

& 
Jop 

[J(a)] (P/Po) 2 Je 

[J(ae)] (P/Po) 2 + J (a, n) (P/Po) "+1 Jep 
: Kr 2 : Jr (7) 

Sr = P/Po (8) 

= applied load, 
= reference load, 
= represents dimensionless functions whose numerical values are listed 

in Ref 8, 
: Irwin's effective crack length modified to account for strain hard- 

ening, 
= value of J calculated assuming linear elastic behavior, and 
= value of ] calculated using the estimation scheme for elastic-plastic 

behavior. 
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Equations 7 and 8 describe the failure assessment line in the space of Kr and 
St. The failure assessment line for the subject cracked pipe configuration is 
shown in Fig. 8. Reference load P0 was defined as o0 X (Area of uncracked 
ligament at cracked section). 

The loading line in Fig. 8 is simply "x/Je/JIc, where Jlc is the value of the 
J-integral at crack initiation, and its intersection with the assessment line in- 
dicates the crack initiation point. During the stable ductile crack growth 
phase the loading point moves along the assessment line as indicated. Al- 
though there is a slight increase in the crack length during the ductile tearing 
phase, the assessment line based the original crack length was considered a 
reasonable approximation. For comparison purposes, the R-6 line and the 
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FIG. 8--Two-cri ter ia  (R-6) f o r m a t  comparison of net-section collapse and estimation scheme 
predictions for axially loaded carbon steel pipe with through-wall crack (I ksi = 6. 90 MPa," 
1 in. = 25.4 ram). 
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net-section collapse prediction are also indicated in Fig. 8. As expected, the 
R-6 line, based on yield stress as the flow stress, provides a conservative 
estimate in the limit load-controlled failure region. 

Development of Acceptance Criteria for Cracked Piping 

The net-section collapse approach permits determination of the critical 
flaw size in a stainless steel pipe for a given combination of applied stresses. 
However, the acceptance flaw size is smaller than this and can be determined 
by applying a required safety margin on the failure flaw parameters. The ac- 
ceptance flaw size, af, is the maximum size to which a detected flaw can be 
allowed to grow without the need for repair. In other words, it is the maxi- 
mum allowable end-of-inspection period flaw size. In order to develop easy- 
to-apply acceptance flaw tables, the following simplifying assumptions are 
made. 

1. Membrane Stress--In calculating the location of the neutral axis (angle 
/3 in Eqs I and 3), the value of the primary membrane stress is required. Since 
pipes are generally sized such that the hoop stress at design pressure is less 
than Sm (Article NB3640, Ref 3), it is reasonable to assume that the axial 
membrane stress Pm is Sin~2. Parametric studies with different values for Pm 
have shown that the allowable flaw sizes are not significantly dependent on 
the assumed value of Pro" 

2. Flow Stress--Experimental measurements [1] and evaluations of Gen- 
eral Electric (GE) pipe test data indicated that the assumption of af -= 3 Sm is 
reasonable. This is slightly higher than the average of the Code minimum 
values of the ultimate strength and yield strength at 288~ (550~ for Type 
304 stainless steel. A flow stress value indexed to Sm is more realistic since 
different grades of austenitic materials have different strength properties and 
pipes are designed on the basis of the design stress intensity Sin. Also, the 
Code minimum properties are for annealed material and do not consider the 
beneficial effects of strain-hardening. In the vicinity of piping welds where 
cracks are likely to occur, the strength of the weld heat-affected zone is higher 
than that of the annealed material. In view of the foregoing reasons, the as- 
sumption of = 3 Sm is reasonable. 

3. Safety Factor--The philosophy in setting the acceptance standards is to 
preserve the minimum safety margin inherent in the ASME Code design 
basis for uncracked piping. For normal conditions, the minimum margin on 
primary membrane stress is 3 (Pro < Sm is the lower of S,/3 or 0.9 Sy). For 
bending stresses in piping, the margin is slightly lower as seen from the fol- 
lowing equation for straight piping (Article NB-3652, Ref 3) 

PD/4t + MD/2I  <_ 1.5 Sm (9) 
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where 

P = pressure, 
t = thickness, 

D = outside diameter, 
I = moment of inertia, and 

M = applied moment including seismic loading. 

Considering the case of pure moment loading alone, it is seen that the total 
safety margin arises from two factors: (1) a ratio of 2 coming from the allow- 
able limit of 1.5 Sin, whereas the flow stress is 3 Sin, and (2) the ratio of the 
fully plstic moment for a thin pipe (4 a z r 2 t) to the moment for just reaching 
the flow stress on the surface (~- afr 2 t) giving a factor of 4/~r. (For rectangu- 
lar cross sections the ratio is 1.5.) Thus, for pipes in bending the overall safety 
margin is 8/~r = 2.546. In setting up the acceptance standards, the safety 
margin will be imposed on P m +  Pb. The required safety factor is the average 
of the Code minimum safety margins for Pm and Pb = 1/2 (3.0 + 2.546) = 
2.773. 

For faulted conditions, the safety margin is one half of the value for normal 
conditions, that is, 1/2 (2.773) = 1.387. This is also consistent with the Code 
design basis since the allowable limit to be used in Eq 9 is 3 Sm for faulted 
conditions. 

Based on the foregoing assumptions, flaw assessment diagrams can be 
developed for different values of Pm + Pb (Pro is assumed to be Sin~2 and 
O'f ~--- 3 S,n). Figure 9 shows the failure diagram for P m +  Pb = Sin. The 
dotted line represents the combination of flaw depth and length defining 
plastic collapse. Applying a safety factor of 2.773 on Pm+ Pb, the allowable 
flaw parameters can also be calculated as shown by the curved solid line. 
Flaw combinations below this line will preserve the minimum safety margins 
of the ASME Code. Since through-wall cracks cannot be tolerated (even 
though sufficient structural margins can be demonstrated), the maximum al- 
lowable crack depth is limited to 75 percent of the wall thickness. This is con- 
sistent with Appendix A of Section XI, ASME Code [18], which requires the 
crack arrest depth in pressure vessels to be less than 75 percent of the wall 
thickness. Also, from a practical perspective, it may be more cost effective to 
repair/replace the pipe for such deep cracks even though adequate structural 
margins can be shown. 

Similar diagrams can be developed for emergency and faulted conditions 
also, except that the required safety margin is 1.387. 

The acceptance flaw sizes shown in Fig. 9 can be determined for a range of 
applied stresses for both normal and faulted conditions. Tables 2 and 3 show 
the allowable values for different values of (P,n + Pb)/Sm for normal and 
faulted conditions. For intermediate values of P~ + Pb the acceptance flaw 
sizes can be determined by interpolation. 

It should be noted that the acceptable flaw, af, represents the maximum 
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FIG. 9--Determination of allowable flaw sizes with a safety factor of 2. 773for normal conditions. 

flaw size that can be tolerated at the end of the next inspection interval. To 
determine the allowable value, ai, at the previous inspection, it is necessary 
to subtract the expected crack growth during that interval. 

The methodology presented here for evaluating cracks in piping is based 
on limit-load design concepts which are strictly valid with highly ductile 
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TABLE 2--Acceptance flaw size for normal conditions. 

Ratio of Length to Circumference, e/2~rr 

0.1 0.2 0.3 0.4 0.5 or more 

S m a / t  

1.4 0.40 0.21 0.15 0.10 0.10 
1.3 0.75 0.39 0.27 0.22 0.19 
1.2 0.75 0.56 0.40 0.32 0.27 
1.1 0.75 0.73 0.51 0.42 0.34 
1.0 0.75 0.75 0.63 0.51 0.41 
0.9 0.75 0.75 0.73 0.59 0.47 
0.8 0.75 0.75 0.75 0,68 0.53 

Pm = primary membrane stress. 
Pb = primary bending stress. 
S m = ASME Code design stress. 

TABLE 3--Acceptance flaw size for faulted conditions. 

Ratio of Length to Circumference, e/21rr 

0.1 0.2 0.3 0.4 0.5 or more 
Pm+Pb 

S m a / t  

2.8 0.40 0.21 0.15 0.10 0.10 
2.6 0.75 0.39 0.27 0.22 0.19 
2.4 0.75 0.56 0.40 0.32 0.27 
2.2 0.75 0.73 0.51 0.42 0.34 
2.0 0.75 0.75 0.63 0.51 0.41 
1.8 0.75 0.75 0.73 0.59 0.47 
1.6 0.75 0.75 0.75 0.68 0.53 

P m =  primary membrane stress. 
Pb = primary bending stress. 
S,~ = ASME Code design stress. 

materials. They do not explicitly consider failure by brittle fracture or tearing 
instability. To preclude brittle fracture concerns, the criteria outlined here 
are restricted to austenitic piping and the associated weld materials and stain- 
less steel castings with low ferrite content. Although tearing instability is not 
explicitly considered here, tearing instability is not likely since the acceptance 
criteria developed here assure large margins over hinge formation. 

Summary and Conclusions 

Simple engineering methods are developed for the evaluation of flaws in 
ductile piping. Since failure in piping is characterized by gross yielding and 
plastic instability, it can be assumed that a pipe with a circumferential crack 
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is at the point of incipient failure when the net section at the crack reaches a 
critical flow stress and develops a plastic hinge. The results can be presented 
in the form of a failure diagram defining the combination of critical crack 
depth and length at which collapse occurs for a given applied stress. The ad- 
vantage of the net-section collapse approach is that it is consistent with the 
ASME Code piping design basis and uses information already available in pip- 
hag stress reports. No additional analysis or materials data are required in this 
assessment. Failure predictions based on this method are in good agreement 
with experimental data on both 304 stainless steel and high-toughness carbon 
steel piping. 

Although the crack assessment procedure used here is based on collapse 
theory, the existence of a critical net-section stress can be justified by a gen- 
eral yield fracture mechanics analysis also. To compare the present method 
with elastic plastic fracture mechanics criteria, failure predictions were made 
for (1) crack initiation based on Jic, and (2) maximum load assuming J-con- 
trolled crack growth. 

Comparisons were made for through-wall cracks and part-through circum- 
ferential cracks in both stainless steel and carbon steel piping under axial 
loads. 

The results show that the predictions of the simple net-section collapse ap- 
proach are in good agreement with the more detailed elastic-plastic fracture 
methods for evaluating cracks in piping. This is significant since it demon- 
strates that the simple engineering methods coupled with information avail- 
able in stress reports can be used in confidence to assess cracks in piping. 

Finally, the failure diagrams developed for different applied stress levels 
were used to establish acceptance criteria for cracks in piping designed to the 
ASME Code. The approach used in establishing flaw acceptance standards 
was to require that the minimum safety margins of the Code be retained 
throughout plant operation even with cracks. Using this procedure, accept- 
able flaw sizes can be conveniently determined as a function of stress level 
for the differentplant operating conditions. An important advantage comes 
from the fact that no special stress analysis or fracture evaluation is required 
to determine flaw acceptability. Information that is already available in pip- 
ing stress reports can be used to make the assessment. Specific material 
properties such as J[~ data, tearing modulus, and J-R curves are not needed 
for the evaluation. The only material property needed is the flow stress, which 
can be obtained from minimum-strength properties specified in the Code. 
Thus, the proposed criteria offer a simple, conservative method for assessing 
flaws in piping. 
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ABSTRACT: A program of experimentation and analysis aimed at determining fracture 
instability in circumferentiaUy cracked Type 304 stainless steel pipes in seismic or water- 
hammer loadings is described. Experimental work on center-cracked tension panels 
revealed that dynamic loading does not affect the net-section stress criterion evolved 
previously for Type 304 stainless steel. Full-scale tests on 100-mm-diameter (4 in.) pipes 
subjected to a dynamic load nevertheless indicate that a margin of safety exists beyond 
that predicted by the application of the net-section stress criterion. It is concluded that 
the finite duration of a dynamic loading together with the system compliance which 
allows stable crack growth beyond maximum load is primarily responsible. A J-based 
plastic fracture mechanics assessment based upon rate-dependent mechanical and frac- 
ture properties of the material was made and found to be consistent with this hypothesis. 

KEY WORDS: fracture, dynamic loading, Type 304 stainless steel, nuclear plant piping, 
elastic-plastic fracture 

Previous  work  has  shown t h a t  a cr i t ical  ne t - sec t ion  stress cr i ter ion can  be  

qu i t e  effect ive  for  p r ed i c t i ng  t h e  s t reng th  of  c i rcumferen t ia l ly  c r acked  T y p e  

304 stainless steel  p ipes  u n d e r  quas i -s ta t ica l ly  app l i ed  loads  [1-2].  2 However ,  

because  of  t he  c o m b i n e d  effects  of  a f in i te  load  du ra t ion  a n d  the  escala t ion  of  

t he  flow stress at  h igh  s train rates,  this  cr i te r ion  is l ikely to  be  overly conser-  

1Battelle Columbus Laboratories, Columbus, Ohio 43201. 
2 The italic numbers in brackets refer to the list of references appended to this paper. 

Copyright �9 1983 by ASTM International 

11-331 

www.astm.org 
Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



11-332 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

vative for dynamic loadings. Thus, predictions for seismic, water-hammer, 
or other such transient events based on current technology could misjudge 
the actual margin of safety in flawed nuclear piping. The research reported 
in this paper addresses this concern by a program of combined analyses and 
experiments. The work includes small-scale specimen testing, a plastic frac- 
ture mechanics analysis, and full-scale pipe fracture experiments. 

The experiments on small-scale test specimens described herein are of two 
types: center-cracked tension panel experiments and impact-loaded bend 
specimen experiments. The former were designed to evaluate the effect of 
cyclic and other high-rate or transient loading conditions on the net-section 
stress criterion. The latter were designed to help evaluate the effect of loading 
rate on the J-resistance curve. A series of four pipe fracture experiments on 
circumferentially cracked, 100-mm-diameter (4 in.), Type 304 stainless steel 
pipes under dynamic loading was also conducted. An analysis using a J-inte- 
gral-based plastic fracture mechanics approach was applied to these ex- 
periments. The analysis employed a J-resistance curve taken from the impact 
experiments and a J-estimation method appropriate for the dynamically 
loaded circumferentially cracked pipes. Specific application was made to the 
single experiment in which a significant amount of crack growth was achieved. 

Center-Cracked Panel Experiments 

The flat-plate test data generated in a previous program [1-2] established 
that sharp fatigue cracks and fine saw cuts in sensitized and nonsensitized 
Type 304 stainless steel gave essentially the same net-section stresses at max- 
imum load and during stable crack growth. In fact, more recent work [3] 
showed that Jic -values from bend specimens with stress-corrosion cracks were 
greater than for fatigue cracks, and comparable to the sharp machined-notch 
specimens. In addition, cracks located in the heat-affected zone (HAZ) of a 
weldment showed few differences from the behavior in the base material. Ac- 
cordingly, the experiments performed in this program used specimens with 
saw cuts in unsensitized material. In addition, only a few monotonic loading 
experiments were performed (to correlate with the previous results) in order to 
concentrate on dynamic loading conditions. 

In the test series that was performed, the center-cracked panels were sub- 
jected to increasingly complex load histories. In several tests the load was 
released several times during crack growth in otherwise monotonic loading. In 
some of these the load was reversed to compression. In subsequent tests, 
groups of up to 50 constant-amplitude load cycles were applied at various 
stages of crack growth. Finally, tests were performed in which a simulated 
seismic load, taken from an actual earthquake record, was applied as a series 
of loads. 

Of most significance is the bearing that these new results have on the critical 
net-section stress criterion established in the previous work [1]. In such an ap- 
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proach a correlation is sought for the net-section stress acting on the un- 
cracked ligament--that is, a . e  t = a =  W / (  W - -  2a) where a~ is the applied 
(remote) stress, W the plate width, and 2a the crack length--and the point of 
incipient failure. If such a criterion is to be meaningful, then a.e t should be a 
constant from one test to another. The results shown in Fig. 1 indicate that this 
is indeed the case. 

The results in Fig. 1 show that both the initiation of crack growth (open sym- 
bols) and the maximum load (closed symbols) are well correlated by unique 
net-section stress values. Use of this criterion to predict the results of quasi- 
static pipe fracture tests obtained in another phase of this research pro- 
gram--see Ref 3 - - i s  shown in Fig. 2. It can be seen that excellent agreement 
exists with the results for three different pipe diameters. The pipe experiments 
were performed in bending with the maximum load achieved in the experi- 
ment being shown. 

Taken together, the results given in Figs. 1 and 2 suggest that perturbations 
to monotonic loading will not significantly affect the critical net-section col- 
lapse criterion for the failure of circumferentially cracked Type 304 stainless 
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F I G .  2--.Comparison of  quasi-statically loaded through-wall cracked Type 304 stainless steel 
pipe experiments with the net-section stress failure criterion (1 in. = 2.54 cm). 

steel pipe. Hence, a prediction of pipe fracture under load-controlled condi- 
tions can be readily made. In nuclear piping systems, however, a dynamic 
loading would manifest itself more nearly as a displacement- (or rotation) con- 
trolled loading. In addition, the finite duration of such loadings will also tend 
to lessen their severity. To obtain a precise assessment requires a plastic frac- 
ture mechanics analysis, which in turn requires appropriate material proper- 
ties and a crack growth resistance curve. The impact-loaded bend specimen 
experiments described next were performed to develop these data. 

Bend Specimen Experiments 

The bend specimen experiments were conducted on two thicknesses of Type 
304 stainless steel and at two temperatures. Both quasi-static and interrupted 
impact loadings were used, the latter increasing the displacement rate by a fac- 
tor of 2 • 105. The necessary input for the finite-element calculation of J was 
the experimental crack growth versus load-line displacement data; see Fig. 3. 
The high-rate experiments were conducted with an instrumented drop-weight 
tower. An unusual feature of these tests was the control on the amount of crack 
extension. This was achieved by stopping the failing weight after a predeter- 
mined amount of deflection had taken place in the three-point-bend speci- 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



WILKOWSKI  ET AL  ON C I R C U M F E R E N T I A L L Y  C R A C K E D  PIPES 11-335 

E 
E 

I 0 - -  

8 - -  

6 - 

4 - 

2 - -  

o 5 Io 25 

/ • • -  Specimen 8 -  24 

inite Element Model 

~ S p e c i m e n  8 -  28 

I 1 
15 20 

~ mm 

FIG.  3--Crack growth versus displacement measurements from quasi-static tests of sharp- 
notched three-point-bend specimens of Type 304 stainless steel (1 m m :  O. 04 in.). 

men. The load at the instant the instrumented striker contacted the stop-block 
was evident from the load/time record; see Fig. 4. Following the impact test, 
the specimen was photographed to permit later measurement of crack opening 
displacement (COD) and midspan displacement. It was then heat-tinted and 
broken open to permit measurement of the average crack extension resulting 
from impact loading. 

Eight to ten specimens were tested to obtain the necessary data for calculat- 
ing a J-resistance curve. Each specimen had a different level of displacement. 
These ranged from about 5 to 30 mm (0.2 to 1.2 in.). These displacement levels 
produced crack extensions that ranged from about 0 to 10 mm (0 to 0.4 in.). 

Because of the very large ductility of Type 304 stainless steel, a large defor- 
mation elastic-plastic finite-element analysis with special gap-lift-off elements 
was used to assess the results. This is illustrated by the finite-element simula- 
tion of an impact test shown in Fig. 5. The extremely large deformations are 
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FIG. 4--Load versus time curves for interrupted impact tests (l lb = 0.45 kg). 

evident; note that because of symmetry about the crack plane, only half of the 
specimen is shown. 

One complication that immediately arises in these analyses is the inexorable 
loss of path independence of the J-integral during stable crack growth. Figure 
6 shows typical results obtained for an interrupted impact test using five inte- 
gration contours (see insert in Fig. 6 for the location of the contours). It can be 
seen that, while the initiation point is virtually identical for all five paths, 
significant divergence occurs after as little as 1 mm (0.04 in.) of crack growth. 
Also worthy of note is the apparently inconsistent result obtained on the most 
remote crack path. This results from the fact that this contour is affected by 
the plastic deformation occurring around the load point. As a compromise, 
the value obtained around the fourth path was used in this work. A com- 
parison between the interrupted dynamic results and those obtained under 
quasi-static loading conditions is shown in Fig. 7. 

Perhaps the most important finding in the bend specimen testing pertains to 
the question of high-rate loading of pipes as might occur in a seismic event. As 
Fig. 7 shows, a high-loading rate tends to raise the J-resistance curve for Type 
304 stainless steel. Hence, tests conducted at low rates will tend to give conser- 
vative results. Conversely, specimens tested at 290~ (550~ exhibited some- 
what lower J-resistance curves than those tested at room temperature. This 
stems primarily from the substantially lower flow stress of Type 304 stainless 
steel at the higher temperature. These results suggest that a room-temperature 
test will overestimate the crack growth resistance of boiling water reactor 
(BWR) piping at its operating temperature while quasi-static testing will pro- 
vide a conservative estimate of the dynamic fracture behavior. 
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FIG. S--The deformed shape and the calculated plastic zone at different stages of crack growth 
for interrupted impact tests of a sharp-notched three-point-bend specimen of Type 304 stainless 
steel, Note that only one half of the specimen is shown. 
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FIG. 6--The J-integral values computed around five different contours for interrupted impact 
tests on sharp-notched three-point-bend specimens of Type 304 stainless steel. 

Specimen thickness effects were found to be more pronounced at room tem- 
perature than at 290~ (550~ At both low- and high-displacement rates, 
the 26-ram (1.03 in.) specimens, characteristic of 10-cm-diameter (4-in.), 
Schedule 80 pipes, yielded higher J-An curves than did the 8.4-ram (0.33 in.) 
specimens. Although these results indicate that tests conducted on the thinner 
plate may provide conservative predictions for the performance of the thicker 
sections that are found in 66-em-diameter (26 in.) piping, this is not necessar- 
ily true. Because the bend tests were conducted on stainless steel from different 
heats, the toughness variations could also be due to material property varia- 
tions. 

Plpe Fracture Experiments 

The results obtained in the bend specimen testing indicated that the 
J-resistance curves for Type 304 stainless steel pipes subjected to dynamic 
loading would be elevated above those obtained in conventional slow loading 
tests. In addition to the effect of piping system inertia, an increased flow stress 
at higher loading rates and a finite duration of the load exist, all of which tend 
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FIG. 7--J-resistance curves for Type 304 stainless steel generated from sharp-notched three- 
point-bend specimens tested under quasi-static and impact loading. 

to mitigate the propensity of a dynamically imposed loading to cause pipe frac- 
ture. For high-toughness materials, the maximum load the structure can 
withstand eventually reaches a plateau level corresponding to plastic instabil- 
ity or net-section collapse; that is, a further increase in toughness will not in- 
crease the failure stress. 3 This has previously been demonstrated for axially 
flawed pipe [4]. Hence for high-toughness materials such as the seamless Type 
304 stainless steel pipe, the increased strain-rate increases both JI~ and the flow 
stress, but only the increase in the flow stress increases the load-carrying 
capacity of the pipe. 

To study the effect of transient dynamic loading, a series of four dynamic 
pipe fracture tests was performed. These tests used essentially the same exper- 
imental setup--see Fig. 8 - -but  with a different (through-wall) circumferential 
crack length used in each. Specifically, the crack sizes ranged from zero in the 
first test up to 50 percent of the circumference in the fourth. 

As depicted in Fig. 7, the experiment used a vertical test section with a 
through-wall crack located near the lower or fixed end. A horizontal section 

3See Fig. 12. 
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FIG. 8--Experimental setup for induced transient bending stresses in the dynamic pipe frac- 
ture experiments. 

containing pressurized carbon dioxide was attached to the upper end of the 
column to provide the dynamic loading. To begin the experiment, a rupture 
disk located at the right-hand end of the horizontal section was burst. This 
resulted in a lateral thrust being applied to the vertical cracked pipe. It can be 
seen in Fig. 8 that sufficient instrumentation was included to both monitor 
crack initiation and growth (if it occurred) and to enable the plastic fracture 
mechanics analysis described in the following section of this paper to be 
performed. 4 

To design these experiments, it was necessary to accurately know the time 
history of the lateral load. These data were obtained from theoretical gas 
dynamics calculations and from tests in which the pressurized pipe section was 
mounted on a load cell. The resulting thrusts are shown in Fig. 9a. Because of 
the discrepancy that existed between the experimental measurements and the 
prediction (primarily due to the inaccuracy of current analyses with regard to 
two-phase flow problems), post-test calculations were made using the test data 

4Specific note was taken of the possibility of a torsional contribution due to nonaxisymmetric 
loading. This was found to be negligible in all four experiments. 
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FIG. 9--Lateral loads acting in the dynamic pipe fracture experiments. 

to improve the agreement. A combination of Curves 3 and 4 from Fig. 9a was 
then used in the design of the pipe fracture experiments; see Fig. 9b. 

The adjusted thrust history was used as input to a dynamic elastic-plastic 
finite-element piping system analysis computation. However, this computa- 
tion did not allow for the possibility of a cracked section. Hence, the calculated 
stresses and deformation are nominal values that would occur only for a crack- 
free system. The bending moments calculated for these conditions at each of 
several locations along the column are shown in Fig. 10. Note that, because a 
significant strain-rate effect exists for Type 304 stainless steel--see Fig. 
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l l - - t h e  stress-strain curve obtained at about the strain rate anticipated in the 
experiment (that is, i = 0.076 s -1) was used in these computations, s 

The first dynamic pipe fracture experiment, Experiment No. 1D, did not 
have a crack. This experiment was performed in order to assess the pre- 
liminary design information and, indeed, some adjustments were found to be 
necessary because of the idealizations contained in the analysis. The second 
experiment, 2D, was designed such that the initial crack was a through-wall 
crack with a length of about 15 percent of the circumference. Sharp saw cuts of 
the same acuity as in the bend specimen and fiat-plate tests were employed. 
This was slightly greater than that required for initiation according to the net- 
section stress criterion and the uncracked pipe dynamic bending stresses. For 
a number of reasons (such as the greater compliance of the cracked pipe, the 
finite load duration, and load-rate effects), crack growth was not expected. 
And, in fact, crack growth initiation did not occur. The maximum crack-tip 
opening displacement was 0.254 mm (0.010 in.), whereas the critical COD for 
initiation was 2.5 mm (0.100 in.). Although this was only one-tenth of the 
critical COD, it was 80 percent of the load required for crack initiation; see 
Fig. 12. 

To perform the third experiment, the crack length was arbitrarily doubled. 
Somewhat surprisingly, no crack growth was experienced in this test either. 
The crack-tip opening displacement was 1.75 mm (0.070 in.), which was 70 
percent of the initiation value. This corresponded to a maximum applied load 
of 85 percent of that necessary for crack initiation; see Fig. 12. 6 It is clear from 
Fig. 12 that, as the crack length increases, the pipe compliance reduces the 
dynamic bending moment enough to preclude crack initiation. 

A circumferential crack length equal to 50 percent of the circumference was 
used in the fourth experiment, 4D, to insure crack initiation and growth. In 
this experiment the crack initiated and grew approximately 3 mm (0.12 in.) at 
each crack tip before it arrested. This result and the results of the three 
preceding dynamic pipe fracture experiments, when compared with the quasi- 
static experiments on the basis of the bending moments calculated for an un-  

c r a c k e d  pipe, suggest a large margin of safety. However, when the reduction of 
the bending moment due to the compliance of the cracked structure is taken 
into account--see Fig. 12--this margin is considerably reduced. Nevertheless, 
because pipe fracture was not achieved even though the net-section stress cri- 
terion was exceeded, a margin of safety does indeed exist in dynamic loading. 
However, the exact amount cannot be determined in the absence of dynamic 
experiments in which fracture instability is achieved. 

SThe peak bending moments were about 20 percent higher than those calculated using the 
quasi-static stress-strain curve. 

6The experimental data in Fig. x2 were obtained by conducting a series of experiments on pipes 
of different toughnesses. 
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v 

O O I 0.2 03  0.4 0.5 06 
Norrnahzed Circumferential Through-Wall 

Crack Length, 2c/~'D 

FIG. 12--Comparison of dynamic loading experimental data with static test data for through- 
wall circumferentially cracked Type 304 stainless steel pipes in bending. 

Plastic Fracture Mechanics Analysis 

Plastic fracture investigations have established that J-integral-based assess- 
ments can be highly effective [5]. Recent work [6] has carded these assess- 
ments into the dynamic region. Hence, the dynamic pipe experimental data 
can be analyzed to obtain an estimate of the applied J-integral as a function of 
time. Using this result in combination with the experimentally determined 
point for crack initiation (expressed in time) would then determine the initia- 
tion J-value for the dynamic loading. The experiment examined was dynamic 
pipe experiment No. 4D, which contained a 50 percent through-thickness 
crack, because only in this experiment was crack initiation obtained. Hence, 
this exercise cannot offer a complete assessment of the applicability of the 
plastic fracture mechanics analysis procedure. In particular, the tearing 
modulus fracture instability prediction cannot be tested since instability was 
not obtained experimentally. 

As in the work of Zahoor and Kanninen [7], an estimate of the J-integral for 
a pipe with a circumferential through-thickness crack that is subjected to 
bending loads can be obtained from 
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Opt 0pl dOpl 
OMz 

j = _ (1) 
-0 0(crack area) 

where ML is the limit moment and 0pl is the rotation of the pipe due toplasticity 
confined in the crack section. Under the usual assumption that a limit moment 
exists 

l Opt dML 
J = - -  Opl 

Jo d(craek area) 

o r  

~0pl 

J = ~ ~o MLdOpI (2) 

20 
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FIG. 13--Experimental bending moment  variation with time in dynamic pipe fracture experi- 
ment No. 419. 
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In Eq 2, ~ is a geometric function that depends solely on the crack length and 
the pipe dimensions defined in the foregoing. 

In order to make use of Eq 2, data on the limit moment and pipe rotation are 
required. In the case of dynamic loading, these quantities must be known as a 
function of time. The experimental bending moment variation with time is 
shown in Fig. 13. The variation of pipe rotation with time can be extracted from 
the elbow displacement data. These are given for Experiment 4D in Fig. 14. 
Equation 2 can then be used to determine J versus time. The result is shown in 
Fig. 15. 

As shown in Fig. 15, the maximum J-value occurs at a time t = 0.28 s with a 
value of 3.590 MN/m (20 500 in. �9 lb/in.2). It should be noted that the maxi- 
mum bending moment occurs at a Oprvalue of 0.16 rad (which occurs at time t 
= 0.15 s). The estimated J-integral value at this instant was 1.534 M N / m  
(8760 in. �9 lb/in.2). The point where the bending moment drops off very sharply 
gives a J-value of 3.345 M N / m  (19 000 in . .  lb/in.2). This is the time when the 
pipe is experiencing unloading. Based on this information, the initiation is 
predicted at 1.534 M N / m  (8760 in. �9 lb/in. 2) at a time t ---- 0.15 s. 

Comparison with Figure 7 shows that the value of J = 1.53 M J / m  2 (8760 
in. �9 lb/in. 2) for initiation is consistent with the higher impact specimen gener- 
ated J-resistance curves. Moreover, because J does fall off rather sharply for 

Z5 
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"7 

0 

5 

~oodmg 

005  O.IO 0~5 C20 925 
"r~me, seconc~s 

" -3  

E 

Z 

0 
53 

FIG. 15--Estimated applied J versus time curve for the dynamic pipe fracture experiment No. 4D. 
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WILKOWSKI ET AL ON CIRCUMFEREN~IALLY CRACKED PIPES 11-349 

greater times, the calculation is qualitatively consistent with the observation of 
crack arrest after a small amount of crack growth. Specifically, the J-value at 
crack arrest was 3.06 MJ/m 2 (17 500 in. �9 lb/in.2). This J-value and the experi- 
mental crack growth of 3.2 mm (0.125 in.) are compared with the bend speci- 
men J-resistance curve in Fig. 16. The dynamic pipe J-value is slightly above the 
impact test results, but is in reasonable agreement. 

Conclusions 

The research reported in this paper has led to three main conclusions. First, 
the net-section stress failure criterion for Type 304 stainless steel appears to be 
unaffected by dynamic and nonmonotonic loading. Second, a margin of safety 
exists in dynamic loading of circunderentially cracked Type 304 stainless steel 
pipes that is primarily due to the finite duration of the load and the system 
compliance. Third, plastic fracture mechanics assessments for crack growth 
and fracture instability under dynamic loading, including the load rate effects 
on the mechanical and fracture properties of the materials, can give reason- 
able crack growth and instability/arrest predictions. 
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FIG. 16--Comparison of the dynamic pipe fracture experiment and the J-resistance curves for 
Type 304 stainless steel generated fiom sharp-notched three-point-bend specimens tests. 
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Donald  E. McCabe  I and John D. Landes I 

JR-Curve Testing of Large 
Compact Specimens 

REFERENCE: McCabe, D. E. and Landes, J. D., "JR-Curve Testing of Large Compact 
Speelmens~" Elastic-Plastic Fracture: Second Symposium, Volume II--Fracture Resis- 
tance Curves and Engineering Applications, A S T M  STP 803, C. F. Shih and J. P. Gudas, 
Eds., American Society for Testing and Materials, 1983, pp. II-353-II-371. 

ABSTRACT: This paper describes experiences and special testing techniques applied to 
JR-curve development using compact specimens ranging in size by factors up to 20. All 
specimens were 20 percent side-grooved. The material used was A508 Class 2A and the 
tests were made at 477 K (400~ Unloading compliance was used to measure crack 
growth and a special displacement measuring gage having high sensitivity and linearity 
was developed to detect minute compliance changes of the order of 0.1 percent. High- 
temperature creep effects were present but these were readily eliminated from interfering 
with unloading compliance precision by prior partial unloading to below the creep defor- 
mation range. Crack growth was calculated using a differential compliance formula and 
was usually predicted accurately within +._+ 15 percent of the heat tint indicated growth. 
This was generally true over a Wide range of specimen sizes and initial crack sizes. 

An example JR-curve comparison is given, comparing small-specimen versus large- 
specimen data. Deviation from a common Ja-curve develops when Aap >_ 0.06 bo, where b 0 
is the initial specimen ligament size. For the smallest specimen data, a modified J calcu- 
lation was applied which reestablishes comparability between large- versus small-specimen 
JR data, and this can be maintained over crack growth that represents a substantial liga- 
ment size change. 

KEY WORDS: elastic-plastic fracture, JR-curve, key curve, A508 steel 

The  fracture toughness  behavior  of s t ructural  materials  is now appropriately 
mode led  in t e rms  of the  JR-Curve characterist ics.  Al though  R-curve concepts  
a n d  tes t ing  t e c h n i q u e s  h a d  b e e n  developed on h igh-s t reng th  mater ials ,  the  
p r e d o m i n a n t  effort is now b e i n g  p u t  in to  descr ipt ions  for s t ruc tura l  grade 

mater ials .  T h e  d e v e l o p me n t  of r eproduc ib le  a n d  rel iable elast ic-plast ic JR- 
curves is no t  an  easy exper imenta l  task an d  this paper  is devoted to the  consid- 
era t ion of tes t ing  t e c h n i q u e s  a n d  to some of the  analyt ical  aspects  associated 

1Senior engineer and advisory engineer, respectively, Materials Research Department, West- 
inghouse R&D Center, 1310 Beulah Rd., Pittsburgh, Pa. 15235. 

Copyright* 1983 by ASTM lntcrnational 

11-353 

www.astm.org 
Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



11-354 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

with testing methods. An R-curve is a plot of material toughness develop- 
ment, usually expressed in terms of JR, versus obserVed stable growth. One 
problem area that has received considerable attention recently has been the 
justification for the use of J under growing crack conditions. New or revised 
computational methods that have been applied is a subject matter that has 
been covered in a previous paper [1]. 2 

Experimental Praetlces 

The main focus of attention here will be on the experimental procedures 
applied to measure slow-stable crack extension, and specifically, unloading 
compliance [2]. The testing procedure was to periodically partially unload 
the specimen about 10 to 15 percent to obtain unloading slopes. The slopes 
are completely linear, independent of prior plastic deformation, and related 
to the existing physical crack size. Careful measurement of changes in slope 
as the test progresses can he used with known linear elastic compliance cali- 
brations to determine physical crack size. The crack size change of interest to 
JR-CUrVe concerns is often-times small relative to the overall specimen dimen- 
sions. Hence changes in slope will also be small and it is necessary to attune 
instrumentation accuracy requirements to this fact [3]. To illustrate, Table 1 
lists various standard sizes of compact specimens and the change in compli- 
ance that 0.13 mm (0.005 in.) of stable crack growth would represent. It is 
immediately obvious that extraordinary precision in unloading compliance 
practice is needed for the larger specimens. Transducer signals are handled 
as is depicted in Fig. 1. The specimen is loaded in clevises which contain flat 
bottom holes that serve to minimize friction due to pin rotation as the speci- 
men is opened [ASTM Test for Plane-Strain Fracture Toughness of Metallic 
Materials (E 399-78a)]. Careful specimen alignment is absolutely mandatory. 
Knife edges made from spot-welded-on razor blades are attached at the spec- 
imen load line, and these serve as precision attachment points for the clip 
gage. The sharp edges give a precise fit which is completely devoid of contact 
point sliding. The transducers and amplifiers used are carefully calibrated 
and periodically checked for sensitivity and linearity. The two x-y recorders 

TABLE 1--Compliance change (%) for 0.127 ram (0.005 in.) of crack 
growth, assuming ao/W = 0.5. 

a o, in. Crack S i z e  Compliance, 
Size (ram) Change, % AC/Co, % 

1T 1 (25.4) 0.5 1.2 
2T 2 (50.8) 0.25 0.6 
4"I' 4 (101.6) 0.12 0.3 

10T 10 (2.54) 0.05 0.13 

2The italic numbers in brackets refer to the list of references appended to this paper. 
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FIG. 1--Schematic of test system for partial unloading compliance JR-Curve testing. 

shown represent two levels of signal magnification; the smaller scale is for J 
determination, and the enlarged scale for unloading slope determination of 
crack size. The appearance of the enlarged scale unloading slopes is usually a 
key indicator of a successful or appropriately made test setup. The unload 
and reload slopes should be linear and if the pen is kept down to trace in both 
directions, a well set-up specimen or test condition will show no separation of 
the two slopes; namely, no hysteresis loop effects. 

Many investigators prefer to digitally compile the load-displacement data 
in a computer for fully automated JR-Curve determinations, [4]. However, 
this can be a productive venture only if the test specimens used and instru- 
mentation variations are amenable to a routine practice. The wide range of 
specimen and crack sizes in the present project (to be described) had been 
judged to be outside of the bounds for easy computer adaptations. 

A dominant part of what has been established as recommendations for JR o 
curve development has been based on experiences with the testing of IT-size 
compact specimens for Jic [ASTM Determination of Jic, A Measure of Frac- 
ture Toughness (E 813-81)]. Here one is permitted to take a somewhat narrow 
viewpoint on test method requirements since the identification of the onset of 
stable crack growth is the primary objective. Of greatest importance is the 
ability to detect small increments of growth such as in the aforementioned 
0.13-ram (0.005 in.) increment example, and the accuracy of crack size mea- 
surements to larger crack extensions tends to be somewhat immaterial. 

If the objective of the experiment is to characterize the material JR-Curve 
behavior, the perspective on test method requirements should be revised ac- 
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cordingly. Less emphasis is needed on the detection of small increments of 
growth and more emphasis is placed on the accuracy of crack size determina- 
tion following relatively substantial stable crack growth. Herein resides a new 
problem, because straight-sided specimens will develop shear lips which (1) 
tend to pin the crack growth at the surfaces, creating thumbnail shaped crack 
fronts, and (2) reduce the accuracy of unloading compliance crack size deter- 
minations. A solution to this has been to side-groove specimen faces to a 
depth that will result in straight propagated crack fronts. Generally, this has 
been found to establish good correlation between compliance indicated and 
physically measured crack sizes over an extensive amount of crack growth [5]. 
The major penalty, however, is that the apparent material JR-CUrve behavior 
is oftentimes changed and it is not presently known for certain that this 
change is a real material behavior resulting from plane-strain constraint, or 
if the new JR-curve is unique to side-grooving. If the latter is true, the result- 
ing JR-curve is of no value to design condition considerations. 

Material and Equipraent 

A 3.3-m-diameter (130 in.) by 0.53-m-thick (21 in.) forged tube plate of 
A508 Class 2A steel was obtained for an investigation to study specimen size 
and geometry effects on JR-curve. The sample was extensively evaluated for 
material property variability and considerable differences were found, partic- 
ularly in the skin [to about 127 mm (5 in.) depth] and rim [in to about 508 mm 
(20 in.)] areas. A region of reasonable uniformity of properties was found for 
specimen selection and the values representative of this zone are listed in 
Table 2. Specimens were made to plan view dimensions of the standard com- 
pact geometry with the test matrix designed to study the effects of variable 
thicknesses and initial crack sizes on JR-Curve behavior. The dimensional 
variables of the test matrix are summarized in Table 3: All were 20 percent 
(10 percent each face) side-grooved. The specimens were precracked prior to 
the side groove machining and this generally resulted in relatively straight 
initial crack fronts. In large thick specimens, excellent precrack control was 
obtained by first precompressing the specimens at a load of equal magnitude 
to the initial precracking tension load. Fatigue cracks initiate more easily 
and propagate more uniformly for a short time along a straight crack front. 
The test matrix is shown in the form of broken specimen halves in Fig. 2. 

Specimen Design 

ASTM Method E 813 and a present draft method for R-curve determina- 
tion contain a recommended 1T-size compact specimen design shown in Fig. 
3a. A large cutout area on the front face is used to accommodate razor blade 
attachments on the load line. Accordingly, the loading pin hole spacing is 
rather large, increased by 0.2 W over that of the Method E 399 compact spec- 
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TABLE 2 Material properties A508 Class 2A (center slab position). 

Yield Tensile 
Strength Strength E longa-  Redue-  Hard- CVN, a FATT, b 

tion, tion ness 
ksi (MPa) ksi (MPa) % of Area, % R B ft-lh (J) ~ (K) 

55 (380) 80 (550) 30 63 87 115 (157) 100 (396) 

aCharpy V-notch. 
bFracture appearance transition temperature. 

TABLE 3--Test matrix for specimen size and dimension effects on JR-curve. 

Plan View 
Dimensions, in. Gross 

Size Thickness, Relative Initial 
Code W H in. Crack Size, ao/W 

V2T 1 1.2 0.5 and 1.0 0.5 
1T 2 2.4 0.5 and 1.0 0.5 and 0.75 
2T 4 4.8 0.5 and 2.0 0.5 and 0.875 
4T 8 9.6 1.0 and 2.0 and 4.0 0.5 and 0.75 and 0.875 

10T 20 24 1.0 and 10.0 0.55 

1 in. = 25.4 mm. 

imen. This design is quite susceptible to pin-hole failures due to the small 
under-hole ligament, and this can be particularly troublesome when loads are 
high due to a o / W  less than 0.6. An improved 1T design was employed herein, 
Fig. 3b.  All larger specimens (2T, 4T, and 10T) were made to the E 399 plan 
view dimensions with a relatively narrow cutout  for the load-line gage. 

Unloading Compliance Gage 

With reference to the information in Table 1, it would appear  that  in order 
to detect changes in crack size in larger specimens, extraordinary measures 
must be taken to optimize both the sensitivity and linearity of the displacement 
measuring transducers, [6]. Sensitivity and linearity in the 0.25 to 0.50/~m 
(10 to 20 #in.)  range would appear  to be needed. A gage designed and built 
to substantially satisfy this need is shown in Fig. 4. The gage has an overall 
working range of 50 m m  (2 in.) and the high sensitivity is obtained with a 
1.3-mm (0.05 in.) linear variable differential t ransducer (LVDT) which ac- 
cording to design specifications is linear to 1 .3 /zm (50 #in.)  over its working 
range. As a specimen is loaded, the core position is continuously adjusted to 
an electrical balance position. The gage is used only on unloading and over a 
small displacement change. Actually, a good working version of this gage 
was developed only after several design and test iterations involving several 
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FIG. 2--Specimen sizes tested in R-curve effects study. 

semi-successful schemes. The key elements which eventually evolved to make 
an optimum design were 

1. A precision ball-bearing type slide bar which is absolutely rigid in the 
transverse direction and almost friction free to longitudinal motion. Angular 
displacement is thereby efficiently converted to linear displacement. 

2. Point contact is made to the extension arms from the front face of the 
specimen. Cone type points are seated in Rockwell C indentation points on 
the extension arms. The leaf springs shown serve only to keep the contact 
cones firmly in place. 

3. No springs are used to force motion. The dead weight of the gage sup- 
plies all of the forces necessary. 

4. Automatic core positioning with an electrical balance circuitry and 
motor was considered but this was postponed for later development. 

The gage was calibrated against a capacitive-type [0.254-mm (0.010 in.)] 
LVDT which is sensitive and linear to within 5 • 10-5-mm (2 #in.). Table 4 
gives the comparison made with both systems mounted in parallel in a cali- 
brator. The 10-3-mm (50 #in.) linearity of the 1.3-ram (0.05 in.) LVDT ap- 
pears to be satisfactory and the suggested precision is adequate to contain at 
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FIG. 3--Comparison of standard specimen design (a), and modified design (b), IT size. 

worst 0.25 mm (0.010 in.) of crack growth error in a 10T-size compact speci- 
men. This corresponds to about 0.1 percent error in overall crack size. 

Testing Techniques 

Elevated Temperature Testing 

Prior to committing to the testing of the large specimens, a rather exten- 
sive material toughness survey was made with 1T-size compact specimens. As 
a result, a safe temperature of 477 K (400~ was established where all possi- 
ble sizes of.specimens could be expected to be safely on the upper shelf of the 
transition temperature behavior. For such high-temperature conditions, it is 
not always necessary to heat the entire specimen plus grips assembly. In fact, 
good temperature control of the test zone can be obtained by heating only the 
part that projects out behind the clevis and this practice has been used suc- 
cessfully for test temperatures as high as 533 K (500~ There is an advan- 
tage to this from the standpoint that instrumentation placed on the front face 
of the specimens will not see high temperatures and no special high-tempera- 
ture capability clip gages are required. Generally, specimens can be fitted 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



11-360 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

J 
i-[r--i 

(3 

�9 

I I 

I I 
I I 
I I 
1"4 
i t - ]  

. I  i 

~u 

FIG. 4--Schematic drawing of rezeroing L VDT gage. 

with strip heaters in a similar manner to that shown for a 10T specimen in 
Fig. 5. Various strip heater sizes are available for different specimen sizes. 
Test temperature was monitored at four locations on the specimen surfaces 
and from shielded thermocouples which were embedded inside of the speci- 
mens through drilled holes emanating from the top and bottom surfaces of the 
specimen. Insulating materials can be wrapped around the heater-specimen 
assemblies to reduce heat loss and to promote temperature uniformity. 

Figure 6 represents the family of gages used to test the various specimen 
sizes ranging from 1/2T to 10T compacts. The large long-arm clip gage was 
designed specifically to measure displacements up to 44 mm (1.75 in.) on the 
load line of the 10T specimen. The smaller clip gage is linear up to 19-mm 
(0.75 in.) displacement and it was used on all other specimen plan-view sizes 
ranging from 1/2T [W = 25.4 mm (1.0 in.)] to 4T [W = 203 mm (8.0 in.)]. 
These gages were attached to the specimens just outside of the hot zone and 
no special high-temperature strain gages or strain-gage adhesives were used. 
However, since the gages were attached with the tips in a hot zone, they tended 
to develop an elevated temperature gradient in the arms. Ordinary room con- 
vection currents will carry the heat away such that the gage body will be at 
room temperature. However, heat loss develops at an uncontrolled rate in the 
arms such that the clip gage will continuously and minutely change dimen- 
sions and the output will display a slight drift, oftentimes slow, and of small 
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TABLE 4--Results of two calibration runs on the rezeroing L VDT gage. 

Run No. 1 
Calibrator a Capacitive b Rezero LVDT Difference, 

Set Point, in. LVDT, V Gage, V /~in.c 

0 
0.001 
0.002 
0.003 
0.004 
0.005 
0.006 
0.007 
0.008 
0.009 
0.010 

Run No. 
0.0010 
0.0020 
0.0030 
0.0045 
0.0055 
0.00675 
0.0080 
0.009 
0.010 
0.011 

0 
1.167 1.181 + 14 
2.215 2.232 + 17 
3.233 3.244 +11 
4.079 4.092 + 13 
5.026 4.999 --27 
6.014 5.988 --26 
7.039 7.009 --30 
8.084 8.050 --34 
9.119 9.072 --47 

10.043 10.084 --41 

.996 .993 -- 3 
2.013 1.998 --15 
3.118 3.100 --18 
4.405 4.393 -- 12 
5.607 5.605 -- 2 
6.766 6.765 -- 1 
7.908 7.90O -- 8 
9.046 9.036 -- 10 

10.131 10.117 --14 
11.189 11.164 --25 

a2 #in. e rated accuracy. 
bCalibrator set point not 

reference standard. 
Cl #in. = 0.0254 #m. 

carefully controlled because capacitive LVDT is used as 

magni tude (in the  millivolt range on a 10 V ou tpu t  scale). The  drift  could easily 
go unnot iced without  special awareness and it would ordinari ly be of almost  
no consequence to JR determinat ions .  For  unloading compliance crack size 
determinat ions  the  errors could be  enough to create problems.  The  remedy is 
simply to shield the clip gage arms from room convection currents with a light- 
weight pl iable insulat ing material .  

U n l o a d i n g  S l o p e  D e t e r m i n a t i o n s  

Ducti le  mater ia ls  such as A508 have a tendency  to display load relaxation 
behavior when tests are made at elevated temperatures  such as 477 K (400~ 
If a compact  specimen is tes ted unde r  displacement-control led loading, and  
the test  is s topped for the  development  of a par t ia l  unloading slope, a per iod 
of load relaxation will ensue.  If  unloading slopes are a t t empted  dur ing this 
relaxation, the slopes will be affected and a type of hysteresis loop will develop 
between unloading  and  reloading (on expanded  scale records of the  type in- 
d ica ted  in Fig. 1). A usual  pract ice to avoid this is to wait for the  relaxation to 
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FIG. 5--10T specimen fitted w#h sixteen 500- W strip heaters. 

subside, Fig. 7a. This can take several minutes, and when 15 to 20 unloading 
slopes are developed in a single test, the time of test is inconveniently ex- 
panded. Furthermore, the return to the original load versus displacement 
record shows a gap, the interpretation of which (with respect to total energy 
and J calculation) could be subject to question. An attractive alternative in- 
corporated in the present program was to immediately reverse the applied 
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FIG. 6--Gages used in specimen size effect study. 

displacement such that the load was immediately reduced to below the load 
relaxation range, Fig. 7b. Unloading slopes could then he developed with the 
assurance that the time-dependent effects were completely absent. Frequently 
10 to 20 percent initial unload was necessary to avoid the relaxation at 477 K 
(400~ 

The A508 of the present project also showed a slight strain aging charac- 
teristic at 477 K (400~ This was evidenced by a slight overshoot in load 
(from increased strength) immediately following the unloading slope, illus- 
trated in Fig. 7c. Therefore, in order to ensure consistent J determinations, it 
was necessary to space the unloading slopes at intervals sufficient to reestab- 
lish the original test record character. The main problem with this was that 
on large specimens, the extended steps between unloadings caused the spac- 
ing o n  Aap increments to be greater than desired. 

Crack growth was predicted using differential compliance (ASTM E 813) 
where 

bo [ Ci-- Ci-l l [ l + cz2 ] 
- -  ( 1 )  dai =- -2 Ci_ 1 1 + a 
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Total crack growth is 
N=i 

(Aap)~ = ~ da~ 
N=I 

2a 1/2 2a 
c t ~ [  ( 2a " ~ 2 \  b ]i--1 q-2 ( ' - b ' - ) i - l + 2 ]  -- [ ( T ) i - I - ~ l l  

bi : [W - (a 0 + Aap)] 

b0 = (W - a0) 

Relative change in compliance is utilized here such that a compliance cali- 
bration curve, associated with a strictly defined attachment point, is appar- 
ently not required. The inference that the theoretical calibration curve be- 
havior C "~ f ( a / w )  can be correctly traced by Eq 1 is not strictly true and there 
will be some small accumulated error with extensive crack extension. The 
authors have found that the continual error accumulation can be counter- 

•••--"• Relaxation 

/J/~-Partial Unloading Slope 
a) Local Test Record Appearance with Fixed 

Displacement Hold Period 

b) 

al Immediate Unload 

/ j T ~  Partial Unloading Slope 
Local Test Record Appearance with Immediate 
Unload Past the Time Dependent Unloading Range 

~ ial Immediate Unload 

ial Unloading Slope 

cl Local Test Record Appearance with Overshoot 
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FIG. 7--Segments of load-displacement records shovdng time-dependent effects. 
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acted through the use of a fixed dimension b0. Table 5 gives a comparison of 
crack growth dimensions by 9-point heat tint (E 813) and compliance pre- 
dicted. Except for four cases, the agreement was within a very acceptable + 15 
percent. 

JR-Determlnatlons 

An expression has been recently developed by Ernst [ 7] which corrects de- 
formation theory J for slow-stable crack growth 

Ji+l-- - - -[J iq-(-~)  i Ai'i+l I [ 1--  ( ~ ) i  (ai+l--ai) 1 (2) 
B~ 

The subscripts i and i + 1 relate to test record increments and the parameters; 
~/, -y, and b are updated between each step. These are defined as follows: 

~1 = 2 + O.522b/W 
3" = 1 + 0.76 b / W  
b : [ W - - ( a  0+Aap) ]  

Ai, i+l equals the incremental work between Steps i and i + 1. If side- 
grooved specimens are tested, the thickness dimension, BN, used by most in- 
vestigators is the net thickness. An experimental observation here was that the 
20 percent side-grooved specimens showed increased initial elastic compliance 
slope of 10 percent over the theoretical non-side-groove compliance calibra- 
tion. See Table 6. This suggests that elastic J and KI2/E will not be equivalent 
and that a new value of ~ is required. It therefore is evident that some further 
developmental work or stronger justifications or both should be applied to the 
calculation of JR in side-grooved specimens. 

JR-Curve data obtained for the extremes in specimen size covered in the pres- 
ent program are shown in Fig. 8. The open points are deformation theory J 
calculated by Eq 2 and the solid data points are modified J as has been dis- 
cussed in Ref I and 8. This new computational suggestion was derived from 
the observation made by Rice et al [11] that for a very special case of pure 
bend and for specimens with small ligaments, the use of a far-field J as opposed 
to deformation theory J will develop consistent JR-Curve behavior. Ernst 
adopted this suggestion and has developed a more generalized form for calcu- 
lating J for a broader range of test condition circumstances 

Jm = G + (Jo)Pt + @ __ da (3) 
D 

G = KI 2/E = Jet 

(JD)Pt = Eq 2 using ~el instead of ~total. 
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T A B L E  5--Summary compliance predicted crack growth versus 9-point heat tint crack growth. 

Aav-(in.) 
Plan View 

Size a 0, in. a Predicted 9-Point b % Error 

1XWOL 0.527 0.240 0.235 2 
Mod WOL 0.525 0,219 0.197 11 

1/2T 0.619 0.133 0.096 38 
1/2T 0.525 0.211 0.193 9 
1/2 T 0.535 0.231 0.189 22 

1T 1.525 0.135 0,142 5 
1T 1.519 0.136 0,141 4 
IT 1.552 0.121 0.125 3 
1T 1.536 0,099 0.098 1 
1T 1.029 0.223 0,244 9 
1T 1,019 0.261 0.292 12 
1T 1.040 0.183 0.183 0 
1T 1.031 0.273 0,273 0 
2T 2.010 0.535 0.506 6 
2T 3.551 0.032 0,046 44 
2T 3.628 0.067 0.066 1 
2T 2.040 0.522 0.510 2 
2T 2.114 0.595 0.604 1 
4T 7.084 0.226 0.215 5 
4T 7.074 0.228 0.202 13 
4T 7.038 0.117 0.133 14 
4T 7.067 0.086 0.098 14 
4T 7.111 0.205 0.192 7 
4T 7.047 0.142 0.160 13 
4T 6.072 0.528 0.529 0 
4T 6.080 0.484 0.458 6 
4T 4,109 0.974 1.040 7 
4T 4.149 0.960 0,982 2 
4T 4.084 1.638 1.453 13 
4T 4,141 1.057 1.236 17 

10T 11.054 2.800 2.880 3 
10T 13.596 1.015 1.064 5 
10T 11.625 3.091 2.804 10 
10T 11.774 3.250 2.890 12 

~1 in. ---- 25.4 m m .  
bHeat tint, 9-point m e a s u r e m e n t  average.  

For the larger specimens and where the crack growth is less than 6 percent 
of the initial ligament dimension, the difference between J calculated with no 
growth correction, deformation theory J (Eq 2), and modified J (Eq 3) is 
hardly identifiable. An example comparison is shown in Table 7 for crack 
growth data that extend to well beyond 0.06 bo. The apparent similarity be- 
tween modified J and uncorrected J is not fortuitous because after combining 
Eqs 2 and 3, we obtain (for the compact specimen geometry) 

m''+' ' �9 i  ai+l oi,] 
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~ai+lj -g 
+ 3 a ~ Pl -b  da (4) 

For small ai+ 1 ~ a i 

f ( S M ) = ( J e l + J p l )  - ( Je l " } -Sp l )~da- } -  p l ~ d a  
a 0 a 

(5) 

If data are taken over small growth increments, (ai+l -- ai), the second and 
third terms differ essentially by a factor times J elastic and in specimens with 
small initial ligaments, Jet << JPl. This suggests a tendency for JM to be equal 
to J uncorrected for crack growth in the compact  specimen geometry. 

Discussion 

As discussed in the introduction, JR-curves have been used for Jtc determi- 
nations where a premium has been placed on an ability to detect small growth 
increments. Furthermore,  stable crack growth beyond 1.9 m m  (0.07 to 0.08 
in.) is somewhat incidental to the objectives and for all intents and purposes 
the extra data can be ignored. If JR-curve is the principal objective, the local 
JIc data  can be misleading as to what the overall JR-Curve behavior of the 
material might be. Figure 9 (taken from unpublished work) shows an obvious 
difference in JR-CUrve behavior between 10 and 51-mm-thick (0.4 and 2.0 
in.) A533B on a JI~ scale of observation. When  data points are extended to 
12.7 m m  (0.5 in.) of crack growth, bot tom in Fig. 9, one can no longer be 

TABLE 6--A listing of compliance changes caused by 20% side groove. 

Specimen Gross Compliance 
Size Thickness, in. a ao/W Increase, % 

10T 10 0.589 10.2 
10T 10 0.581 15.8 
4T 4 0.518 10.8 
4T 4 0.510 13.5 
4T 1 0.519 6.5 
4T 1 0.514 13.6 
2T 2 0.529 12.3 
2T 2 0.510 7.1 
1T 1 0.515 2.8 
1T 1 0.520 5.9 
1T 0.5 0.510 13.4 
1T 0.5 0.515 16.6 

0.ST 0.5 0.535 13.1 
0.ST 0.5 0.525 7.8 

Avg AC/C 10.7% 

al in. = 25.4 mm. 
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FIG. 8--3R-curve data for three sizes of 2O percent side-grooved speczmens. 
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TABLE 7--Example: Comparison of J calculations. 

Load, 
Event kips 

(m.-lb/in 2 ) 
(in.) Uncorrected, 
Aap JD JM J = ~?A/BNb 

1 0.52 0 
2 1.29 0 
3 2.02 0 
4 2.515 0 
5 2.900 0 
6 3.000 0.011 
7 2.885 0.028 
8 2.655 0.050 
9 2.300 0.087 

10 1.950 0.125 
11 1.535 0.168 
12 1.360 0.211 

5 5 5 
30 30 30 
95 95 95 

220 220 220 
520 520 520 
975 1000 1000 

1285 1365 1375 
1535 1710 1715 
1705 2070 2070 
1815 2400 2380 
1835 2705 2650 
1790 2965 2870 

Aa 
- - ' - -  = 0.06 

b0 

NOTES: 1 kip = 1000 lb (450 kg). 
l i n .  = 25.4 mm. 

1/2T standard compact. 
W = 1.0 in. 
a 0 = 0.525 in. 
B = 0.5. 
B N = 0.4. 
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F I G .  9--JR-curve behavior of lO. 16-rnm-thick (0.4 in.) and 50.8-mrn-thick (2 in.) A533B. 

convinced with absolute certainty that there is a basic difference in JR-curve 
behavior. 

Computer data acquisition and processing is commonly used for rapid and 
nonsubjective JR-Curve development. Even though computer capability was 
available to this program, it was not employed because of the wide variability 
of output information generated. This tended to negate the potential time 
savings advantage. Instead, extra effort was put into the more important test 
control features such as grips and specimen alignment, transducer precision, 
linearity, and calibration. 

The recently proposed modified J calculation shows some potential for ob- 
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taining JR-CUrve data from small specimens that could not possibly meet the 
validity criteria established for deformation theory J. If adequate material is 
available, use of larger specimens and deformation theory J is preferred since 
most analytically developed J-values are deformation theory related. A rec- 
ommendation for optimum test conditions is to choose a specimen size such 
that Aap < 0.06 b0, (b0 ---- W -- a0), and the computational method used to 
calculate J would be somewhat immaterial. In other words, JD after crack 
growth, J calculated without growth correction, or modified J would give 
about the same numerical value of J. 

The specimens in the present program were all 20 percent side-grooved and 
in all cases J was calculated on the basis of BN to conform with the common 
practice. However, the experimental elastic compliance behavior of the present 
specimens would suggest that the present J approximation formulas based on 
a non-slide-groove dimensional analyses are misapplied in the present case. 

Conclusions 

In order to develop a fine-tuned unloading compliance method for the de- 
tection of small increments of crack extension in large standard compact 
specimens, a special rezeroing LVDT gage was designed and built. With a 
1.27-ram (0.0.50 in.) LVDT, the gage was calibrated to be linear within 1.27 #m 
(50 ~,in). 

A compliance change of the order of 0.1 percent was made possible from 
an instrumentation capability standpoint. 

Although a compact specimen with a large cutout in the front face and 
widely spaced loading pinholes appears in a present draft method of the ASTM 
working committee on the JR-CUrVe, it is suggested here that something closer 
to the E 399 compact specimen design with a much reduced cutout zone be 
adopted. 

For testing situations where there is time-dependent load relaxation when 
displacement-controlled loading is stopped, immediately reversed displace- 
ment to about 10 to 20 percent reduction of load prior to the unloading com- 
pliance slope determination is recommended. This offers the advantages of 
(1) reduced testing time, (2) less ambiguity in the interpretation of test record 
significance, and (3) unloading slopes that can be clearly obtained with no in- 
terference from creep effects. 

For small specimens with small initial ligaments, it may be necessary to 
calculate toughness, JR, in terms of a nondeformation theory J, (JM), origi- 
nally suggested by Rice et al and that was later generalized by Ernst as JM. 
Conditions for deformation theory J will be violated and this will result in a 
premature upper plateau in the JR-Curve. This can be avoided with modified 
J, Jm. However, the overall significance of Jm is not easily justified and cau- 
tion on its adoption and use is recommended until the ramifications of the 
suggestion are fully understood. Perhaps the best policy would be to use spec- 
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imens where Aap is less than 6 percent of the initial ligament size whenever 
possible. Here, variability due to computational methods would not be of 
concern. 
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ABSTRACT: The application of unloading compliance for deriving single-specimen 
R-curves in three-point bending has been examined. Various methods, including the use 
of a double-clip-gage arrangement, are investigated. Finite-element calculations show 
that the best estimate of crack length is likely to be obtained from the conventional clip 
gage/load compliance, using a / W  > 0.5. The results are compared with those from 
blunt-notched calibration test specimens and with fatigue-cracked specimens, both with 
and without side grooves, of two pressure vessel steels. It is found that the initial crack 
length may be estimated accurately, but that the estimate becomes less precise as tearing 
occurs. Consequently, predictions of crack extension are rather inaccurate. However, 
there is considerable scope for improvement in the measurement technique employed, 
and for the use of correction factors. 

The use of two clip gages allows good estimates of load-point displacement, crack-tip 
opening displacement (CTOD) and J to be made, particularly when plastic displacements 
become significant. It is suggested that the technique could prove valuable in routine 
measurements of CTOD a n d J  on bend specimens. 

KEY WORDS: bend tests, R-curves, fracture toughness, crack-tip opening displace- 
ment, J-integral, measurement, compliance, calibration, elastic-plastic fracture 

Nomenclature 

a 

a0,  a f  
Aa 

B 
B0 

Crack length 
Initial, final crack length 
Crack extension 
Test specimen thickness between side grooves (if any) 
Nominal test specimen thickness 
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C 
CTOD 

E '  
J 

K 
M 
P 
q 

qv 
qc 

r 

S 

T 
U 
V 

V l ,  V2 

v~,v2,v3,v4 
V(i) 

V~l, Vp 
W 

Z1 ~ 7,2 

ot i 

p 

O y  

Vertical distance between two knife-edge fixtures 
Crack-opening displacement at crack tip 
Effective Young's modulus, E / ( 1  --  p2) 
J-integral 
Stress-intensity factor 
Geometrical factor relating J and CTOD 
Load 
Displacement of load point 
q evaluated from two clip gages 
component of q due to presence of crack 
Rotational factor 
Loading span 
Tearing modulus 
Absorbed energy 
Mouth opening 
Clip gage displacements at two knife-edge positions 
Clip gage displacements at the positions defined in Fig. 2 
Clip gage displacement at the start of ith unloading 
Elastic and plastic components of clip gage displacement 
Test specimen width 
Knife-edge heights above test specimen surface 
Correction factor for ith unloading 
CTOD 
Poisson's ratio 
Yield stress 

There has been considerable interest recently in measuring the toughness 
during crack extension of ductile materials such as medium-strength steels 
and aluminium alloys (that is, where the crack advances by a mechanism of 
microvoid coalescence or localized shear). The results are commonly ex- 
pressed in terms of the crack-growth resistance curve, or R-curve, which is a 
plot of the toughness, in terms of the crack-tip opening displacement (CTOD) 
or the J-integral, versus the amount of crack extension.,From this curve the 
toughness at initiation of tearing, 6i or Ji, and the tearing modulus, T [1],2 
may be determined. 

The multiple-specimen technique is the most unambiguous method of 
measuring R-curves, but it is laborious and wasteful of material. Of the sin- 
gle-specimen methods, unloading compliance has been used extensively on 
compact specimens [2-4], with encouraging results. This choice of test speci- 
men has the advantage that the load-point displacement can be measured 
directly, by appropriate positioning of the knife edges between which the clip 
gage is fixed. 

2The italic numbers  in brackets refer to the list of references appended to this paper. 
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In many cases it is desirable to use three-point bend test specimen for mea- 
suring fracture toughness, for instance, when testing surface cracks. This in- 
vestigation was undertaken on two structural steels in order to determine 
whether an unloading compliance technique could be applied to bend speci- 
mens. In addition to the standard displacement/load compliance, a double 
clip gage arrangement was examined in detail. 

Unloading Compliance in Three-Polnt Bending 

Compliance Using a Single Measure of Displacement 

In a three-point bend specimen the compliance measure equivalent to that 
used for a compact tension geometry is the load-point displacement versus 
load, q/P, compliance. An alternative measurement to q is the mouth open- 
ing, V, of the crack. Analytical solutions for these compliances, q/P and 
V/P, as a function of crack length are available (for example, Tada [5], 1973). 
In practice, however, q and V are not easily measured. The load-point dis- 
placement, q, must either be derived from crosshead displacement corrected 
for extraneous displacements [6], or measured by means of a calibration 
beam [7]. The mouth opening, V, is usually measured at points above the 
specimen surface, using raised knife edges. In this case a simple solution for 
differing knife-edge thicknesses has not been published, so that' individual 
calibrations are required. Another possible drawback of all displacement/ 
load compliance measurements is that the effective load may vary during a 
bend test if the outer rollers are allowed to move, as with the standard fixture. 

Compliance Using a Double-Clip Gage Arrangement 

The double-compliance technique was first used by Heyer and McCabe [8] 
on crack line, wedge-loaded (CLWL) sheet specimens. By measuring the dis- 
placements, vl and v2, at two locations along the crack line for blunt-notched 
calibration specimens, an experimental elastic relationship was derived be- 
tween a/W and vl/v2. During small unloadings the slope vl/v2 was used to 
estimate the crack length, and the stress-intensity factor, K, was estimated 
from the maximum values of vl and v2 before each unloading. The CLWL test 
specimen is effectively loaded in bending, and so it is possible that the same 
technique can be used on a three-point bend geometry by positioning two clip 
gages at different heights either above or below the top surface of the 
specimen. 

From the double-clip-gage arrangement it is possible to derive several other 
parameters of interest by assuming that the test specimen deforms as two 
rigid halves about a center of rotation. From Fig. 1 it is apparent that the 
angle of bend, O, may be expressed in terms of vl and v2 or q (assuming small 
angles) as 
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0 q (v2 -- vl) /2  

2 S/2  C 

Hence the load-point displacement is given by 

(v2 - v ~ ) S  

q - -  4C  

W 
: (V  2 - -  Vl)---C-- if S = 4 W  (1) 

The rotational factor, r (defined as the ratio of the distance between the crack 
tip and the center of rotation to the net ligament, W - a), may be derived 
from geometrical considerations 

r ( W  --  a) + a + Z 1 r ( W  --  a) + a + z 2 

Vl V2 

where za and z2 are the knife-edge heights and C = z2 - -  z 1 .  Hence 

vl(a + z 2) - -  v2(a + Zl)  
r = (2) 

(v 2 - -  V l ) ( W - -  a)  

"e 

/ ' 1  

FIG. 1--Geometrical relationship between clip gage displacement and load-point displace- 
ment. 
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The CTOD, ~, is given by 

Hence 

v I - -  ~ _ v 2  - -  v 1 

a q- Zl z2 -- Zl 

Vl(Z 2 "Jr a)  - -  v2(z 1 "~- a )  
= (3) 

Z 2 ~ 271 

Finally, the absorbed energy, U, and thus the J-integral, may be calculated 
from the load-point displacement, via [lO] 

and 

U = I Pdq (4) 

2U 
Y -- (5) 

B ( W -  ao) 

It should be noted that two different types of behavior occur when perform- 
ing a test with multiple unloadings. During loading, the material behaves in 
an elastic-plastic manner, and the relationships given in Eqs 1-5 are 
calculated using the instantaneous values of Vl and Vz. During the unloading, 
the material behaves in an elastic manner, and the crack length is derived 
from the slope of the unloading line, dP/dq, dP/dV, or dvl/dv2, etc. 

Experimental Details 

Materials 

The major part of the test program was carried out on a medium-strength 
steel, BS 1501-271 (Ducol W30), in the as-received condition. In addition, a 
limited number of tests was conducted using HYS0 steel. The chemical com- 
position and tensile properties of the two materials are given in Table 1. 

Test Specimens and Knife Edges 

Three-point bend test specimens were used exclusively, with width W = 50 
ram, span = 4 W = 200 mm, and nominal thickness B0 = 25 rnm. Some 
specimens were side-grooved to a depth of 5 mm on each side. All test speci- 
mens were extracted in the longitudinal orientation, with through-thickness 
notches (L-T orientation). 

The test specimens were notched and fatigue-cracked to a depth of approx- 
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TABLE 1--Properties of  the materials tested. 

Chemical Composition, weight % 

C S P Si Mn Ni Cr Mo V Cu A1 

BS 1501-271 
("Ducol") 0.125 0.015 0.026 0.37 1.17 0.79 0.54 0.27 . . .  0.10 . . .  

HY80 0.16 0.009 <0.005 0.26 0.34 2.54 1.33 0.34 . . .  0.06 0.032 

Tensile Properties at + 2 0 ~  

0.2% Proof Stress, Ultimate Stress, Elongation, 
N / m m  2 N / m m  2 % 

BS 1501-271 ("Ducol") 506 675 29 
HY80 588 712 22 

imately 25 mm ( a l W  "" 0.5). A series of 12 blunt-notched calibration speci- 
mens, having no fatigue crack, was prepared from the Ducol. These had a / W  

ratios of 0.45, 0.5, 0.55, 0.6, 0.65, and 0.7, in both the plane-sided and side- 
grooved conditions. 

Two different arrangements of the clip gages were investigated for the dou- 
ble-compliance measurements. In the first, the upper clip gage was attached 
to the normal knife edges, of thickness 3 mm, above the surface (Position 1 in 
Fig. 2a). The second set was attached by screws on the side of the specimen 
20 mm below the top surface (Position 4 in Fig. 2a). This location was chosen 
to be as close as possible to the crack tip while remaining outside the plastic 
zone. In the second case a special support was designed so that both knife 
edges were located above the specimen surface, at heights of 6.1 and 53.1 mm 

a~ 

| 
P, 

| 
50ram 

bJ 

| - 
i , 

U ' 
FIG. 2--Positions 1 to 4for  the knife-edge fixtures. 
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(Positions 2 and 3, respectively, in Fig. 2b). The arrangement is photo- 
graphed in Fig. 3. The supports were machined from aluminium, the actual 
knife edges consisting of sections of razor blades spot-welded to steel inserts. 
A short-legged clip gage, capable of measuring displacements up to about 
4 ram, was used at the lower knife-edge position and a longer-legged variety, 
which can measure up to 8 mm, at the upper location. 

In all cases the knife edges or supports were screwed to the specimen to 
given an effective gage length of 18 mm for the measurement of the 
displacement. 

M e t h o d  

Mechanical testing was carded out on a servohydraulic test machine with 
standard [11] bend fixtures. All tests were at room temperature. The test 
specimens were initially loaded to well below the general yield load and sev- 
eral small unloadings were carried out to determine the initial crack length. 
Before unloading the test specimen was held at constant displacement until 
the time-dependent relaxation of the load was observed to cease. This hold 
period helps to remove any hysteresis in the unloading [3]. The unloading was 
also performed at a lower rate (0.01 mm/s) than the reloading (0.02 ram/s) to 
assist with data collection. 

FIG. 3--Photograph of the raised knife-edge supports on a calibration specimen. 
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The test specimens were then given successive increments of displacement, 
each one being followed by a period at constant displacement, for relaxation 
of the load, followed by a slow unloading to about 70 percent of maximum 
load. Finally, the specimens were unloaded fully and broken open at low tem- 
perature in the cleavage mode to reveal the extent of tearing. The initial and 
final crack lengths were measured at five points equally spaced along the frac- 
ture face, and the results averaged. 

During the course of the test, the load, ram displacement, and the displace- 
ments of the two clip gages were monitored continually by means of a comput- 
erized data logger. About 40 readings were taken during unloading, from 
which the unloading slope of load versus clip gage displacement between 95 
and 75 percent of the maximum load was calculated by linear regression. The 
top 5 percent of the unloading was ignored to allow for load relaxation. By 
substituting the value of E'B  v/P (where v = Vl or v2, depending on clip gage 
position) into a previously obtained calibration polynomial, an indication of 
the crack length could be obtained at the end of each unloading. 

The blunt-notched calibration specimens were cycled successively in the 
elastic range in order to derive the average compliance as a function of crack 
length for both plane-sided and side-grooved test specimens. The experimen- 
tal calibrations were expressed as the crack length in terms of a polynomial in 
E'B  v/P, where B is the actual thickness, (that is, the net thickness between 
the side grooves). 

Finite-Element Computations 

During the partial unloading the test specimen behaves elastically, and the 
compliances can be compared with published elastic solutions (for example, 
Tada [5]). However, this only gives solutions in terms of the load versus 
mouth opening, V, or displacement, q, neither of which is measured readily 
in a bend test. Therefore it was decided to run a series of elastic finite-element 
computations on the geometrical configuration employed, using crack 
lengths in the range a~ W = 0.05 to 0.7. 

The finite-element package used cubic quadrilateral elements, each con- 
taining 12 nodes. Special degenerate triangular elements at the crack tip al- 
low the singularities to be modeled closely while employing comparatively few 
elements. The details are described more fully in Ref 12. 

The meshes used were designed to simulate the specimen geometry chosen, 
including the knife-edge attachments, with nodes placed at the fixing point 
for the crack tip knife edge (Position 4 in Fig. 2a) and at the knife-edge tips 
above the top surface (Positions 1, 2, and 3 in Fig. 2a and 2b). The computa- 
tion of K and mouth opening Vwere compared with published results [5] and 
were found to differ by between 3 and 8 percent. After checking that the 
stresses in the knife-edge supports were acceptably low, the displacements at 
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all the knife-edge positions and the compliances were calculated for each 
a~ W ratio. The results are given in detail in the Appendix. 

Experimental Results 

Variation in Compliance Functions with Crack Length 

Several eompliance functions were examined for the calibration specimens 
(during 20 percent unloading) and from the finite-element computation. 
They are expressed in nondimensional form as E'BV1/P, E'BV2/P, 
E'BVa/P, E'Bqv/P, V1/V4, and Va/V2, where the displacements V1, V2, V3, 
and V4 are as defined in Fig. 2, and qv is derived from Eq 1, using the appro- 
priate values of clip gage displacement and knife-edge height. 

Figure 4 shows the variation in clip gage compliance E'BV1/P with the 
a/W ratio. The trends are identical for the calibration specimens and the 
finite-element results. However, the plane-sided calibration specimens gave 

150 

Ioo 

56 

Callbratmn specimens side-grooved o 
plane-staled �9 

Fmtte element computations x 

t _  _ _  | I 

04 05 06 07 
a~ W 

FIG. 4--Observed variation of clip gage/load compliance, from calibration specimens and 
finite-element calculations. 
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higher compliances than the side-grooved ones, with the finite-element solu- 
tion lying in between. 

The discrepancy between the compliances measured on the plane-sided test 
specimens and in the finite-element simulation is not surprising, since the 
latter was found to give a consistent underestimate of mouth opening, with an 
average error of approximately 5 percent, when compared with Tada's [5] 
analytical solution. Adjustment of the finite-element results upward by 5 per- 
cent would give close agreement with the experimental compliances. For the 
side-grooved test specimens, it is customary to employ an effective thickness 
in order to achieve the same value of nondimensional compliance. The aver- 
age effective thickness was 20.28 mm when the clip gage was in Position 1 
(Fig. 2) and 20.35 mm when it was in Position 2. This indicates that for the 
test specimens a good estimate of effective thickness would be the arithmetic 
mean of the nominal and net thicknesses, 25 and 15 mm, respectively (that is, 
20 ram). The concept of effective thickness applies only to the estimation of 
crack length from compliance, not to the calculation of toughness. 

The variation in load-point displacement compliance q E ' B / P  is depicted 
in Fig. 5. The load-point displacement, qv, for the calibration specimens was 
calculated from the two clip gage displacements, using Eq 1. This is com- 
pared with the finite-element computation of qv and q, and with the elastic 
solution for qc from Tada [5]. The latter gives only the extra displacement due 
to the presence of the crack, whereas q includes the displacement, due to 
bending and shear, of the uncracked body, and qv should just include the 
(small) component due to shear. This explains some of the differences be- 
tween the various curves, although one would expect qv to follow qc more 
closely, since the shear component included in qv is less than 20 percent of the 
bending component. 

The variation in double compliances, V1/V4 and V3/V2, is shown in Fig. 6. 
Agreement between the finite-element results and the calibration specimens 
is less good. In the case of the V1 / V4 compliance, the scatter could be due to 
bending in the horizontal plane of the calibration specimen (that is, prefer- 
ential opening of the notch on one side), since this would affect the values of 
V 4 measured on the side. The reason for the poor agreement between 
V3/V2-values is not dear. 

Measurement of Crack Lengths in a Fracture Toughness Test 

The purpose of studying the elastic compliance of cracked bodies was to 
find out how closely the repeated unloadings during the fracture toughness 
test could be used to infer the crack length. Obviously the results could be 
compared only with the physical measurement of crack length made on the 
fracture surfaces for the beginning and end of tearing. The intermediate un- 
loadings could not be checked. 

The compliance functions derived from the calibration specimens were 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



11-382 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

t:L 

200 

tSO 

! i i 
qv from V1/V 4 sldekgrooved o 

p l a n e - s t d e d  �9 
qv from V3/V Z side-grooved A 

p l a n e - s i d e d  �9 
Finite e l e m e n t  qtotal +x 

qv j 
�9 o 

700 ; / i  
o ,/ .  

�9 / 

to /  
~ TAOA qc 

o r  I t J . . i t 
OZ 03 04 05 06 07  

"/w 
08 

FIG. 5--Observedvariat ionwith a/Wofload-pointdisplacement/ loadcompliance,  fromcal-  
ibration specimens and finite-element computations. Displacement estimated from two clips (qv) 
and from end displacement (qtotal). 

stored in the computer in polynomial form, so that the crack length could be 
estimated from the appropriate unloading slopes. Figure 4 illustrates that the 
clip gage versus load compliances appear to be fairly well behaved and give an 
increasing variation with change in a~ W ratio at larger crack lengths. Table 2 
summarizes the estimates of crack length for the Ducol test specimens. It may 
be seen that the initial crack length is estimated fairly closely (--1.7 to +2.5  
percent), the trend being to overestimate the value. The estimate for the final 
crack length is slightly worse (--5.5 to +3.3  percent), with a tendency to un- 
derestimate the value. 

An error of a few percent in the crack length is not significant for the calcu- 
lation of toughness, especially bearing in mind the fact that the compliance 
calibration used may be in error. However, it is important, firstly, that the 
same crack length should be obtained when several unloadings are performed 
at a given value of plastic displacement (repeatability), and secondly, that the 
error should be similar for the initial and final crack lengths, so that the tear- 
ing is estimated correctly. On the first point, it was found that the indicated 
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40 

35 

3.6 

Z5 

2.0 

�9 I .  

0 3 0 ~ 0 s 0 6 . . . .  

a/W 

FIG. 6--Variation of double compliance with a /W.  

t , i 

Eahbrahon specimens V3/V Z side-grooved a 
plane-sided A 

Vl/116 side-grooved o 
plane-sided �9 

Fmite element so lut ion V1 / V6 x ~ v3/vz �9 

x .\ 
~ 
-L__" 

I 
O.7 

crack length would vary by up to + 0.3 mm (1.3 percent) during the first three 
unloadings in the elastic range. The variation on Test Specimen No. OECS, 
which had an initial a~ W of -0.6,  was considerably less. On the second 
point, the general tendency was to overestimate the initial crack length, but 
underestimate the final length, so that the tearing would be underestimated. 
This fact is highlighted in Table 2, although the trend is somewhat masked by 
the fact that the stretch zone was excluded from the measurement of tear 
length, in common with normal practice in the United Kingdom. The stretch 
zone width was estimated to be 0.1 to 0.2 mm for the Ducol. It is not clear, 
however, where this should be allowed for, since the stretch zone would al- 
ready be partially formed at the first unloading, when the initial crack length 
was estimated. 

The double compliance in terms of V1/V4 and Va/V2 was also investigated. 
Figure 6 shows that V3/V 2 should vary little with crack length, and indeed it 
proved impossible to estimate reasonable crack lengths using this compliance 
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for the test specimen geometry considered. Slightly more success was 
achieved with the V1/V4 compliance (Table 3). The first series of specimens 
(6AL series, HY80) had one clip gage attached to Position 4 (Fig. 2a), and 
some variability in V~/V4 was experienced which was ascribed to bending of 
the specimen in the horizontal plane. Therefore, to counteract this effect, the 
second series (OEC1A, 7A Ducol) had a third clip gage attached to the other 
side in Position 4, and the displacements from the pair were averaged. This 
improved the results, as is apparent from the error columns in Table 3. It is 
also noticeable that for the Ducol test specimen the crack length was over- 
estimated, whereas it was underestimated for the HYS0 test specimens. This 
could be due to an effect of material, but was more probably caused by differ- 
ent conditions being present in the two series; for instance, an error in the clip 
gage calibration could cause large differences. There is no particular trend to 
the error in estimated tear lengths, which were wrong by a factor of 2 or 3 in 
some cases. 

Consideration of the errors inherent in the clip gage and load measure- 
ments indicates that the expected error in crack length inferred from V1/P is 
+0.2 to 0.4 mm whereas, using V1/V4, the error increases to •  to 2 mm 
(both at a / W  = 0.5). This calculation, although highly approximate, shows 
that the clip gage versus load compliance gives the more accurate results, and 
that if double compliance is to be used, greater accuracy is required from the 
clip gages than was attained in this investigation. 

Other errors which are inherent in this method of measuring crack exten- 
sion are the possible variation in elastic compliance caused by the gross plas- 
ticity which accompanies tearing [13] (apart from the change in crack 
length), and the curvature of the crack front. 

The Measurement of Rotational Factor 

Using the double-clip gage technique, the rotational factor may be esti- 
mated directly at any value of displacement, via Eq 2. The initial value of 
crack length, estimated by compliance, was used in the calculation. The total 
(elastic + plastic) displacements were used and thus the calculation gives the 
overall rotational factor. The results at each unloading for the Ducol test 
specimens, where the raised knife-edge setup (Fig. 2b) was used, are given in 
Fig. 7 as a function of clip gage displacement. The scatterbands for the side- 
grooved and plane-sided test specimens contained 36 and 16 data points, re- 
spectively. It is apparent that in all cases the overall rotational factor rises 
rapidly to approximately 0.4, and after some tearing stabilizes in the range 
0.45 to 0.5. 

Measurement of CTOD 

The CTOD at each unloading was calculated by two methods. The first was 
from the two clip gages, via Eq 3. The second was by means of the formula in 
BS 5762 [11], namely 
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K 2 Vp • 0 . 4 ( W -  a0) 
- - -  + �9 (6) 

2 E ' o  r 0.4W + 0.6a 0 + z 

In this case the plastic clip gage opening could be estimated from the total 
clip gage displacement and the slope of the unloading line. The results are 
summarized in Fig. 8, where it will be seen that the estimate of CTOD from 
the two clip gages was larger than the standard formula calculation. 

At small CTOD's the difference was proportionately larger--by a factor of 
~ 3 when the standard CTOD was less than 0.02 mm, reducing to - 30 per- 
cent when standard CTOD =0.1 ram. This discrepancy in the elastic regime 
could be due to several causes. The precrack flanks were assumed to be linear 
for the extrapolation from the two clip gage readings, whereas in reality they 
are curved, thus giving a smaller CTOD. On the other hand, the "standard" 
formula [11] assumes that M = 2 in the expression relating CTOD to K 

K 2 / E  ' = M a r  CTOD (7) 

This may be an overestimate for higher-strength materials, giving an underes- 
timate of true CTOD. 

As the plastic displacements in the specimen increase, the discrepancy be- 
tween the two estimates of CTOD becomes proportionally less, reducing to 
about 20 percent at a "standard" CTOD of 0.7 ram. Once significant plastic- 
ity has occurred, the CTOD estimate based on the double-clip-gage extrapo- 
lation is likely to be more accurate, because it does not require the assump- 
tion of a rotational constant. It was shown in the previous section that the 
rotational factor is somewhat larger than the value of 0.4 assumed in the stan- 
dard formulation, which means that the latter will underestimate the true 
CTOD at large plastic displacements. 

Measurement of  Load-Point Displacement 

The load-point displacement is difficult to measure accurately in three- 
point bending due to the necessity of correcting for extraneous displacement. 
The two-clip-gage arrangement, however, allows load-point displacement to 
be estimated via Eq 1. 

Figure 9 shows a comparison between q~, estimated from the two clip 
gages, and qtotal, obtained by subtracting the appropriate extraneous dis- 
placement from the ram displacement. The two clip estimates, qv, are consid- 
erably lower than qtotal, by up to 30 percent, at small displacements, until 
qtotal, ~ 1.6 ram, when good correspondence between the two estimates is ob- 
tained. In fact the discrepancy was generally constant for a given test speci- 
men, being - 0.1 mm throughout the range of loading. This could be due to 
the error due to the bending of the arms not being allowed for in the double- 
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FIG. 7--Variation of rotational factor with clip gage displacement. 

clip estimates--at a load of 40 kN (near the yield load), this would cause an 
underestimate of - 0.12 mm. Another factor is the approximate nature of the 
correction made for extraneous displacement, which could easily be incorrect 
by 0.1 mm. 

It appears therefore that good estimates of the load-point displacement can 
be obtained by means of the double-clip-gage arrangement, particularly if a 
correction for the bending of the test specimen arms is employed at small 
displacements. 

The Measuremen t  o f  R-Curves 

It was seen in the previous section that the CTOD can be estimated readily 
by both the double-clip-gage extrapolation method or by the standard [I1] 

formula. Similarly, J could be calculated accurately by integrating the area 
under the load/load point-displacement record, and applying Eq 5. The load- 
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point displacement could be estimated with good accuracy from the two clip 
gages, and therefore the calculation of J by the computer is simple and accu- 
rate. Thus the toughness, in terms of CTOD or J, can be readily obtained by 
the computer. 

The other parameter required in an R-curve is the crack extension, A a. It 
was seen earlier that this could not be inferred with any accuracy by means of 
the VI/V4 compliance given the accuracy of the clip gages used. The clip gage 
displacement/load compliance offers more promise. Figures 10 and 11 show 
the JR-curve for side-grooved and plane-sided Ducol test specimens, respec- 
tively, using both the clip gage displacement/load compliance and the multi- 
ple-specimen method. The general trend of the compliance R-curve is to over- 
estimate the initial tear length, and underestimate the final one, thus giving a 
steeper R-curve with an ill-defined initiation point. The initiation point is fur- 
ther confused, for the plane-sided test specimens, Fig. 11, by the tendency to 
predict negative tear lengths in the early part of the test. However, Fig. 10 
does show the necessity for making an allowance for stretch zone formation. 
This could be accomplished by drawing in a blunting line, but the drawback 
is that its slope is uncertain. Another alternative would be to measure the 
stretch zone width of the fracture face after the test, and ignore all measure- 
ments which show a lesser amount of crack extension. Given a stretch zone 
width of 0.1 to 0.2 mm, for the Ducol, this method would eliminate many of 
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FIG. lO--JR-curves from unloading compliance and from multiple-specimen data: side- 
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the lowest data points, but would not allow an unambiguous initiation tough- 
ness to be determined for the present set of data. 

Discussion 

In three-point bending a double-clip-gage arrangement allows good esti- 
mates of the following quantities: CTOD (using whichever formula is consid- 
ered appropriate), rotational factor, load-point displacement, and J. These 
may be obtained at any point during the test from the instantaneous values of 
load and displacement of the two clip gages, provided that the initial crack 
length is known. These estimates are less accurate at very small displace- 
ments, within the elastic regime, but in this case corrections based on the load 
level may be applied. The initial crack length may also be estimated by per- 
forming several small unloadings during the elastic loading portion of the 
test. Using the clip gage/load compliance calibration with the present setup, 
the initial crack length could be estimated to within + 2 to 3 percent at an 
a / W  ratio of 0.5, with the error probably reducing to less than 1 percent at 
a / W  = 0.6. These errors are well within the limits obtained in normal tough- 
ness testing. Shorter crack lengths were not examined but it is apparent that 
the error for a / W  ~ 0.3 would be substantially greater. 
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The double-clip-gage technique therefore offers considerable advantages 
for routine fracture toughness testing of three-point bend specimens having 
a/W >_ 0.5, when a small computer is used to collect and analyze the data. 
The required toughnesses can be calculated immediately upon the conclusion 
of the test, or even at any level of load and displacement while the test is in 
progress. The method would be to load the test specimen into the elastic 
regime (to a load, for instance, of 1 to 2 times the load used in fatigue pre- 
cracking), while monitoring load and the two clip gage displacements, and 
then to perform several small ( -  20 percent) unloadings to infer an average 
value of the initial crack length. This would be calculated from the unloading 
slope of the clip gage/load line. Loading would then be recommenced, and at 
the critical point (which will in all cases correspond to a maximum load point) 
the various toughness parameters of interest can be calculated from the two 
clip gage displacements and the load. It will still be necessary to examine the 
fracture surface after the test to measure the tear length (if this is required), 
and to test for the validity of the fatigue crack, but in the latter case the ini- 
tial estimate of the crack length should give an indication of whether the pre- 
crack has reached a sufficient depth in the center of the specimen. 

Extension of the technique to the measurement of single-specimen 
R-curves, using multiple unloadings, is less clear cut, The main source of 
error is in the estimation of the tear length. This consists of two parts: 

1. a random error on the estimation of crack length of approximately + 0.2 
to 0.4 mm, which causes fluctuation in the predicted crack extension, and 

2. a trend to underpredict the crack length as the tearing increases. 

This tendency has been noted by other workers [2,13] although the magni- 
tude of the effect appears to be reduced by allowing time-dependent relaxa- 
tion to occur before unloading [14]. 

The technique could be enhanced by obtaining a better estimate of the ini- 
tial crack length, and this could be achieved by improving the accuracy of the 
clip gages and their seating on the knife edges. Razor blades were used for the 
latter, but no precautions were taken in selecting the clip gages for the accu- 
racy of their machined grooves. The underprediction of the tear lengths is 
probably inherent in the techniques. It has been found to be more serious in 
plane-sided specimens than in side-grooved ones [2], and this may be due to a 
combination of plane stress effects of the side ligaments and the crack front 
curvature. However, it should be possible to correct for this systematic error 
once the random errors have been reduced. Loss [3] applies a correction to the 
initial value of compliance, after the test is completed, to force agreement 
between the predicted and physical initial crack length, and this method 
could be extended as follows. The first unloading compliance is written, cq 
E ' B V / P ,  and the final (nth) compliance is tx, E ' B V / P .  The correction fac- 
tors al and an are then chosen so that, on substitution into the compliance 
calibration, the correct values of initial and final crack length are obtained. 
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The correction factors, a2, aa, etc., for the intermediate unloadings would 
then be calculated so that they scale with the applied displacements, V(2), 
V(3), that is 

Ot i : Ol 1 ~- V(i) - -  g(1 ) (O/n - -  o(1) 
v(.) v.) 

This method of correction has been applied to Specimen No. OEC2 (side 
grooved), which exhibited the greatest amount of tearing, and the results, 
both before and after correction, are shown in Fig. 12. It is apparent that 
agreement between the multiple-specimen data and the single-specimen 
R-curve is greatly improved, particularly after the first millimetre of tearing. 
The slope of the R-curve could thus be obtained with good accuracy from this 
one specimen, but the estimate of initiation toughness is less precise. 

Both side-grooved and plane-sided test specimens were examined, and a 
different compliance function, based on the experimental calibration, was 
used for each. It would obviously be simpler, when testing specimens of dif- 
ferent dimensions, to employ a single calibration curve for all geometries. In 
this case an effective thickness should be employed and it is likely that a cor- 
rection factor, as outlined in the foregoing, will have to be applied at least for 
the initial crack length. 
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Conclusions 

1. Unloading compliance, based on clip gage displacement and load, en- 
abled accurate predictions of initial crack length to be made for three-point 
bend specimens of medium-strength steel, side-grooved or plane-sided, hav- 
ing a / W  >_ 0.5. 

2. The crack length after tearing had occurred was predicted less accu- 
rately, there being a tendency toward underestimation. Consequently, the 
tear lengths were not predicted very accurately with the present experimental 
setup. 

3. A double clip-gage arrangement enabled accurate estimates of CTOD, 
load-point displacement, and J to be made once general yield had occurred. 

4. The measurement of initiation of tearing and R-curves from a single 
specimen was found to be rather inaccurate because of the errors involved in 
the prediction of crack extension. A method of correcting the compliance esti- 
mates of crack length substantially improved the prediction of the slope of the 
R-curve. 
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APPENDIX 

Finite-Element Computation 

The finite-element package, which was used to investigate the effect of crack length 
on elastic compliance, employed cubic, isoparametric, quadrilateral elements, with 
special degenerate elements at the crack tip. The package was developed specially for 
examining the effect of cracks in weldments, and is described in Ref 12. Relatively few 
elements are required to model the crack-tip region, and in this case 15 elements were 
used, including two for the structure supporting the knife edges. Figure 13 shows the 
mesh chosen for a crack length/width ratio of 0.5. The design of the knife-edge sup- 
port was chosen to model the shape and location of the mechanical fixture, except that 
it also contained a node at height 3 mm to model the position of the standard knife 
edges. In addition a node was located 20 mm below the top surface and 9 mm from the 
crack plane, for all meshes for which a / W  > 0.4. This was to model the fixing point of 
the knife edge in Position 4 (Fig. 5a). Eleven ratios of a /W,  in the range 0.05 to 0.7, 
were investigated, the mesh in the crack tip region being adjusted accordingly. All 
calculations were performed in plane strain, with Poisson's ratio ~, = 0.3. Values of 
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_ 

FIG. 13--Mesh used for a/W = 0.5. The circled figures refer to the knife-edge positions in 
Fig. 2. 

stress-intensity factor, K, and mouth opening, If, were compared with the approxima- 
tion given in Tada [5]. Table 4 shows that the differences were less than 8 percent. In 
order to check that the knife-edge support was not being distorted, the displacements 
of the nodes were plotted for a / W  = 0.5, and it was found that the support remained 
perpendicular to the top edge of the specimen at the fixing points. The stresses in the 
two elements comprising the support were also found to average less than 10 percent 
of those in the neighboring elements in the specimen. 

The horizontal displacements (VI, V 2, V3, V4) of the four knife-edge positions, and 
the vertical displacement, q, of the load point, were calculated and are presented in 
nondimensional form in Table 4. The results should all be accurate, to better than 8 
percent for a / W  in the range 0.05 to 0.7. Since the knife-edge support remained un- 
distorted and perpendicular to the top surface of the specimen, it is possible to infer, 
by interpolation, displacements at any other height above the specimen. 
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ABSTRACT. The JIc testing procedures proposed by the American Society for Testing and 
Materials (ASTM) and the Japan Society of Mechanical Engineers (JSME) were evaluated 
using medium-strength heat-treated steels. Among the three multiple-specimen methods 
investigated, the ASTM R-curve method generally gave the largest Jlc-Values, while the 
JS ME R-curve method provided the smallest values. The JSME stretched zone width (SZW) 
method, which was developed with emphasis on accurate identification of the initiation of 
ductile tearing, yielded relatively high toughness values that were rather close to those by 
the ASTM method. The ASTM method provided a relatively stable procedure for 
toughness determination and yielded values higher than that at the onset of ductile tearing 
for these materials. The JSME R-curve method seemed to give the values closest to the 
onset of ductile tearing among the three methods investigated. The JSME S Z W  method 
showed sensitivity to interpretation and definition of the critical values of SZW. Develop- 
ment of a stable procedure for determining the critical S Z W  values may be of primary im- 
portance for improving reliability of the JSME S Z W  method. 

KEY WORDS: Jle testing, elastic-plastic fracture toughness, J-integral, R-curve method, 
stretched zone, stretched zone width method, evaluation, standard, round-robin test, 
medium-strength steel, heat-treated steel, elastic-plastic fracture 
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JIe 

Ym 

JQ 

dJ/da 
(dJ/da)R 
(dJ/da)B 

SZW 
SZW~ 

Aa 

~ A S T M  
AaJSME 

AEP 
oB 
ay 

avs 

Valid elastic-plastic fracture toughness expressed in terms of J 
(ASTM and JSME method) 
J at the initiation of ductile tearing defined by the intersection of 
the R-curve with the measured blunting line (JSME method) 
J at the onset of crack growth defined by the intersection of the R- 
curve with an assumed blunting line (ASTM method) 
Slope of the R-curve (ASTM method) 
Slope of the R-curve (JSME method) 
Slope of the blunting line (JSME method) 
Stretched zone width (JSME method) 
Critical value of the SZW (JSME method) 
Crack extension 
Crack extension (ASTM method) 
Crack extension (JSME method) 
Increment of electric potential 
Ultimate tensile strength 
Effective yield strength = (aB + ORS)/2 
Tensile yield strength, or 0.2 percent offset tensile yield strength 

The J-integral as proposed by Rice [114 would be one of the most promising 
quantities for the experimental determination of elastic-plastic fracture 
toughness. The development of a testing method to obtain Jic-values has been 
made largely by Landes and Begley [2-4], and Rice, Paris and Merkle [5]. 
Based on the R-curve method proposed by Landes and Begley [4], a recom- 
mended procedure for the determination of Jlc was proposed in 1979 [6] by 
the ASTM Task Group E24.01.09 on Elastic-Plastic Fracture under Com- 
mittee E-24 on Fracture Testing. After some minor modifications, this pro- 
posed method of JI~ testing has been included since August 1981 in the 
ASTM Standards under the designation of Standard Test for Jtc, A Measure 
of Fracture Toughness (E 813-81). 

One of the most important problems in the standardization of Jic testing 
may be how to identify the initiation of slow-stable crack growth correctly 
and with good reproducibility. Although in the ASTM recommended pro- 
cedure just mentioned the J-value at the onset of crack growth is given by the 
intersection point between a best straight-line fit of the data of J versus Aa 
(R-curve) and an assumed blunting line, some other methods, for example, a 
fractographic method [7], may also be possible. Kobayashi et al [7] have pro- 
posed a procedure [the stretched zone width (SZW) method] to determine 
the initiation point of ductile tearing based on the fact that the blunting line 
terminates when fracture initiates. In this method the blunting line and a 
critical stretched zone width should be obtained by direct measurements of 
stretched zone width by a scanning electron microscope. They reported that 

4The italic numbers in brackets refer to the list of references appended to this paper. 
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this method was successfully applied to various kinds of material in deter- 
mining Jic-values [7, 8]. 

In Japan, the Japan Society of Mechanical Engineers (JSME) Committee 
$781 on Standard Method of Test for Elastic-Plastic Fracture Toughness JIc 
(chairman: Professor Hiroshi Miyamoto, Science University of Tokyo) has 
started with the aim that Jic testing procedures should be developed not only 
for the elastic-plastic fracture toughness but also for Ktc estimation by the 
use of smaller specimens. The final draft was completed in March 1981 after 
two and a half years of discussion, and this is being published as the JSME 
Standard in October 1981 under the designation of JSME S 001-1981. The 
recommended procedure given in this JSME Standard will be the basis to 
develop a more refined one by accumulating much data, including round- 
robin test results. The basic philosophy adopted in the JSME method is to 
determine the Jic-values of low- and medium-strength, high-toughness mate- 
rials by obtaining the initiation point of physical tearing as correctly and ac- 
curately as possible. From the view that the SZW is a good parameter which 
may reflect direct indications of the physical onset of ductile tearing, the 
S Z W  method is adopted as well as the R-curve method. In the JSME 
method, there are also some other points significantly different from the 
ASTM/nethod, such as actual measurement of the blunting line, the defini- 
tion of crack extension, and the required conditions for qualifying regression 
line (R-curve) data. 

This paper describes the results of the cooperative tests made on low- and 
medium-strength steels following the JSME and ASTM procedures. 5 

Outline of the JSME Standard Method of Test for Elastic-Plastlc 
Fracture Toughness Jlc (JSME S 001-1981) 

The main features of the JSME method will be described briefly in terms of 
where and how it differs from the ASTM method, which is now available as 
the ASTM Method E 813 in worldwide circulation. 

Figure la summarizes schematically the feature of the ASTM method. The 
initiation point Q of slow-stable crack growth is defined by the intersection 
point between a linear regression line fit of the R-curve data qualified by this 
method (9.1.3, 9.3.1, and 9.3.2 in Method E 813) and the assumed blunting 
line which is calculated by J = 2ayAa (9.2.2). As shown in Fig. la, at least 
four R-curve data points must exist between Aap(min) and Aap(max), which 
are determined by the 0.15-mm and 1.5-mm offset lines. Further, at least 
one data point should be positioned near the blunting line; the limiting line is 
given by the ~/3-1ine parallel to the blunting line. The slope of the regression 
line must satisfy the following relation (9.3.5.4) 

SThis cooperative test program was started in 1979 and was finished early in 1981 before the 
final draft of the JSME standard S 001-1981 was completed. 
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dJ /da  < (ry (1) 

The Jo-value is considered a valid Jic-value according to the ASTM method 
if all the requirements specified in this method are satisfied. 

Figure lb shows the feature of the JSME R-curve method. The basic idea 
that the onset of ductile tearing is identified by the intersection between the 
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linear regression line fit of qualified four or more R-curve data and a blunting 
line is exactly the same as that in the ASTM method. In the JSME R-curve 
method, however, modification is made of the procedure for determining both 
the regression line and the blunting line, in order to find the initiation point of 
physical ductile tearing as correctly and accurately as possible. 

First, the blunting line must be determined by direct observations of the 
crack tip stretch, that is, SZW, by an electron microscope. At least two 
observed points are required in the range of J > Jin/2, where Ji, is the J-value 
at the onset (Point A in Fig. lb) of ductile tearing identified by the JSME 
method; Jin corresponds to JQ in the ASTM method. 

Secondly, in order to lay emphasis on R-curve data near the crack initia- 
tion, the lower limit for crack extension, or the 0.15-mm offset line, is 
eliminated, and the upper limit for crack extension is lowered to 1 mm in- 
stead of the 1.5-mm offset line. For keeping at least one data point near the 
blunting line, a condition of ~JSME/3 similar to that in the ASTM method is 
introduced as shown in Fig. lb. 

Because of the use of the measured blunting line in the JSME method, the 
slope requirement is changed from Eq 1 to 

(dJ/da) R < (dJ/da)B/2 (2) 

The third big difference between the ASTM method and the JSME 
R-curve method is in measurements of crack extension. Ductile materials 
usually show thumbnail-shape crack extension in fracture toughness tests. In 
the JSME method, the crack extension is measured at three or more locations 
spaced evenly in the central quarter of the specimen thickness, as illustrated 
in Fig. 2b, while the ASTM method uses the measurements at nine or more 
locations spaced evenly from one side to the other as in Fig. 2a. This modifi- 
cation usually yields larger measured values of crack extension than those by 
the ASTM method, as will be shown later in Table 3 and Figs. 5, 6, 9 and 10, 
and may magnify, in effect, the sensitivity for detecting the initiation of 
physical stable tearing. 

The JSME method allows the use of the stretched zone width (SZW) 
method, which is not included in the ASTM method. In place of using the 
regression line of R-curve data, the SZW method determines fractograph- 
icaUy the terminal point of the blunting process, or the initiation point of 
ductile tearing, by measuring critical stretched zone widths, SZWc. Figure 3 
illustrates schematically the JSME SZW method. At least three values of 
SZWc are needed to obtain Jm. 

The JSME method defines that the SZW has reached a critical value SZW~ 
(or the blunting process has been terminated) if the fractographically iden- 
tiffed tear region exceeds 20 percent in length along the front line of the 
fatigue precrack. When the tear region is less than 20 percent in length, the 
value of SZW is used as the data for the blunting line. The value of SZW, 
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either critical or subcritical, is determined in the central B/4  region, as was 
done for AaJSME in Fig. 2b. 

The value of SZWc may implicitly be understood to remain unchanged 
after the initiation of crack growth. According to the JSME method, the 
S Z W  method is not applicable if SZWc is found to be a function of J. 

The Jin thus determined either by the R-curve method or by the S Z W  
method is regarded as a valid Jic according to the JSME method, if all the re- 
quirements prescribed in the JSME method are satisfied. 

The requirements in the JSME method are essentially the same as those in 
the ASTM method, except for those described in the foregoing. The mini- 
mum specimen size requirement was somewhat relaxed for specimen width 
and maximum scatterbands were introduced for qualifying the data for use 
in blunting line, R-curve, and S Z W  c determination. 

In the ASTM method the use of single-specimen techniques is allowed in 
generating the R-curve data. Theoretically this does not cause any contradic- 
tion with the multiple-specimen technique. In the JSME method, single- 
specimen techniques are allowed for use in detecting directly the point of the 
onset of ductile tearing. This naturally may result in discrepancies of Jin-values 
among the multiple- and single-specimen techniques employed. Therefore, 
fractographic confirmation of the crack initiation point is required in the 
JSME method, when any single specimen technique is used. 

No rule is given in the JSME method for the case where different Jlc-values 
are obtained by the R-curve and S Z W  methods. 

Both the ASTM and JSME methods are not recommended in cases where 
fast (cleavage type) fracture occurs. 

Test Program 

This research was made in order to collect necessary data to develop the 
JSME standard and to investigate relationship between the Jic-values deter- 
mined by the ASTM and JSME methods. 

Three institutes participated in this program; Osaka University (Ohji), 
Nagoya University (Otsuka), and Tokyo Institute of Technology (Kobayashi). 
It was planned that the three institutes would conduct the Jic tests following the 
ASTM and JSME procedures by using the specimens of the same geometry 
prepared from the same plate by a single shop. Two medium-strength heat- 
treated structural steels, HT 80 and HT 60, were selected because it was 
thought that the Ji~ test would be most advantageously applied to materials of 
these strength levels. In this program the main efforts were focused on the 
comparison of the Jie-values determined by the ASTM R-curve method, the 
JSME R-curve method, and the JSME S Z W  method. However, in parallel with 
these efforts, measurements were also made simultaneously to detect the ini- 
tiation of ductile tearing by using several kinds of single-specimen technique 
allowed in the JSME method: the electric potential (EP) method at Osaka Uni- 
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versity and Nagoya University, the ultrasonic (US) method at Tokyo Institute 
of Technology, and the acoustic emission (AE) method at Osaka University. 
These results are also briefly described in this paper. 

Materials and Specimen Preparation 

Materials used are the quench-and-tempered low-alloy steels HT 80 and 
HT 60. The chemical composition and the mechanical properties of the 
materials tested are given in Tables 1 and 2, respectively. Specimens (1TCT) 
as shown in Fig. 4 were machined from the central part of the thickness of a 
32-mm-thick rolled plate, in the direction L-T for HT 80 and in the direction 
T-L for HT 60. All the specimens were machined in the same shop. Each 
laboratory in this program was supplied with ten specimens for each steel. 
The fatigue precraek was introduced using procedures which satisfied the 
conditions of both the ASTM and JSME methods. 

Results and Discussion 

All the test results obtained in this program are summarized in Table 3, 
together with a set of data obtained by investigators at Nippon Kokan K.K. 
(NKK) with the same HT 60 used in this program. It is evident from Table 3 
that in almost all cases the JSME definition yields a larger value of crack ex- 

TABLE 1--Chemical composition of 
materials tested, weight %. 

H T  80 HT 60 

Carbon 0.12 0.13 
Silicon 0.26 0.44 
Manganese 0.86 1.15 
Phosphorus 0.017 0.018 
Sulfur 0.007 0.014 
Copper 0.17 . . .  
Nickel 
Chromium 0178 01i8 
Molybdenum 0.41 . . .  
Vanadium 0.04 . . .  
Boron 0.09 . . .  

T A B L E  2--Mechanical properties of materials tested. 

Oys , OB, O-y ,  Elongation, 
Material MPa MPa MPa % 

H T  80 765 814 790 21 
H T  60 569 667 618 22 
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FIG. 4--Specimen configuration and dimensions. 

tension than the ASTM definition does. This might make it easier to find the 
initiation of physical ductile tearing. 

H T  80 {L-T) 

All the test results obtained by the three institutes were processed following 
the ASTM method. Figure 5 illustrates this procedure. The regression line 
satisfied the requirement dJ/da < oy, and JQ was determined as 293 kJ/m 2. 
This JQ-value satisfies the minimum size requirements of the specimen. 
Therefore the value of 293 kJ/m 2 is a valid J~c according to the ASTM 
method. 

A set of data obtained at Osaka University (marked by " 0 "  in Fig. 5) 
alone also gave a valid Jic of 308 kJ/m 2. Furthermore, the remaining four 
qualified data obtained at Nagoya University and Tokyo Institute of 
Technology yielded another valid Jic of 263 kJ/m 2. These two valid Ji:values 
remain within a range of about + 10 percent of the foregoing Ji:value of 293 
kJ/m 2. It may be said that the ASTM method provides a relatively stable 
procedure for Jic determination. However, it is evident from Table 3 and Fig. 5 
that the initiation of physical crack growth occurs at a J-value much smaller 
than the Jic-values determined by the ASTM method. 

The same data were then processed in accordance with the JSME R-curve 
method. Figure 6 shows all the data obtained in this program, which are 
plotted following the JSME R-curve method. By determining both the blunt- 
ing line and the R-curve regression line from the data qualified by this 
method, the J-value at the intersection of these two lines, Jin, was obtained as 
174 kJ/m 2. This value satisfied all the requirements prescribed in the JSME 
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TABLE 3--Jic test results on l i T  80 and H T  60. 

Spec- 
imen 
No. 

1 
2 
3 
4 
5 
6 
7 
8 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

(a) HT 80 (b) HT 60 

Spec- 
J, .~taASTM, AtajSME, S Z W ,  imen 

kJ /m  2 m m  m m  g m  No. 
J, AaAsTM, AajSME, S Z W  

kJ /m 2 mm m m  gm 

NAGOYA UNIVERSITY NAGOYA UNIVERSITY 

356 0.47 0.69 c l l 0  a 1 173 3.48 6.44 c33 
146 0.08 0 . I I  73 2 94 0.54 0.98 c36 
123 0.04 0.05 44 3 36 0.008 0.01 10 
248 0.27 0.38 c128 4 30 0.007 0.008 8 
199 0.19 0.24 c109 5 78 0.10 0.11 c24 
297 0.37 0.60 c139 6 40 0.01 0.011 11 
251 0.25 0.28 c125 7 48 0.011 0.013 13 

99 0.033 0.037 37 8 126 2.54 3.72 c29 
9 100 0.67 0.92 c36 

OSAKA Um'VERStTY OSAKA UmVERStTY 

302 0.30 0.52 e133 1 > 400 6.25 10.86 c46 
174 0.069 0.073 73 2 >400 5.15 8.88 c52 
328 0.37 0.64 ei22 3 145 0.82 1.06 c55 
386 0.75 1.48 c145 4 43 0,014 0.014 14 
125 0.053 0.056 56 5 106 0.89 0.92 c47 
447 0.95 1.75 ci19 6 80 0,029 0.027 27 
473 1.54 3.10 c113 8 129 1.81 2.44 c39 
214 0.17 0.19 96 9 141 2.53 4.25 c36 
370 0.59 1.08 c l l l  10 93 0.55 0.76 c39 
473 0.92 1.73 c139 
350 0.73 1.23 c118 

ToxYo Ir~srtTtrr~ OF TECHNOLOGY TOXYO INSTITUTE OF TECHNOLOGY 

1.34 2.34 c 90 1 79 . . .  0.032 32 
0.077 77 2 101 1.37 2.04 c36 - - . o  

3.79 8.23 c108 3 37 . . .  0.015 15 
2.38 4.82 c106 4 46 ___ 0.017 17 
2.39 4.92 c104 5 103 1.64 2.58 c34 
0.82 1.52 c 99 6 125 0.68 0.93 c49 

0.042 42 7 19.24 1.74 3.63 c31 
0.26 0.44 e 92 9 >200 . . .  _._ c33 

10 168 1.86 2.93 c33 

1 523 
2 198 
3 1140 
4 930 
5 892 
6 375 
7 118 
8 278 

NIPPON 

12 223 3.98 
13 122 1.78 
14 93 1.09 
I5 66 0.23 
16 128 1.22 
18 84 0.54 
19 103 1.01 
20 130 1.53 
21 95 0.67 

KOKAN K.K. 

6.70 
2.43 
1.26 
0.0 
1.35 
0.41 
1.32 
2.36 
0.81 

. ~  

ac  = Data after initiation of suctile tearing. 
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R-curve method. Therefore this Jin-value is a valid Jic in terms of the JSME 
method. A set of data obtained at Nagoya University (marked by "N" in Fig. 
6) alone also gave a valid Jic of 168 kJ/m 2 in accordance with the JSME 
method. A set of the remaining four qualified data for the R-curve regression 
line, obtained at Osaka University and Tokyo Institute of Technology, gave 
another valid Jic of 186 kJ/m 2. The JSME R-curve method may also provide a 
stable procedure for determining Jxc-values which are much closer to the 
physical initiation point of ductile tearing than the Jic-values by the ASTM 
method, if the qualified R-curve data are widely distributed within the range 
limited by the maximum crack extension of 1 mm. 

By comparing Figs. 5 and 6, it is evident that most of the R-curve data 
qualified by the JSME R-curve method consist of the data disqualified by the 
0.15-mm offset line in the ASTM method; the data that overlap each other 
are very limited. The JSME method improves nonlinearity in R-curve data in 
a range of small crack extension by using its own definition of crack exten- 
sion, while the ASTM method excludes nonlinear data by the 0.15-mm offset 
line. These two procedures worked very well for the HT 80 used in this pro- 
gram and gave stable JI~ values, as described in the foregoing. 

Due to this procedure, however, the Jk-values in accordance with the 
ASTM method were larger than the J-value at the onset of physical tearing. 
In the case of the JSME R-curve method, Jic-values very close to the initiation 
of physical tearing were obtained. In reality, however, there could be some 
possibilities that the nonlinearity in the R-curve data may not completely be 
removed by the JSME procedure for some ductile materials. In such cases, a 
Jtc-value that is determined by using R-curve data clustering near the blunting 
line, but still satisfying the qualification requirement of ~JSME/3 in Fig. lb, may 
be much smaller than a Jl~-value determined by using R-curve data exten- 
sively distributed in the qualified'crack extension range. This may result in 
scatter of the valid J1e-values and could cause some instability of the JSME 
procedure. This may be understood from Fig. 6, in which the slope of the 
R-curve data is decreasing with increase in crack extension beyond the limit 
o f l  mm. 

In Fig. 6 the slope of the measured blunting line was 3.0 ov in the JSME 
method. If this measured value is used in place of the assumed one in the 
ASTM method, the Jo-value reduces slightly to 282 kJ/m 2. The effect of the 
slope of the blunting line on the ASTM Jic-value is very small for this 
material. 

The JSME SZW method was used to determine Jle-Values from the same 
data. Figure 7 indicates the measured blunting line (open symbols) "and the 
critical stretched zone width, SZWc (solid symbols), which may give an initia- 
tion point of ductile tearing on the blunting line. As seen in the figure, the 
data points for the blunting line show a relatively small scatter and their dif- 
ference among the three institutes is not so remarkable, while discrepancies of 
the SZWc measurements are evident among the three institutes. Therefore, a 
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F I G .  7--Determination of Ji. by the JSME SZW method (HT 80). 

single blunting line was determined by pooling all the data obtained by the 
three institutes, while the SZWc-values were averaged separately for each in- 
stitute. The averaged SZWcvalues were 122 (Nagoya University), 125 (Osaka 
University), and 100 (Tokyo Institute of Technology) #m. Then the ,/in values 
for the three institutes were 287, 294, and 235 kJ/m 2. A considerable dif- 
ference is observed among these values. These Jin-values due to the JSME 
SZW method satisfy the minimum specimen size requirements described in 
the JSME method, and they are considered as valid Jic-values in accordance 
with the JSME method. 

Since the difference in the observed SZW~-values among the three in- 
stitutes could have resulted mainly from the difference in interpretation of 
the stretched zone width in fractographs, it was considered that the dif- 
ference in Jin might be improved, to some extent, if the blunting line was also 
separately determined for each institute. In doing it this way, the Jin-values 
were determined as 278 (Nagoya University), 284 (Osaka University), and 
266 (Tokyo Institute of Technology) kJ/m 2, which were averaged to 276 
kJ/m 2. Scatter of the Jin-values in this case is within ___4 percent. 

In summarizing the foregoing JIc test results, the JSME R-curve method 
gave the smallest Jic and the ASTM R-curve method resulted in the largest 
values. In between and near to the latter were the values obtained by the 
JSME SZW method. It is felt rather strange that the JSME SZW method 
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yielded much larger Jlc-values than the JSME R-curve method, in spite of the 
direct observation of the fracture-initiated zone and the use of the quantity 
which supposedly is most closely connected with the crack initiation process. 

The reasons why the SZW method gave a considerably larger value than 
the JSME R-curve method are not quite clear. It might be supposed that the 
SZWc of medium-strength high-toughness materials may increase with in- 
crease in J even after the initiation of ductile tearing, and that the crack ad- 
vance due to crack tip blunting may not be linear with respect to or, in par- 
ticular, at high J-values. The former may further be divided into two cases: 
(1) the SZWc itself may increase by its own deformation with increase in J 
(load) after the initiation of ductile tearing, and (2) with increase in J the un- 
cracked region along the precrack, which has presumably higher local duc- 
tility compared with the region already tear-cracked, is progressively tear- 
cracked at higher local values of critical stretched zone width and in effect 
this may result in increase in the SZWc averaged along the crack front. Fur- 
ther studies are needed on these subjects. 

Figure 8 shows representative fractographs of tested Ji~ specimens. Figure 
8a illustrates the fracture surface before the initiation of ductile tearing; the 
specimen was crack-marked by fatigue. The boundaries are clear between 
the fatigued regions and the stretched zone, and this may result in small scat- 
ter in the measurement of the blunting line. Figure 8b indicates the fracture 
surface after the initiation of ductile tearing. In general, the boundary be- 
tween the dimple region and the stretched zone is fairly clear. Partly, 
however, there were regions in which dimples were observed in the stretched 
zone and sometimes it was difficult to determine SZW c definitely. Further- 
more, some difference in interpretation of the stretched zone in these cases 
may have increased some discrepancies of SZWc among the three institutes. 

In the Jic tests described in the foregoing, several single-specimen tech- 
niques, which used electric potential, ultrasonic, and acoustic emission, were 
applied in order to detect the initiation of ductile tearing. The details of these 
test results will be published elsewhere later. Therefore, only a brief descrip- 
tion of the results is given here. According to six test results by the electric 
potential method, the Ji,-values ranged from 167 to 190 kJ/m 2, with an 
average of 181 kJ/m 2 and a coefficient of variation of 5 percent, when the jm. 
values were determined by a bend point on each measured AEP-J relation. 
This average is fairly close to the Jic-value of 174 kJ/m 2 determined by the 
JSME R-curve method. When the ultrasonic technique was used, Jin-values 
ranging from 228 to 285 kJ/m 2, and with an average of 262 kJ/m 2, were de- 
termined for four specimens with an ultrasonic sensor placed on the top sur- 
face of the specimens (top-on). When the sensor was placed on the back sur- 
face of the specimen ligament (end-on), the Jin-values of three specimens 
ranged from 235 to 292 kJ/m 2, with an average of 253 kJ/m 2. These averaged 
values are fairly close to the JI~-values determined by the JSME SZW 
method. 
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FIG. 8--Fractographs of stretched zones along the fatigue precrack front of HT  80: (a) dur- 
ing blunting process: (b ) after the initiation of ductile tearing. 

In the case of HT 80, no reliable and reproducible Jin-value was obtained 
by means of the AE technique. 

In the present study the electric potential and ultrasonic techniques yielded 
fairly good results as the single-specimen method for JIc testing. But for 
checking reliability and reproducibility of these single-specimen methods, 
more "blind" tests should be done in the future. 

HT 60 (T-L) 

The open circles in Fig. 9 indicate the test results by the three institutes, 
which were processed following the ASTM procedure. As seen in the figure, 
this set of data is invalidated because of data clustering. 

This same material was also tested by a group of Nippon Kokan K.K. 
(NKK) using specimens with exactly the same geometry supplied from the 
same shop. These data [9] are indicated by double circles in Fig. 9. When all 
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FIG, 9--Determination of Jo by the ASTM R-curve method ( l i t  60). 

the data in Fig. 9 are utilized, the rejection criterion of data clustering is 
cleared, and the JQ-value is determined as 79 kJ/m 2, which provides a valid 
Jle value by the ASTM method. The set of the NKK data alone also provides 
another valid ASTM Jlc-value of 60 kJ/m 2 [9]. The latter is considerably 
smaller than the former. As will be shown later, fractographs of this material 
showed a remarkable influence of rolling texture and local inhomogeneity on 
resistance to ductile tearing. Therefore, the R-curve method, which is a 
typical multiple-specimen method and is constructed by assuming a mod- 
erate material homogeneity, may not be applied satisfactorily to this type of 
inhomogeneous material. 

The same data were next processed in accordance with the JSME R-curve 
method. Figure 10 shows all the data from the three institutes by open and 
solid circles as well as those from the NKK group by double circles. By using 
all these data, Ji, was determined as 73 kJ/m 2, which provided a valid Jw 
value in terms of the JSME R-curve method. In this case, the set of data by 
the three institutes alone also gave a valid Ji~-value of 75 kJ/m2; the contribu- 
tion from the NKK data happened to be only two points and they little af- 
fected the Jic determination. 

Figure 11 shows the results by the JSME SZW method. In the blunting 
process, scatter of the data (open symbols) is inconspicuous and the discrep- 
ancies of the data among the three institutes are not noticeable. However, the 
measured values of SZWc (solid symbols) are significantly different among 
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the three institutes. Therefore, a common single blunting line was used, 
while the SZWc-values were averaged separately for each institute, as was 
done for HT 80 in the foregoing. The SZWc-vaiues thus determined were 32 
(Nagoya University), 36 (Tokyo Institute of Technology), and 45 (Osaka 
University) #m, and the resulting Jin-values were 98, 110, and 138 kJ/m 2, 
respectively. 

The coefficient of variation of SZWr for each institute was about 20 per- 
cent with HT 60 while it was about 10 percent with HT 80. Since no 
noticeable difference in the blunting line data existed among the three in- 
stitutes, the causes of increase in scatter with HT 60 may be not in the blunt- 
ing process, but in the crack initiation process. 

According to five measurements by the electric potential technique, the Jin- 
values ranged from 58 to 93 kJ/m 2, with an average of 71 kJ/m 2 and a coeffi- 
cient of variation of 21 percent. In the case of the ultrasonic technique, Jin was 
detected with three specimens at the top-on position; the Jin-values were 70, 
77, and 109 kJ/m 2, with an average of 85 kJ/m 2. In the case of the end-on posi- 
tion, Jin was detected with four specimens; their values were 74, 78, 94, and 
99 kJ/m 2, with an average of 86 kJ/m 2. The Jin-values by the electric poten- 
tial method were fairly close to those by the JSME R-curve method (and also 
those by the ASTM R-curve method with this material), and the Jin-values by 
the ultrasonic method were between the values by the JSME R-curve method 
and those by the JSME SZW method. This trend is similar to that observed 
in the foregoing with HT 80. 

Figure 12 shows representative fractographs of HT 60. Figure 12a shows a 
stretched zone in a relatively early stage of blunting process. The boundaries 
between the stretched zone and the fatigue zones (precracked and marked) 
are relatively clear. It is understood from this photograph why the difference 
of the blunting line was not noticeable among the three institutes. Figure 12b 
shows a fractograph after the initiation of ductile tearing. Many big dimples 
elongated in the crack extension direction are observed on the surface, and 
SZW is very much affected by these dimples and varies remarkably along the 
crack front. It might be understood that the initiation of these big dimples 
may be playing a decisive role in determining the critical values of SZW and 
their variation. 

Summary of the Test Results 

Table 4 summarizes the Jic test results obtained in this investigation. The 
discrepancies of the valid Jic-values are evident for different Jlc test methods. 
The discrepancies of Jic between the ASTM and JSME R-curve methods 
resulted primarily from difference of the philosophies underlying the respec- 
tive methods; the ASTM method seems to aim at a stable and reproducible 
measurement of the Jic-value rather than its physical meaning, while the 
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FIG. 12--Fractographs of stretched zones along the fatigue preerack front of HT 60." (a) dur- 
ing blunting process; ( b ) after the initiation of ductile tearing. 

TABLE 4--Summary of test results. 

Jle k J/m2 
Material ASTM R-Curve JSME R-Curve JSME-SZW EP y US f 

HT 80 ( 293 

(L-T) ~ 3088 

174 
16K' 

. .  

287' . . .  
294/' i81; 
23s~ . 2 6 ~ d ; p - o n )  
. . . . . .  253C(end-on) 

I 7b~ 
HT 60 . . .  

(T-L) . . .  

60 ~ 

7 ~  . . . . . . . . .  

73 d . . .  . . . . . .  
. .  98 ~ . . .  

. . .  t 3 s  b '7 i~  

. . .  110 c . . .  85~(top-on) 

. . . . . . . . .  86C(end-on) 

aNagoya University. 
bOsaka University. 
CTokyo Institute of Technology. 
dNKK data were included. 
eNKK. 
fSingle-specimen method. No crack growth check was done. 
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JSME method tries to determine the physical initiation of ductile tearing as 
accurately as possible. The result that the Jic-value by the ASTM R-curve 
method is much larger than that by the JSME method seems to reflect this 
difference of philosophy between these two methods. Although the SZW 
method is also based on the same philosophy as that of the JSME R-curve 
method, the J~c-values obtained by the SZW method showed rather larger 
values than those expected. This rather unexpected result seems to indicate 
that some problems still remain on defining and measuring the SZWc. 

In any event it is quite embarrassing that an authorized standard test 
method yields multiple valid test results with noticeable discrepancies for a 
specific property of a particular material. In order to avoid this embarrass- 
ment which could occur in the present JSME method, it is suggested that a 
required number of measurements be concentrated within a very small range 
near the initiation point of ductile tearing; this is legitimate in terms of the 
data qualification in the JSME method for the use of the R-curve, the blunt- 
ing line, and the critical SZW determinations. 

If the blunting line can be estimated by some means, the SZW method 
may be used as a single-specimen method. When the measuring method of 
SZW is well established in the future, the SZW method could be one of the 
most reliable and economical JIc testing methods with a wide range of ap- 
plications, particularly in the case of accident analysis, where availability of 
materials is limited both in size and in quantity. 

Conclusions 

A cooperative research on Jic test methods was made by using the medium- 
strength high-toughness steels HT 60 and HT 80, in order to obtain necessary 
data to evaluate the JSME Standard Method of Test for Elastic-Plastic Frac- 
ture Toughness J1c (JSME S 001-1981) and to investigate its correlation with 
the ASTM Standard Test for Jic (E 813-81). The following conclusions were 
obtained. 

1. Significant differences were found between the Jic-values determined by 
the ASTM R-curve method and those by the JSME R-curve method, and also 
between the Jic-values by the JSME R-curve method and those by the JSME 
stretched zone width (SZW) method, even in cases where all the require- 
ments for a valid Jic prescribed in the respective methods were satisfied. 

2. In the case of HT 80, whose metallurgical structure was homogeneous, 
the Jic-value determined by the ASTM R-curve method showed the largest 
value and that by the JSME R-curve method the smallest. The JSME SZW 
method gave Jicvalues in between and close to the value by the ASTM 
R-curve method. These results seem to be general in low- and medium- 
strength homogeneous materials. 
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3. Scatter of blunting line data was relatively small in general, even in the 
case of HT 60, whose metallurgical structure was rather inhomogeneous. 
Scatter of R-curve data for inhomogeneous materials was considered to be 
caused by the initiation and growth processes of ductile tearing. The use of 
the R-curve methods for determining Jic-values may not be appropriate for 
inhomogeneous materials. 

4. Both the ASTM and JSME R-curve methods provide relatively stable 
procedures for J1c determination of homogeneous materials. For HT 80 the 
ASTM method yielded valid Ji~-values considerably higher than the J-value 
at the onset of ductile tearing, while among the three methods, which include 
the two R-curve methods (ASTM and JSME) and the S Z W  method, the 
JSME R-curve method gave the Jlc-values closest to the J-value at the initia- 
tion of ductile tearing. 

S. The electrical potential and ultrasonic methods are promising. How- 
ever, significant differences were found in this investigation among the Jr,- 
values determined by these single-specimen methods and the multiple- 
specimen methods. Further work is necessary for obtaining Jic-values with 
good reliability and reproducibility by these single-specimen methods. 
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ABSTRACT: The Japan Society of Mechanical Engineers (JSME) has made an effort to- 
wards standardization of the Jlc test method. The recommended procedure includes two 
multiple-specimen methods [obtained at the intersections of the experimentally determined 
J-stretched zone width (SZW) blunting line and the R-curve, and of the J-SZW blunting 
line and the critical stretched zone width (SZWc)] and three single-specimen methods 
(ultrasonic, electrical potential, and acoustic emission). Concerning the blunting line and 
the R-curve, many experimental data have been accumulated by the present authors in re- 
cent years. 

In this paper, the evaluation method of the blunting line and of the R-curve and their ap- 
plication to the Jlc test are discussed with special attention to a comparison between two 
methods recommended by JSME and the American Society for Testing and Materials. 

KEY WORDS: elastic-plastic fracture, J-integral. stretched zone, crack initiation, crack 
extension, blunting line, R-curve, tearing modulus 

The Japan Society of Mechanical Engineers (JSME) has made an effort to- 
ward standardization of the elastic-plastic fracture toughness (JIc) test method. 
The recommended procedure in the JSME standard for the JIc test method 
(Standard Method of Test for Elastic-Plastic Fracture Toughness Jlc, JSME 
S 001-81) includes two multiple-specimen methods and three single-specimen 
methods. In the former, the Jk-values are determined as the intersections of 
the experimentally determined J-integral versus subcritical stretched zone 
width (SZW) blunting line and the J versus crack extension (Aa) fracture resis- 
tance curve (R-curve), and of the J-SZW blunting line and the critical stretched 
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zone width (SZWc). In the latter, the ultrasonic, electrical potential, and acous- 
tic emission methods are utilized. 

Concerning the blunting line and the R-curve, many experimental data have 
been accumulated by the present authors in recent years. A fractographically 
derived S Z W  as a measure of the crack-tip plastic bunting has been examined 
quantitatively, and a relation between S Z W  and J has been clarified for various 
materials, ranging from linear elastic fracture mechanics (LEFM) to elastic- 
plastic fracture mechanics (EPFM) regimes [1-5]. 2 Based upon the relation 
between S Z W  and J, a new elastic-plastic fracture toughness Jic test method 
has been proposed, and its validity and applicability have been confirmed 
[1-5]. This method is the most important one recommended in the JSME stan- 
dard, where the Jlc-value is determined as the intersection of the J-SZW blunt- 
ing line and SZWc. 

On the other hand, the recommended procedure in the American Society for 
Testing and Materials (ASTM) standard for the J1c test method [ASTM Stan- 
dard Test for Jic, A Measure of Fracture Toughness (E 813-81)] has been pro- 
posed. There are several differences between two methods recommended by 
JSME and ASTM. 

In this paper, the evaluation methods of the blunting line and of the R-curve 
and their application to the Jic test are discussed with special attention to a 
comparison between two methods recommended by JSME and ASTM. Re- 
suits show that experimental examination of the J-SZW blunting line and 
SZW~, recommended in the JSME standard, is useful for the Ji~ test in some 
materials. 

A Proposed Elastic-Plastic Fracture Toughness J~c Test Method 

Recently, a JIc criterion and its test method have been developed by Begley 
and Landes [6] and ASTM Task Group E24.01.09 [7]. Their test method has 
been adapted into the ASTM Method E 813-81. In the ASTM standard, atten- 
tion has been directed mainly to processes of ductile tearing, and the following 
J versus Aa blunting line has been assumed 

CTOD J 
Aa -- - -  -- - -  (1) 

2 2afs 

where CTOD is the crack-tip opening displacement and afs the average of the 
yield stress (ays) in tension (offset = 0.2 percent) and the tensile strength (08). 
The Jlc-value has been defined as a J-value at the intersection of the R-curve 
and the blunting line. 

The Jic-value can also be obtained by examination of a relation between 
S Z W  and J before and after the initiation of ductile tearing. The procedure is 
summarized as follows (JSME S 001-81): 

2The italic numbers  in brackets refer to the list of references appended to this paper. 
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1. Statically load more than two specimens to different displacement values 
where ductile tearing does not initiate. 

2. Unload each specimen and mark the front of the subcritical stretched zone 
by subsequent fatigue cracking. Then, pull the specimen apart by overload. 

3. Measure the three-point average of SZW.  The fractographic examination 
should be performed at 3/sB, 4/8B, and S/sB (B = specimen thickness) where 
plane-strain conditions exist. Plot S Z W  and J and draw a best-fit line through 
an original point. 

4. Pull more than three specimens apart by overload and measure each 
S Z W  c. Determine average SZWc. The critical stretched zone width (SZWc) is 
defined as a critical value of S Z W  when ductile tearing initiates. SZWc is not 
affected by any following stable crack growth. So, it is possible to measure 
SZWc on the overload fracture surface by the same method as the measure- 
ment of SZW.  

5. Mark Jic as a J-value at the intersection of the line S Z W  = S Z W  c and the 
extrapolation of the J versus S Z W  blunting line. 

The R-curve method recommended by JSME is almost identical to that rec- 
ommended by ASTM except for the following three points: 

1. The experimentally determined J - S Z W  blunting line instead of Eq 1 is 
utilized. 

2. The midthickness average (3/8B, 4/8B, and S/8B, Aathree) instead of the 
total average (ASTM: two surfaces and seven inners, Aaavg) of crack extension 
is utilized. 

3. Two offset lines concerning Aa in ASTM are somewhat changed as fol- 
lows: The 0.15-mm lower limit offset line is omitted and the maximum crack 
extension is limited to 1.0 mm instead of the 1.5-mm offset line in ASTM. 

Evaluation of the Blunting Line 

For an ideal crack, such as a sawcut crack or a fatigue precrack where the 
previous fatigue loading effect can be considered negligible compared with the 
following monotonic load, a relation between CTOD and the stress-intensity 
factor (K) or the J-integral of the form 

in the LEFM case or 

(1 -- v2)K 2 
CTOD - (2) 

J 
CTOD - (3) 

in the EPFM case under plane-strain conditions has been found, where v is 
Poisson's ratio, E is Young's modulus, and X is about 2. A schematic section 
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profile of the subcritical stretched zone is shown in Fig. 1. The geometric rela- 
tion between ha  or S Z W  and CTOD is given by 

CTOD J 
Aa = S Z W  = - -  (4) 

2 tan/3 2k% tan/3 

where 2/3 is the crack-tip blunting angle, and the quantity 2 tan/3 has a value 
between 1.4 and 2. 

In recent years, many experimental data of S Z W  have been accumulated in 
the results of the Jlr tests carried out by the present authors. Figures 2 to 4 pre- 
sent all the results on a double-logarithmic plot of S Z W  for various materials 
as functions of J and J/aye. If we assume relationships of two types of form 

S Z W  = A 1J (5) 

J 
s z w  --- 81 (6) 

~Js 

the values orAl and B x become as given in Table 1. 
The present authors [2, 3, 5] have shown that the J - S Z W  blunting line of the 

ideal crack depends not on ays or on afs but on E. As shown by Table 1, the 
values of B I for alloy steels and aluminum alloys show a tendency to become 
larger as af~ becomes larger. It should be noted that if J/oy~ instead of J/of~ is 
taken as a parameter, dependence on oy~ becomes more remarkable. There- 
fore, it is evident that the relation between CTOD or Aa and J does not obey 
Eq 3 or Eq 4. For intermediate-strength steels (304, A533B-1, and 10B35 tem- 
pered at 873 K) and aluminum alloys except 7075-T6, however, Eq 3 or Eq 4 
can stand and the value of B1 is 

1 
B1 = -~- (7) 

This value is plausible, since it can be obtained assuming that k = 2 and/3 = 
45 deg in Eq 4. 

Crack Growth 
Direction "~' [t 

Fatigue Pre-Crack 

FIG. l--Schematic section profile of subcritical stretched zone. 
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FIG. 4--Compaffson between SZW and S as functions of J and AJ (Ti-6AI-4V), 

TABLE 1--Values of AI, A2, B1, B 2, and A2/A 1. 

as, A 1, A2, 
/~Pa m2/kN m~/kN B] B 2 A2/A 1 

304 496 0.46 X 10 -6 0.51 • 10 -7  0.23 0.025 0.11 
AS33B-1 588 0.43 • 10 -6 0.53 X 10 -7 0.25 0.031 0,12 
4340 1068 0.27 • 10 -6  0.36 • 10 -7 0.28 0.038 0.13 
10B35(873K) 755 0.33 • 10 -6 0.31 • 10 -7 0.25 0.023 0.09 

(673K) 1362 0.33 • 10 -6 0.31 x 10 -7 0.44 0.042 0.09 
(473K) 1744 0.33 • 10 -6  0.31 • 10 -7 0.57 0.053 0.09 

Average 0.37 • 10 -6  0.43 • 10 -7 0.37 0.035 0.12 

2017-T3 384 0.68 X 10 -6 0.123 x 10 -6 0.26 0.047 0.18 
2024-T3 411 0.57 X 10 -6 0.083 • 10 -6 0.24 0.034 0.15 
5083-0 217 1.08 • 10 -6 0.212 • 10 -6 0.23 0.046 0.20 
7075-T6 537 0.82 X 10 -6 0.164 x 10 -6 0.44 0.088 0.20 
7N01-T6 321 0.77 • 10 -6 0.138 • 10 -6 0.25 0.044 0.18 

Average 0.78 • 10 -6 0.144 • 10 -6 0.28 0.052 0.18 

Ti-6AI-4V 970 0.82 X 10 -6 0.087 X 10 -6 0.79 0.084 0.11 

Total average 0.67 X 10 -6 0.091 • 10 -6 0.48 0.057 0.13 
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KOBAYASHI ET AL ON EVALUATION OF BLUNTING LINE 11-427 

It seems rather strange that S Z W  formed by crack-tip plastic blunting does 
not depend on aye. However, a characteristic like this is well known in fatigue. 
In Stage 2b, plane-strain LEFM fatigue crack growth, growth rates (da/dN) 
are in excellent agreement with striation spacings (S) and obey the following 
expression in the case that the stress ratio (R) is about 0 

da /dN  = S = Ci (1--  v2) ( - ~ - -  ) 2 (8) 

where AK is the stress-intensity factor range. Experimental investigations 
show that the constant C1 is about 9 on the assumption that v = 1/3 [& 9]. 

For comparison, the striation spacings (S) when R is about 0 are plotted in 
Figs. 2 to 4 as functions of AJ and AJ/of,, where AJ is the cyclic J-integral con- 
verted from AK. Note that the use of AJ does not mean the EPFM case, as all 
the data on S satisfy small-scale yielding conditions. If we assume relation- 
ships of two types of form 

S = A2AJ (9) 

AJ 
S = Bz - -  (10) 

crj, 

the values of A2 and B2 become as given in Table 1. The values of B2 show the 
same tendency as BI. It should be noted that not BI but ratioAffA1 or B2/B1 
becomes the structure-insensitive property, as shown in Table 1. 

From the structure-insensitive property of A2/Az,  it is clear that the values 
of S Z W  and S for the same J-value are as different as approximately one order 
of magnitude. The reason for the smaller width of the striation should be 
attributed to plasticity-induced crack closure under the cyclic load [10,11]. 
The present authors have shown that the fatigue crack acceleration during a 
single peak overload can be exactly evaluated from the ratioA2/As [4,11]. The 
result is given by the following expression in the case that R of the previous fa- 
tigue load is about 0 

Gs ~aJ0 + (J~ -Jo)  
S aAJ1 

where 

GS ---- giant striation spacing formed during a single peak overload, 
S = striation spacing formed by cyclic AJ 1, 
cz = Ax/A1, 

AJ 0 = cyclic AJ fo r  previous fatigue load range, 
J0 = monotonic J for previous fatigue load, 

(11) 
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11-428 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

Jl : monotonic J for single peak overload, and 
A J1 = cyclic AJ  for single peak overload range. 

For J1 >> Jo, GS would become S Z W  and the crack can be considered as the 
ideal crack. This is the reason why the experimentally determined J -SZW 
blunting line is utilized in the JSME recommendation. It may be concluded 
that Eq 1 should not be used as the blunting line. 

Evaluation of the JIc Test Methods 

Two techniques, the stretched zone method and the R-curve method, were 
used to determine the J]c-value of an HT80 steel (oy~ : 789 MPa), an HT60 
steel (trfs = 617 MPa), and a 304 stainless steel (afs = 432 MPa). The tests were 
performed in the longitudinal (L-T) orientation for HT80 and 304, and in the 
transverse (T-L) orientation for HT60. Specimens used were the 25.4-mm 
compact type. J was calculated from the load-displacement record and speci- 
men dimensions using the equation in the ASTM Method E 813-81. 

Stretched Zone Method 

The relation between S Z W  and J i n  HT60 is shown in Fig. 5. Open and solid 
symbols in Fig. S represent data before and after the initiation of ductile tear- 
ing, respectively. So, the former means the subcritical stretched zone width 
(SZW)  data and the latter means the critical stretched zone width (SZWc) 
data. The measurements of S Z W  and S Z W  c were performed according to the 
method in JSME S 001-81. All the data before S Z W  reaches SZWc fall on a 
J versus S Z W  blunting line with little variation. On the other hand, a fair 

E :x 
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FIG. 5--Relation between SZW and J (HT60 steel). 
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KOBAYASHI ET AL ON EVALUATION OF BLUNTING LINE 11-429 

amount of scatter on S Z W  c exists (SZW,.  = 32 to 49/zm). Fractographic obser- 
vation revealed that splitting by elongated and pancaked dimples occurred 
along the alloy-rich band oriented at right angles to the crack front�9 Accord- 
ingly, the critical stretched zone is divided into several parts. Also, its width, 
S Z W  c, for each specimen has a wide variation due to the material in- 
homogeneity. The Jic-value for each specimen, however, can be evaluated ex- 
actly at the intersection of the blunting line and each S Z W c  (J1c = 70.6 to 123 
kN/m). 

Figure 6 shows the result of HT80. In this material, the clear stretched zone 
was observed and a variation of its width was not so remarkable compared with 
that in HT60. The Jic-value (263 kN/m) is in good agreement with that obtained 
from the R-curve method. 

The result of 304 shows that the stretched zone develops to a width of more 
than 250/~m without the initiation of ductile tearing. Hereafter, microvoids 
appear throughout the whole stretched region. A conservative value of JIc = 
490 kN/m is obtained fractographically. 

R-Curve Me thod  

Figure 7 shows the relation between J and the total average (ASTM: two sur- 
faces and seven inners) crack extension (Aaavg) in HT60 where the blunting 
line is determined experimentally. After the initiation of ductile tearing, a 
scatter is observed reflecting the wide variation of JIc of each specimen as 
stated earlier. In this case, it is not reasonable to determine one R-curve using 
multiple specimens. Furthermore, it was difficult to control the Aa-value due 
to the low value of dJ/da,  which resulted in insufficient data being obtained 
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FIG. 6--Relation between SZW and J (HTSO steel). 
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FIG.  7--J-resistance curve f l iT60 steel). 

within the offset line. The R-curve method cannot be applied for this kind of 
material. 

The total average (Aaavg), the midthickness average (JSME: three inners, 
Aathree), and the maximum (Aama x) crack extensions were measured in HT80. 
A comparison of the R-curves for three measurement techniques is shown in 
Fig. 8. It is clear that the three different techniques result in markedly differ- 
ing Aa-values due to crack tunneling near the midthickness of the specimens. 
However, this difference has little influence on the Jlc-Value. The Jic-values are 
221 and 247 kN/m according to the JSME (experimentally determined blunt- 
ing line, Aat~ree) and ASTM (assumed blunting line, Aa~vg) methods, respec- 
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KOBAYASHI ET AL ON EVALUATION OF BLUNTING LINE 11-431 

tively. These two methods give almost the same Jic-values, although the latter 
gives a somewhat larger value than the former. 

The relation between J a n d  Aa in 304 is shown in Fig. 9. The assumed blunt- 
ing line given in Eq 1 does not represent the experimentally derived one. The 
constant value in Eq 1 becomes about 4 rather than 2 as shown in Table 1. It 
should be noted that crack tunneling does not occur. There is little difference be- 
tween the slope of the J-Aaavg, the J-Aa~r~ and the J'Aama~. And each slope 
after the initiation of ductile tearing ( J > 490 kN/m) is almost identical to that 
of the blunting line. So, it is not possible to determine J1c by the R-curve 
method. 

Evaluation of JIc and JResistance Curve of A533B-1 Steel 

Evaluation of Jlc 

The relation between SZW and J i n  A533B-1 is shown in Fig. 10. The differ- 
ence in specimen sizes (1/2CT to 2CT) has little influence on the relation. The Jxc- 
values are 190, 185, and 191 kN/m for 1/2CT, 1CT, and 2CT specimens, respec- 
tively. If Eq 1 is used as a blunting line, it is clear that Jic is underestimated. 

The results of the R-curve methods in JSME S 001-81 and ASTM E 813-81 
are shown in Figs. l l a  and l lb ,  respectively. The JSME method utilizes the 
data just after the initiation of ductile tearing. So, all the valid data in the 

z :E 

2.0 

1.0 

0 4.0 

5US304 / o  z~a 

0 ~  ~ 
/I0 =0.5J/0% 
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C O ~  A /I Qthree 
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110 210 310 
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F1G. 9--J-resistance curve (304 stainless steel}. 
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FIG. lO--Relation between SZW and J (A533B-1 steel). 

JSME method are regarded as invalid in the ASTM method due to the data 
limitation of 0.15-mm lower limit offset line. However, the difference between 
these two methods has little influence on the valid JIc-Values, 180 and 213 
kN/m in the JSME and ASTM methods, respectively, which are almost identi- 
cal to those obtained by the stretched zone method. Strictly, the Jic-value of 
the ASTM method is somewhat larger than that of the JSME method, as in the 
case of HT80. The reason may be attributed to the misfit of Eq 1 for the actual 
blunting line in the ASTM method. 

In the ASTM method, the valid Jic-value of the 1/2CT specimen was not ob- 
tained due to following specimen size restriction: 

J 
B, b > ( x -  (12) 

o:, 

where 

~ =  15, 
B = specimen thickness, and 
b = ligament. 

If the restriction of Eq 12 is neglected, the conditional value (Jo) of the 1/2CT 
specimen becomes larger than the valid Jic-values of the 1CT and 2CT 
specimens. 

On the other hand, according to the JSME method, the Jic-value of the 1/2CT 
specimen can be obtained, because the Aathre e data near Ji~ are utilized. The 
R-curves for different specimen sizes obtained in this method have a pivot 
point at Jic, although the specimen size may influence on the dJ/da-value. In 
the JSME method, the restriction of Eq 12 is not needed necessarily for the 
R-curve data if the Jlc-Value satisfies the restriction (~ = 25 and J = JIc in Eq 
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F I G .  ll--J-resistanee curve (A533B-1 steel); (a)  JSME method; (b)  A S T M  method. 

12). So it may be concluded that, according to the JSME method, the Jlc-Value 
can be evaluated using smaller specimen size compared with the ASTM 
method. Furthermore, the d~/da value for Aathre e is smaller than that for Aaavg 
and this gives a sharp intersection of the R-curve and the blunting line which 
results in the clear determination of Jtc. 

Figure 12 shows the normalized load versus load-line-displacement curve 
[12], where solid circles represent the onset of general yielding obtained by 
finite-element method (FEM) analyses. The initiation points of ductile tearing 
for the 1/2CT, 1CT, and 2CT specimens differ in stress states (plane stress or 
plane strain) and yielding conditions (large scale or small scale). However, 
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FIG. 12--Normalized load versus load-line displacement curve. 

these differences have no effect on the valid Jic-value calculated using the load 
versus load-line-displacement curve. The specimen size restriction is needed 
only for the occurrence of the plane-strain-type ductile tearing. 

Evaluation of the J Resistance Curve 

Figure 13 shows a comparison of the relations between d and Aaavg for the 
1/2CT, 1CT, and 2CT specimens of AS33B-1. Compensating some data obtained 
by a compliance method in ASTM E 813-81 for the R-curve data, the tearing 
modulus [13] 

E dJ 
T j -  0# 2 da (13) 

was evaluated. The procedure involves a statistical curve-fitting to the data. The 
equation form is 

A a :  ~ CkJ k (14) 
k=O 

where Ck is a constant. Changing n from 2 to 15, the value of n to give the best 
fit was chosen. The values were n = 9, 6, and 5 for the 1/2CT, 1CT, and 2CT 
specimens, respectively. Differentiating and substituting Eq 14 into Eq 13, Tj 
was obtained as shown in Fig. 14. Although the actual curves showed some 
oscillation, this was neglected. The plateaus of Tj exist. And the value for the 
1/2CT specimen is larger than that for the 1CT and 2CT specimens, which 
may suggest that the specimen size restriction of Eq 12 should be met to obtain 
the size-independent Tj. 
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FIG. 13--J-resistance curve for I/2CT, ICT, and 2CT (A533B-I steel). 
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FIG. 14--Tearing modulus versus crack extension. 

On the other hand, Hutchinson and ParAs [14] have suggested that a validity 
criterion for the J-controlled crack growth is given as 

b dJ  
O ) - -  

J da 
>>.1 (15) 

The constant value of Tj for the 1CT and 2CT specimens satisfies Eq 15 [o~ ---- 
19 to 4 (1CT) and 39 to 8 (2CT) for J = 0.2 to 1.0 MN/m]. So, its value may be 
regarded as a valid measure of material toughness during stable crack growth. 
Another validity criterion suggested by Shih et al [15] is given as 
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11-436 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

Aa<O.O6b (16) 

As shown by Fig. 14, Tj begins to level off after some crack extension. The rea- 
son may be attributed to the fact that the data do not satisfy Eq 16 in such a Aaavg 
range. It should be noted that the range of validity becomes narrower if the Aa- 
correction developed by Ernst and Paris [16] is made as shown in Fig. 15. 

Figure 16 is a double-logarithmic plot of Aaavg as a function of J. For com- 
parison, the data o f S Z W a n d  S are also shown in Fig. 16. It is clear that the de- 
pendence of the crack-tip plastic bunting ( S Z W  and S) characteristic on J is 
quite different from that of the stable crack growth (Aaavg) characteristic. For 
a wide range of Aaavg, the relation between Aaavg and J is  given as 

Aaavg : C2 J2 (17) 

where C2 is a constant. 

Conclusion 

The results obtained are as follows: 

1. The J - S Z W  blunting line before the initiation of ductile tearing can be 
obtained uniquely by use of the electron microscope. This experimentally de- 
termined blunting line does not obey the following assumed expression 

J = 2af~Aa 

where ay s is the flow stress. In some low- and intermediate-strength materials, 
the intersection point of the assumed blunting line and the R-curve does not ex- 
ist. So, the blunting line should be determined experimentally for each material. 

2.0 
E 

1.5 

1.0 

0.5 

0 

FIG. 1S--J-resistance curve (Aa corrected: A533B-1 steel). 
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FIG. 16--Compar~on between Aa, SZW, and S as functions of J and AJ. 

2. In some materials, Jie-values determined by the single-specimen method 
have wide variation due to material inhomogeneity. For these kinds of mate- 
rials, difficulty arises in determining one R-curve utilizing multiple speci- 
mens. It is possible, however, to determine Jic accurately for each specimen at 
the intersection of the J - S Z W  blunting line and the line of S Z W  = SZWc. It 
should be noted that use of the assumed blunting line instead of an experimen- 
tally determined one can give incorrect Jic-values. 

3. According to the JSME method, the Jic-value can be evaluated using a 
smaller specimen size compared with the ASTM method. 
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Instability Testing of Compact and 
Pipe Specimens Utilizing a Test 
System Made Compliant by 
Computer Control 
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ond Symposium, Volume II--Fracture Resistance Curves and Engineering Applications, 
ASTM STP 803, C. F. Shih and J. P. Gudas, Eds., American Society for Testing and 
Materials, 1983, pp. II-439-II-463. 

ABSTRACT: The aim of this paper is to demonstrate that a computer-controlled test 
machine can replace a test machine made compliant by a mechanical spring for tearing 
instability testing of simple compact and cracked pipe geometries. For both geometries 
tested herein, close agreement was demonstrated between the "computer compliant" and 
"spring compliant" test systems. The results show that though the computerized system 
utilized here is slower than the spring machine, this is not a serious drawback for struc- 
tural materials with low to moderate rate dependence. The "inertia free" response of the 
computerized system is in fact a positive feature for studying tearing instability arrest and 
promises to be very useful in further studies in that area. 

Experimental results obtained in this study on the circumferentially cracked pipe 
geometry show that J-R curves from the pipe geometry lie well above I-R curves obtained 
from subseale compact specimens removed from the pipe wall. Tearing instability occurs 
in the pipes at crack extension values well in excess of what was obtained from compact 
specimens of the scale utilized, and a prediction of pipe instability based on the compact 
J-R curve alone would give very conservative results. 

KEY WORDS: elastic-plastic fracture, J-integral, J-R curves, slow crack growth, tearing 
modulus, tearing instability, compact specimens, circumferentially cracked pipe speci- 
mens, computer-controlled testing, tearing instability arrest 

During the past few years a major effort in the area of elastic-plastic frac- 
ture has gone into the development of the J-integral as a fracture criterion 
and into the development of the J-R curve both to define an initial Jlc crack 

1Associate professor, Mechanical Engineering Department, U.S. Naval Academy, Annapolis, 
Md. 21402. 
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ll-440 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

initiation parameter and as a separate and independent material toughness 
characterization. Pards and co-workers [112 have proposed the use of the J-R 
curve to predict the onset of ductile tearing instability by defining a tearing 
force, T, where 

,1, 
TAPPLIED ~--- 002 - ~ a  APPLIED 

and a material tearing resistance 

TMATERIAL ~ 602 MATERIAL 

and stating the conditions for tearing instability to be 

TMATERIAL > TAPPLIE D stability 

TAPPLIE D > TMATERIAL instability (3) 

Some limited experimental work has been accomplished which verifies the 
preceding concept for simple bend bar and compact specimen geometries 
[2-4]. This experimental verification is difficult even for simple geometries 
because highly compliant test machine fixtures must be constructed to gener- 
ate TgppLiE D values large enough to exceed TMATERIAL values for the high- 
toughness steels typically found in engineering applications. For more com- 
plicated geometries, involving, for instance, biaxial loading, the experimental 
difficulties become immense. 

The objective of this task was to utilize a computer-controlled servo-hydraulic 
test machine to simulate a compliant test machine and to investigate whether 
identical ductile tearing instabilities could be generated in compact and cir- 
cumferentially cracked pipe specimens in "spring compliant" and "computer 
compliant" test machines. 

The concept of programming the hydraulic ram to act like a combination of 
load control and displacement control is very simple, but practical considera- 
tions soon show that to avoid wildly unstable machine behavior an experimen- 
tally determined amount of "software damping" is required to produce a rea- 
sonable approximation of compliant test machine behavior. 

Analysis of Tearing Instability 

The tearing instability criterion specified in Eqs 1-3 requires evaluation of 
the material tearing resistance TMA T and the tearing force TApv as a specimen 

2The italic numbers in brackets refer to the list of references appended to this paper. 
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or structural member is loaded as a function of load and load-point displace- 
ment and including the effects of crack extension. The material tearing resis- 
tance can be directly evaluated from the J-R curve of the material by applica- 
tion of Eq 2. In practice a polynomial or other function is fit to the series of J and 
Aa (crack extension) pairs which make up the J-R curve and then this fitting 
function is differentiated to get TMAT. 

In the present study for the compact specimen, J was evaluated using the 
equation of Ernst [5] that 

Ji+l~Ji:(-~)iAi,i+lI1- (~i)(ai+l--ai)] (4) 

where i indicates the step of the incremental evaluation process 

~ i=2+O.522b i / W  (5) 

y i : l W O . 7 6 b i / W  (6) 

and 

b i = remaining ligament at the ith step, 
Ai, i+l : area enclosed by the actual test record and lines of constant 

displacement at crack-opening displacement (COD) limits 6i and 
h i + l ,  

a i : crack length at the ith step, and 
W :  specimen width. 

The crack length was measured using an unloading compliance technique like 
that of Joyce and Gudas [6]. 

The applied tearing force was calculated using the analysis of Ernst [5] for a 
compact specimen that 

T A p  P -= 

E 
go z + - -  _ _  + 

P P dO - - - ~ - \ dJ / da+ q / ( J / b )  

(7) 

where 

P = load, 

o 0 = flowstress -- (Oy~ + Out s) 
2 

E = elastic modulus, 

(8) 
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11-442 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

K M = machine stiffness, and 
d P / d b  ---- slope of load--load-point displacement record. 

The other quantities are as defined previously. 
Ernst [5] has also shown that TApp and TMAT can be written in parallel 

forms as 

and 

T A p P  --'~ o.0"--" ~ -  - -  7 -b- + - ~  H '  KM 
--Cg + -F-  

E - -ff H' 
T M A  T = ~ o r- . 

o0 2 1 dP 

W H  P d~ 

(9) 

(10) 

where H is defined according to 

b 2 
P = ~ g ( a / W ) .  H(dpL/W)  (11) 

which is an assumed form of the load-displacement record for a compact 
specimen. The forms for T in Eqs 9 and 10 show that the Paris instability 
criterion of Eq 3 is equivalent to the requirement that 

d P  
- -  - -  < KM stability 

d~ 

d P  
- -  ~ >_ K M instability 

d~ 

(12) 

Recourse to this relationship will be taken later in this work, 
The equations of Ernst given in the foregoing are applicable to bend bars 

but not to the circumferentially cracked pipes that were tested in this work, 
though the classical slope requirements for instability expressed in Eq 12 cer- 
tainly apply to the circumferentially cracked pipe configuration. The equa- 
tions used here for J and TAep for the circumferentially cracked pipe are 
taken from work by Tada et al [7] and by Zahoor and Kanninen [8]. For 
reference the notation used to define the pipe geometry is presented in Fig. 1. 

The Tada equation for J is simply that 

R . 0 J =  a0 ~ ( s m - ~ - +  cos0) (13) 
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and the equation for TAp P (which is really a slight extension of his work to in- 
clude a test machine compliance) is 

TApP -- 1,2 [1/Kpipe + 1/KM] sin -~- + cos 0 (o) 
+ EJ c o s ~ - - - 2 s i n 0  

2ao2---- ~ - - ~ - -  - - -  (14) 
sin -~- + cos 0 

where 1/Kpipe is the pipe compliance given by 

~ __11____ e~[L e.] 
P Kpipe E1 4 3 

(is) 

~ ACK SURFACE 

NEUTRAL AXIS 

t 

} P / 2 ~  IP/2 

. i P/2 

FIG. l--Schematic showing notation utilized in analysis of the eireumferentially cracked pipe 
loaded in four-point bending. 
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11-444 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

The Zahoor [8] analysis for J starts by assuming a separable load-displace- 
ment relationship of the form 

P = h(20).F(fieL) (16) 

where 5PL is the plastic component of the load-point displacement. The J can 
be expressed as 

J ----- ,/EL + JPL 

r l 0 = KI2' ' + /~  Pd6eL + 2~/JpLdO (17) 
E Jo o o 

with 

and 

KI 2 = e27ra [0.7631 -- 1.3511x 2 -- 0.3822x3/(1 -- x) 3] (18) 

x = through-wall crack length/pipe circumference, 
2a = circumferential crack length, and 

o = outer fiber tensile bending stress. 

[3 = h '(20)/Rth(20) 

= h"(20)/h '(20) 

where 00 is the initial crack angle and h(20) = cos(0/2) -- 1/2 sin 0. 
The Zahoor equation for TAp P for a compliant test machine is 

(19) 

(20) 

E [2t(~ff)2( ' CM+CpIPi~pLI I+~-JpL] (21) 
TAPe = 002 1 + (C M + CpIPE) dP 

0 

For both of these expressions B and 7 were evaluated by Zahoor and Kan- 
ninen and presented graphically [8]. The term (dP/d6pL)o can be evaluated 
directly from the load-displacement curve of the specimen until the point of 
crack initiation. After this point, the term is not readily available and for this 
case it is assumed to be small, giving 

L [ 2t(flP)2 ( 1 + KPIPE~ + 2"y L] 
TAPe = 0.02 Kpip E KM / --~-Jp (22) 
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Deserlption of the Experimental Work 

Specimen Description 

Two specimen types were utilized in this project. The first was a standard 
1/2T compact specimen of geometry shown in Fig. 2 made from HY-130 steel 
with properties tabulated in Table 1. All compact specimens were machined 
from 25-ram-thick (1 in.) plate in the T-L orientation. The second specimen 
type was a circumferentially cracked pipe specimen of 6061-T651 aluminum 
alloy as shown in Fig. 3 loaded in four-point bending as shown in Fig. 1 with 
C = 152 mm (6 in.). Two compact specimens of the geometry of Fig. 2 were 
also machined from the pipe with a crack orientation identical to the circum- 
ferential crack direction but with a final thickness of 4.62 rnm (0.18 in.) 
[compared with the 6.01-ram (0.24 in.) pipe wall dimension]. These two 

. 7 - -  

9 52 

30 48 

9 52 

, /  
12/ / , ~  

4 75 DIA 
J 

15 24 

7 97 DIA 

I~ 100 216 

-- - -  ~ 4  75 DIA 

/ 
!~ 254 ~..~[ 

Q13 

FIG. 2--Specimen drawing of 1~2-scale compact specimen. Dimensions are in m m .  
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TABLE 1--Chemical composition and tensile mechanical properties of HY-130 steel 

CHEMICAL COMPOSITION, WEIGHT ~ 

C Mn P Si Ni Cr Mo V S Cu AI Co Ti 

0.11 0.76 0.005 0,03 5.00 0,42 0.53 0.043 0.004 0.022 0,021 0.02 0.008 

TENSILE MECHANICAL PROPERTIES 

Yield Strength, Ultimate Tensile Elongation, Reduction of 
0.2% MPa a Strength, MPa % in 2 in. b Area, % 

937 978 21 55 

a l  MPa = 0.145 ksi. 
bl in. = 25.4 mm. 

INITIAL SAWCUT ANGLE 

�9 O D I  2 PLACES 
40 ~ 

-~ ,003 R 

4.0 DIA 4 47 DIA 
tO OD 

FIG. 3--Specimen drawing of lO-cm (4 in.) inside diameter pipe specimens. Dimensions are 
in inches, 

specimens were used to evaluate the J-R curve properties for the aluminum 
pipes discussed later. 

All specimens were fatigue-precracked before testing. Initial crack lengths 
for compact specimens were such that a / W  = 0.62, while for pipe specimens 
x varied from 0.3 to 0.35. Side grooves were not used on the compact speci- 
mens and all tests were conducted at static rates at ambient room tempera- 
ture. Approximately three specimens of each geometry were tested using a 
mechanically compliant test machine utilizing a titanium leaf spring of vari- 
able span. A similar number of spec~ens  were tested in a computer-inter- 
faced servohydraulic test machine made compliant by a software program. 

Hardware Description 

A schematic of the spring compliant test apparatus utilized for the com- 
pact specimens is shown in Fig. 4. A screw-driven displacement-controlled 
machine is utilized in conjunction with a minicomputer data acquisition sys- 
tem which monitors load, load-line COD displacement, and head displace- 
ment and calculates the present crack length, J, and TApp during the course 
of the test. An on-line plot of load versus COD allows determination of the 
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onset of instability. All data are stored on magnetic cassettes so that they are 
available for a post-test reanalysis if necessary. The aluminum pipe speci- 
mens were loaded by placing the titanium spring on the test machine table, 
mounting a pipe in a four-point bend apparatus on top of the leaf spring, and 
then loading the combination in compression utilizing the moveable upper 
head. For the pipe specimens separate transducers were used to measure the 
COD displacement and the load-point displacement as well as load and 
machine stroke. 

Both specimen types were loaded in a standard unloading compliance for- 
mat so that crack length estimates were available at points along the load- 
displacement record. A sample plot is shown in Fig. 5, which includes load 
versus COD and load versus load-point displacement for a stable aluminum 
pipe specimen. 

A schematic of the "computer compliant" test apparatus is shown in Fig. 6. 
The most noticeable change here is that the spring is gone and a servohy- 
draulic test frame is used instead of a screw-controlled machine. The bend- 
ing strong back is suspended from the load frame to minimize actuator mass 
and improve the rate of response of the system. The PDP 11/34 controller is 
utilized in this system to generate the slow time base ram motion of approx- 
imately 0.25 mm/min (0.01 in./min) and to superimpose upon this a spring 
component of stroke proportional to the load drop and the desired machine 
stiffness. The mechanical machine stiffness was measured for each test setup 
and a total stiffness was taken as the machine component in series with the 

r 
Jr 

d3 

.J 

6~ 

S8 

4B 

3~ 

20 

10 

COD DISPLACEMENI" 

0 B .2S  0 . S  0 . 7 S  I t . 25  t ,5  I . 75  2 

DISPLACEHENT cm. 

FIG.  5--Load-versus-displacement records for a circumferentially cracked pipe in four-point 
bending. 
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11-450 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

superimposed computer-generated component. The PDP 11/34 software is 
described more fully in the following section. 

Data acquisition and analysis were carried out exactly as was done in the 
spring compliant case. The machine control software allowed unloadings to 
be applied throughout the test and data taken from the transducers allowed 
real-time calculation of crack length, J, and TApp by the minicomputer and a 
real-time plot of load versus COD displacement for the compact specimen or 
both COD and load-point displacement for the pipe specimens. All data were 
taken and stored by the minicomputer at about one set per second. The PDP 
11/34 was not used to store any data since this would have excessively re- 
duced the machine's response rate. 

Software Description 

For the computer compliant test system the computer was utilized to gen- 
erate a stroke displacement given by 

where 

K c  = 
PMAX = 

p=-  

Rate = 

USTROKE ~--- ( "+" 1) Rate * Time + PMAX -- P 
K c  

(23) 

computer component of machine stiffness, 
maximum load achieved by specimen, 
present load, 
calibrated quantity giving a stroke rate of approximately 0.25 
mm/min (1 in./min) for compact specimens 0.50 mm/min (2 
in./min) for pipe specimens, 

Time : elapsed time with a least count of seconds, and 
• 1 = utilized to generate unloadings and can be changed during the 

test by user-definable buttons. 

If the present load is greater than the previous PMAX, the second term is set 
to zero. The program used here is shown in Fig. 7. The language is MTS 
BASIC and the software is included here simply to demonstrate that no at- 
tempt is made to "program" an instability, only to generate realistic compli- 
ance conditions. The program lines above line 960 are for program initializa- 
tion, program lines 960 and 970 generate a HOLD or STOP condition, while 
lines 980 to 1170 are the operating loop producing the command quantity 
X2. This loop is completed about 30 times per second by the PDP 11 com- 
puter. Lines 1020 to 1100 are needed to stabilize the program behavior and 
act to allow only 5 percent of total ram travel to be applied per second. This is 
possibly a little conservative but in early attempts without this "damper" the 
system noise interpreted as load drop was enough to start unstable ram oscil- 
lations which broke the specimens in about five cycles of increasing ram 
amplitude. 
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JOYCE ON INSTABILITY TESTING 11-451 

Presentation of the Tearing Instability Test Results 

Compact Specimens 

Load-displacement records for two 1/2T compact specimens are shown in 
Fig. 8. Specimen 6S was tested on the spring compliant test apparatus while 
Specimen 51 was tested in the "computer compliant" system--both systems 
were set for stiffnesses in excess of 17.5 kNt/mm (100 000 Ib/in.). J-R curves 
resulting from these tests are shown in Fig. 9. Rotation corrections were in- 
cluded in the crack length calculations here using the formula of Hawthorne 
et al [9]. Clearly comparable results are obtained from the two test systems. 

The average slopes of these load-displacement records in the region 
beyond maximum load to a COD of 2.3 mm (0.092 in.) was estimated to be 
about --3.5 kNt/mm (--20 000 lb/in.), so specimens were then run on both 
systems with machine stiffness of about this magnitude. The results in Fig. 10 
show that in both cases an instability resulted just beyond maximum load. 

Some differences need to be pointed out here, however. The computer 
compliant system reacted much more slowly and traversed the COD range 
from 0.1 to 0.23 cm (0.04 to 0.092 in.) in about three seconds, while the spring 
system traveled to a COD of 0.48 cm (0.192 in.) in less than a second. Also as 
shown in Figs. 11 and 12, the computer system crack growth arrested as soon 
as the specimen load-displacement record slope fell to a flatter negative value 
than the --K~rvalue applied by the test system, while the spring system 
crack did not arrest until the load-displacement curve was much lower in 
slope than the --KM-value applied by the system. 

The instability rate for the spring system was conjectured here to be a func- 
tion of the spring-mass system and not a material property and this was proven 
by adding to the basic system of Fig. 6 an additional data acquisition system 
to measure load and displacement data at a high rate during the instability. 
The system used was programmed to take 200 pairs of load-displacement 
values per second and was capable of doing this for 30 seconds. 

Just beyond maximum load this system was started and the results for 
Specimen 59 are shown in Fig. 13. Clearly, when the crack jumped ahead, 20 
COD readings were measured implying a 0.1 s time interval for the unstable 
crack to grow approximately 5 mm (0.2 in.). a This rate corresponds well with 

3The high rate data acquisition system took approximately 6000 data pairs with a 12-bit (3t/2 
digit) accuracy--compared with 20-bit (51/2 digit) accuracy for the slow data system. Only a 
small part of the data taken are shown in Fig. 11. The high-speed system noise is shown by the 
scatter of data points at both ends of the instability--a rather large scatter because of the lower- 
quality system being used for these data. 

The delayed drop in load resulted from the low-frequency response of the load signal condi- 
tioning system. 

The one circled point is low-speed data taken during the instability and is accurate if it is 
observed that this system takes COD, then load values, separated by approximately 0.1 s, caus- 
ing the resulting pair to appear off-set from the high-speed data. 

Delays in low-speed data acquisition occur after each unloading during which the computer 
calculates the specimen stiffness, crack length, J, etc. The larger data acquisition delay at COD 
0.6 mm (0.24 in.) occurred due to both a calculation delay and a cathode ray tube screen copy 
delay and does not represent a further instability. 
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11-452 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

INSTFI MTS BASIC VOIB-OZC 

tO0 CALL "QUIT" 
110 CALL "BUTN"( ISO,I , ISO,S,ZSO,7,300,S)  
120 CALL "EBMP"(I I  
130 CALL "TIME"( IO) 
140 CALL 'ISTAR" 
150 GO TO SO0 
ISO FI=9 
170 CALL "BUTN"  
1S0 FS=O 
190 XO=X2~X5 
200 M I l l  
210 TI=O 
220 CALL "BUTN" 
250 F5=1 
260 CALL "BUTN" 
300 FS=O 
310 XO=X2~X5 
320 M1=-1 
330 TI=O 
240 DO=D 
350 CALL "BUTN" 
500 CALL "BUTN"(t) 
520 PRINT 
530 PRINT "THIS PROGRAM ATTEMPTS TO USE THE MTS MACHINE" 
540 PRINT "TO MODEL A UARIABLY COMPLIANT TEST MACHINE FOR TEARING" 
550 PRINT "INSTABILITY TESTING OF CRACKED SPECIMEH@." 
560 PRINT 
570 PRINT "WRITTEN BY J.A.JOYCE AT USNA JUNE JSSl" 
5S0 PRINT 
590 PRINT 
BOO PRINT "INPUTING A 'STOP' OR 999 TO ANY INPUT WILL STOP THIS " 
6 1 0  PRINT  "PROGRAM."  
S20 PRINT 
G30 PRINT "INPUT THE TEST MACHINE CALIBRATION FACTORS (G,O) FOR" 
640 PRINT "STROKE AND LOAD." 
$50 1NPUT G3,03,G2,O2 
GSO IF G3=BSS THEN ItSO 
B70 PRINT "INPUT DESIRED MACHINE SPRING CONSTANT FOR THIS TEST '= 
S80 INPUT K9 
S90 IF K 9 = 9 9 8  THEN 1180 
700 PRINT 
710 PRINT "INPUT THE DESIRED STEP J~ATE IN UNIIS/SECOND DESIRED FOR" 
720 PRINT "THIS SPECIMEN." 
730 INPUT $1 
740 IF $I=999 THEN 1180 
750 FI=O 

F I G .  7--Program listing of software used to generate compliant conditions in the computer 
compliant test system. 

the response time calculated for a single-degree-of-freedom system with K = 
3.5 kNt/mm and M = 30 kg (66 lb) if a 13.4-kNt (3000 lb) load were sud- 
denly removed, which would be on the order of 0,01 s. Thus though the com- 
puter system has a slower response than the spring system, the difference 
would not be significant for most materials. The computer system response 
can be increased by transferring to a compiled computer language like 
CBASIC or FORTRAN, by use of a hardware processing system, and by use 
of a higher-speed computer processing unit. 

The observation that the computer system instability arrests as soon as the 
load-displacement curve slope falls flatter than the --KM-value corresponds 
through Eqs 9 and 10 to the statement that instability arrest will occur if 

TMAT > TApp (24) 

if the load capacity of the specimen is above the load present in the spring. 
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760 FS=O 
770 XO=O 
780 XS=O 
790 CALL "STIM"(O,O,O) 
800 MI=I 
810 K 5 = K g * G 3 / G 2  
8 2 0  C 5 = 1 / K 5  
830 PRINT "INSTALL THE TEST PIECE - SET UP YOUR DATA " 
840 PRINT "ACOUISITION SYSTEM TO THE POINT WHERE YOU ARE READY TO" 
S50 PRINT "TAKE IN IT IAL  CRACK LENGTH DATA." 
860 PRINT 
870 PRINT "PUSH THE 'RUN' SUTTON AND BRING UP HIGH PRESSURE " 
880 PRINT "TYPE GO/RETURN TO CONTINUE" 
880 INPUT AS 
GO0 IF A$="STOP" THEN 1180 
SlO CALL "EDMP"(1) 
820 CALL "MSWI"(2,XO) 
930 CALL "GTIM" (T I )  
9 4 0  CALL "DACO"(O,PO,O,ES) 
850 CALL "DACB"(O,DO,2,ZB) 
860 IF FS=O THEN 980 
870 GO TO 8GO 
880 CALL "DACO"(O,P,O,ZB) 
880 CALL "DAC~"(O,D,2,28)  
1000 IF D<DO+3 THEN 1120 
1010 IF P>=PO THEN 1110 
1020 XB=(PO-P)*C5 
1030 IF XB>X5§ THEN 1070 
1040 IF XS<XS-3 THEN 1090 
1050 XS=XG 
1080 GO TO 1 1 2 0  
1070 X5=• 
1080 GO TO 1120 
1 0 8 0  XS=X5-3 
I I 0 0  GO TO 1120 
1110 PO=P 
1120 •215 
1130 X=INT(• 
1150 CALL "FGI" (X)  
I180 IF FI=9 THEN 1180 
1170 GO TO 8S0 
1180 PRINT "YOU WANT TO STOP - YOU GOT IT " 
1190 CALL "hSH1"(O) 
1200 CALL "FGI"(O) 
1210 END 

F I G .  7--Continued. 

Graphically this criterion is displayed in Fig. 11 by drawing a line of slope 
--KM from the load-displacement point of instability initiation. Instability 
arrest is not possible until the specimen load-displacement curve crosses 
back above this line and has a slope flatter than --KM that is, TMA T > TAp P. 
This arrest criterion is clearly demonstrated in the computer compliant sys- 
tem which demonstrates no inertia effect as shown in Fig. 11. The spring 
system instability does not arrest until considerably more crack extension oc- 
curs as shown in Fig. 12, apparently because system inertia overdrives the ex- 
pected arrest point. 

A TMAT-J plot was developed for this HY-130 material from the J-R curves 
shown in Fig. 14. No single linear or power law was found to accurately fit 
these results so a combined fit was used, defined by 

J ---- 178Aa + 82.9 126 < J _< 314 kPa.m 
(25) 

J ----- 553 -- 309/Aa J > 314 kPa.m 

with Aa in millimetres. 
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FIG.  12--Load-displacement record of a compact specimen using the spring compliant test 
system showing the instability and arrest points in comparison with a line of slope --K M. 
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F IG.  14 - -A  plot of  J-R curve records obtained f rom typical HY-130 F K S  compact specimens. 

The resulting plot of TMA T versus J is shown in Fig. 15. Evaluating TAp P 
from the Ernst's Eq 7 for a typical unstable specimen gives results like that of 
Fig. 15 showing that both instability and arrest are accurately predicted in 
terms of the tearing force and tearing resistance for this geometry-material 
combination. 

Pipe Specimens 

Load-displacement records from stable pipe tests using both systems were 
found to be similar and the slopes of these curves beyond maximum load im- 
plied that tearing instability would result for machine stiffnesses less than 7 
kNt/mm (40 000 lb/in.) for these specimens. Load-displacement records for 
two specimens, one on each system, with KM ~- 6.6 kNt/mm (37 700 lb/in.), 
are shown in Fig. 16 and clearly comparable results are found in the two 
tests, except that again the computer system response is slow, approximately 
3 s versus < 1 s for the spring system. The differences in initial stiffness and 
maximum load are due to a slight difference in crack length between these 
two specimens. Crack arrest was not found in these tests until loads had 
dropped to a small fraction of maximum load so that no information was 
gained on these tests with respect to crack arrest in a pipe configuration. 
Typical J-R curves obtained from the stable pipe tests and the stable portion 
of the unstable tests are shown in Fig. 17. Both Zahoor [8] and Tada [7] 
forms for J are shown for these pipe tests. Instability was not observed in this 
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FIG.  16--Load-displacement records for pipes tested in the spring compliant and computer 
compliant test systems. 
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F I G .  17--Comparison plot of J-R curves for lO-cm (4-in.) inside diameter pipes and subsize 
compact specimens cut from the 6061 T6 pipe wall. 

specimen geometry until approximately 13 mm (0.52 in.) of stable crack 
growth per crack tip was present. Also shown on Fig. 17 are the J-R curves 
obtained from the small compact specimens removed from the pipe wall. 
These results demonstrate a Ji :value somewhat below that of the pipe tests, 
depending to a large extent on what portion of the pipe J-R curve is used to 
extrapolate to the J]c point. Similarly, the compact J-R curves fall distinctly 
below the pipe J-R curves obtained by either the Tada or Zahoor analysis. 
The fact that the small specimens give lower rather than higher Jic-values is 
somewhat surprising. The material tearing resistance, that is, J-R curve 
slope, measured from the compact specimen does appear to be a reasonably 
conservative estimate of the pipe tearing resistance in this case. 

Fracture surface observation showed that both the compact and pipe 
specimens demonstrated a triangular crack tunneling effect to about one half 
the cross-sectional thickness and then a transition to a shear mode of crack 
extension. For the pipe wall compact specimens the compliance estimates of 
crack extension were between 5 and 10 percent short of a five-point average 
optical measurement made after the test--using a post-test fatigue procedure 
to mark the final crack geometry. Final crack lengths taken on pipe speci- 
mens showed a similar tendency to underestimate the measured crack exten- 
sion but only by about 10 to 15 percent of the total crack extension. 

Figure 18 shows that for a typical pipe (No. P9) with KM = 5.6 kNt/mm 
(32 000 lb/in.) the J at instability is not accurately predicted by either the 
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test. 

Zahoor or the Tada analysis. Instability would be expected when the TMA T 
and TApp curves intersect, which occurs at a J-value of between 120 and 145 
kPa.m, but the observed instability did not occur until well beyond that 
point, that is, J ---- 270 kPa.m by the Zahoor analysis o r J  ---- 210 kPa.m by 
the Tada analysis. The TMAT-J plot is obtained from the specimen itself by 
fitting the J-R curve with a power function in the stable region. TApp-values 
from both the Tada [7] model and the Zahoor [8] model are shown in Fig. 18 
and are conservative by factors of from 2 to 4. These formulas are both 
known to be only estimates of the real TApp and were presented as such by 
their respective developers. The Tada model assumes rigid plastic behavior, 
which is not a very good estimate of the behavior of this aluminum pipe. A 
calculation of limit load using the formula of Tada [7] that 

Mp = 4ooR2t (cos 0/2 -- 1/2 sin 0) (26) 

shows that the specimen approached 95 percent or more of its limit load as- 
suming o0 = 310 MPa (45 000 psi). The Tada analysis for J and T assumes 
that all deformation occurs at the specimen limit load and it thus overesti- 
mates J in these pipes in the region before maximum load during which 
about 1.2 cm (0.48 in.) of crack extension occurs. This overestimation of J 
also effects both the TAp P and TMA T calculations. 
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The Zahoor model assumes that a specific type of separability exists be- 
tween crack length and COD dependence in the specimen load-displacement 
relationship. Such a separability has never been experimentally verified even 
for a simple compact or bend geometry. These separability assumptions are, 
however, probably accurate for simple geometries, including pipes, until a 
reasonable amount of crack extension occurs--but for the pipes tested here, 
crack extensions of 1.5 cm (0.6 in.) are present before instability occurs and 
the assumptions of the Zahoor analysis are suspect by this point. 

Another possible explanation for the inaccuracy of the present application 
of the Zahoor analysis is that the quantity (8P/O~pL)O in Eq 21 was set to 
zero since no better estimate was available. Use of an accurate positive value 
for this quantity, obtained either experimentally or analytically, would shift 
the Zahoor results in Fig. 18 toward better agreement with the experimental 
observation. 

Figure 19 shows a plot similar to that of Fig. 18 for a pipe which remained 
stable. Here the prediction is for stable behavior by either analysis technique 
since the TMAT and TApe curves do not intersect for either analysis technique. 
This is typical of the results found here in that the technique is conservative if 
stability is predicted and stable results are obtained, but if instability is pre- 
dicted it would not occur until later in the test, that is, at J and crack exten- 
sion values beyond that predicted by the analysis. 
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FIG. 19--J-T plot for  a 6061 T-6 lO-cm (4 in.) inside diameter (Pipe No. P7) showing a com- 
parison of Tada [7] and Zahoor [8] ana!yses for TMA T and T App fOr a stable fracture test. 
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Utilization of these formulas for order-of-magnitude estimates of whether a 
piping system is likely to be safe, with inclusion of typical engineering safety 
factors, would clearly give acceptable results, but attempts to use them to pre- 
dict the J or crack extension at instability initiation is not to be recommended. 

Discussion 

The major disadvantage of using a computer-controlled test machine for 
tearing instability tests is that you have to have a computer-controlled test 
machine and the expertise to program and operate it. The next important 
disadvantage is apparently that the test speed is slower during an instability, 
and for a rate-sensitive material differences might o c c u r  between the results 
of a spring test machine and a computer-controlled machine. This disadvan- 
tage will be reduced as minicomputer test machine controller central process- 
ing unit speeds are increased and as compiled languages like FORTRAN be- 
come available on computer-interfaced test machines. 

The advantages of the computer-controlled machine are that expensive 
compliant test frames do not have to be constructed, inertial effects present 
in springs are predominately eliminated, and inertial effects can be included 
to model the real structure inertial effects if these are felt to be important for 
a given structure. A final, but important, advantage is that the computerized 
system can more easily be extended to combined loading situations for which 
construction of mechanical springs would be very. expensive and difficult. 

Conclusions 

A computer compliant system can adequately generate test machine condi- 
tions required to generate ductile tearing in instabilities in test specimens. 
The computer response rate is slower than most springs (unless a very mas- 
sive system is used) but only about an order of magnitude slower, which will 
not produce significant differences in most metallic materials. The computer 
system is inertia-free, which appears to be a valuable attribute for investiga- 
tion of tearing instability arrest. Inertia effects could, of course, be pro- 
grammed into the system to more closely model the behavior of a flawed 
member in a real structure. 

Experimental work has also shown that J-R curves obtained from a com- 
pact specimen geometry fall below those obtained from a circumferential 
pipe geometry--a case where both geometries are loaded predominantly in 
bending and have nearly the same thickness and constraint. The applied 
tearing force calculated using the Ernst analysis for a compact specimen 
geometry appears very accurate at predicting both instability initiation and 
arrest. Similar calculations for the circumferentially cracked pipe geometry 
were not very successful, apparently overestimating the applied tearing force 
by a factor of about 2. 
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JOYCE ON INSTABILITY TESTING 11-463 

Finally,  these exper imen t s  seem to imply tha t  the  condi t ions  for the  arrest 

of a ducti le  tear ing instabi l i ty  are simply,  first, TMAT > TApp due  to a flat- 
ten ing  of the  slope of the  load-d i sp lacemen t  record so tha t  - ( d P / d ~ )  < 

I / K M ,  a n d  second,  the  load capaci ty  of the  spec imen is greater  t h a n  the  load 
presen t  in the compl i an t  s t ruc ture  at the  given load-poin t  d i sp lacement  cor- 

r e spond ing  to arrest .  If s ignif icant  s t ruc tura l  iner t ia  is p resen t  when  the  pre- 
vious condi t ions  are satisfied, addi t iona l  crack extension will result .  
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ABSTRACT: The development of a computer-controlled single-specimen J-test proce- 
dure is described. The results of a sensitivity study to determine the effect of analog-to- 
digital converter resolution and transducer signal noise on elastic unloading compliance 
crack length measurements are presented. The results are used to estimate the minimum 
equipment performance specifications needed for successful J-test automation. The ac- 
tual test system is described along with the details of the automated procedure. 

A comparison is made between results obtained using the automated procedure and the 
more conventional heat-tinting technique for HY-130 at room temperature (tested as part 
of the American Society for Testing and Materials J-Integral R-Curve Round Robin Pro- 
gram) and nuclear pressure vessel grade steels at 200 to 290~ Good agreement in the 
generation of J-Aa data was found in all cases. However, some difficulty was encountered 
in predicting absolute crack lengths by compliance in the round-robin tests, apparently 
due to specimen design. 

KEY WORDS: data acquisition, unloading compliance, elastic-plastic fracture, J-integral 
test, crack propagation 

Nomenc la ture  

a i I n s t a n t a n e o u s  c r a c k  l e n g t h  m e a s u r e m e n t  

ao In i t i a l  c r a c k  l e n g t h  m e a s u r e m e n t  

b U n c r a c k e d  l i g a m e n t ,  w - a  

B~ Ef fec t ive  s p e c i m e n  t h i c k n e s s  

B n  Ne t  s p e c i m e n  t h i c k n e s s  

B r T o t a l  s p e c i m e n  t h i c k n e s s  

C C o m p l i a n c e  

1 Section manager, metallurgy, and research engineer, respectively, Babcock & Wilcox, a Mc- 
Dermott company, Alliance Research Center, Alliance, Ohio 44601. 

Copyright �9 1983 by ASTM lntcrnational 

11-464 
W WW. aS~LIII .O i 'g  

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



VAN DER SLUYS AND FUTATO ON SINGLE-SPECIMEN J-TEST 11-465 

E 
J 

P, 
vi 
w 

a/w 
A(a/w) 

AC 
AP 
AV 

Modulus 
J-integral value 
Instantaneous load measured by A / D  
Instantaneous displacement measured by A / D  
Specimen width 
Crack length ratio 
Confidence interval in a/w 
Confidence interval in compliance 
Change in load during unloading 
Change in displacement during unloading 

Fracture mechanics analysis procedures were first introduced in the Ameri- 
can Society of Mechanical Engineers Boiler and Pressure Vessel Code in 1972 
when Appendix G to Section III of the Code was first published. Section III 
presents the design rules for nuclear pressure vessels. With the introduction 
of fracture mechanics analysis techniques to the design rules, it was appropri- 
ate that fracture mechanics test specimens be included in the nuclear pres- 
sure vessel surveillance programs, because one of the purposes of the pro- 
grams is to monitor the effects of irradiation on the mechanical properties of 
pressure vessel materials. The Babcock & Wilcox Co. (B&W) started includ- 
ing compact fracture specimens in their reactor vessel surveillance program in 
the mid-1970's, The research division was given the responsibility of develop- 
ing and maintaining the test procedures for conducting the fracture tests. 
With the rapid growth in this field in recent years, this requires a continuous 
effort. 

The original test procedure in the reactor vessel surveillance program made 
use of the multiple-specimen heat-tinting method for determining Jlc. This 
was eventually replaced by the single-specimen unloading compliance method, 
and finally most recently by a fully automated unloading compliance proce- 
dure for generating the J-R curve. 

There are a number of reasons for developing a fully automated fracture 
test technique. The fracture analysis for pressure vessel design is not yet fully 
developed, so the most general fracture test techniques and data storage pro- 
cedures must be used for all testing. The J-R curve will supply the materials 
information required for any elastic-plastic or fully plastic analysis, and digi- 
tal data gathering and storage allow for easy reanalysis of the test data as new 
procedures emerge. In addition, the automated system can produce higher- 
quality results than manual systems, and is significantly more reliable. Since 
there are few replicate specimens in a surveillance program, extremely reli- 
able test procedures are needed to insure that all specimens produce usable 
information. 

This paper describes the development of the automated test procedure. In- 
eluded is a discussion of a sensitivity study which was performed to determine 
the specifications for the hardware needed to conduct the experiments, as 
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well as a description of the hardware and software which was developed and 
some results obtained with the system. 

Semitivity Study 

The generation of an entire J-R curve from a single specimen requires the 
remote detection of small amounts of crack extension with a high degree of 
confidence. Instrumentation for an automated procedure should therefore be 
selected based on a consideration of the effect of the measurement technique 
on the confidence of the results. 

When the elastic unloading compliance measurement technique is used, 
crack lengths are determined from a knowledge of specimen compliance, cal- 
culated from load and displacement data obtained during a partial unload of 
the specimen at various points throughout the test. Consequently, any scatter 
or uncertainty in measured load or displacement causes a corresponding un- 
certainty in the calculated compliance and ultimately the calculated crack 
length. The scatter in measured data, due primarily to electronic signal noise 
and analog-to-digital (A/D) conversion in an automated test, must therefore 
be reduced to known acceptable levels. 

The effect of A/D conversion and electronic noise on measured data can be 
modeled as shown in Fig. 1. The A/D conversion process transforms a contin- 
uously varying signal into a set of integers varying linearly between zero and 
+2  b-1 full scale, where b = A/D word length. (The highest-order bit in the 
word is generally used to indicate signal polarity.) The minimum resolvable 
signal change, U, is that causing a change of one bit in the A/D output, so 
that U = (full-scale signal)/2 b-1. The individual (dimensionless) data points 
generated by the conversion process are therefore a measure of the number of 
smallest resolvable units, U, composing a signal of any given time, and can be 
"lescdbed by the expression 

A/D output = integer V (signal level) + 0.5 + noise] (1) 
k U 3 

F U L L  SCALE r 

' ~ A C T U A ~  6 ~  
�9 A/O OUTPUT 

U S IGNAL 
CHANGE 

I 2.?." 
D 

TIME 

FIG. l--Model showing digitization of continuous signal by analog-to-digital IA/D) conver- 
sion process. U = smallest signal change resolvable by A/D. 
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The foregoing expression allows for rounding between bits as well as for the 
superposition of noise on the true signal. 

Using the foregoing model, the effect of A/D conversion and transducer 
signal noise on crack length confidence can be estimated. Since in general 
specimen compliance is a function of modulus, specimen thickness, and 
crack length [1,2], 2 the precision in a / w  due to the precision of a given com- 
pliance measurement can be approximated by the expression 

/ ac \ -1  

for small errors in C and a /w ,  ignoring changes in modulus or specimen 
thickness. Further, if a linear regression analysis can be used to calculate 
compliance, then the precision, AC, can be estimated statistically as the per- 
cent confidence interval of the compliance, C, given by the expression 

S~.x 
AC ---- (t(l_a/2) -- t(a/2)) Sx(r l __ 1)1/2 (3) 

where 

n--  total number of points used in compliance calculation, 
t = values of t distributions for n -- 2 degrees of freedom, 

Sy.x = standard error of estimate, and 
Sx = variance of load distribution for a given displacement [3]. 

For the foregoing equation, percent confidence = 100 (1 -- c~). Using Eq 1, 
the individual load and displacement data points measured during an un- 
load, Pi and Vi, respectively, can be described by 

[ / + 0 . 5 + n o i s e ] - -  Pi : Up integer Re n 

where 

i + 0.5 + noise] Vi = Uv integer Rv n 

zXP Ap 
Rp = Up 10ad range X 2 o-1 

AV AV 
R v -- -- X 2b-t  

Uv displacement range 

2The italic numbers in brackets refer to the list of references appended to this paper. 

(4) 

(S) 
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Ap and AV are the total change in load and displacement, respectively, dur- 
ing the unload. Therefore 

AC = (Uv/Ue) AC = C(Rp/Rv)~C 

where AC is a dimensionless function of Rp, _R v, a/w, n, and noise, and the 
confidence interval in a/w corresponding to AC can be estimated by 

A(a/w) (R,/Rv)(C)(AC)( O0(~/w)l-' = = function (Rp, Rv, a/w, n, noise) 

(6) 

Consequently, at a given crack length ratio, the statistical confidence interval 
in a/w is dependent on the effective resolution, Re and Rv, and the level of 
electronic noise. 

Several assumptions were made for computational ease in the foregoing 
analysis. These assumptions are: (1) the crack length versus compliance 
equations are exact, (2) the variance of the distribution of loads for a given 
displacement are equal for all displacements, and (3) the distribution of loads 
for a given displacement is a normal distribution. In addition, Eq 3, used to 
define the percent confidence interval in compliance, AC, is strictly valid only 
in cases when the load values are known without error. However, since order- 
of-magnitude estimates of confidence are being sought, the errors due to 
these assumptions are considered to be negligible. 

Confidence intervals calculated according to Eq 6 at the 95 percent confi- 
dence level are shown in Fig. 2 as a function of Re and R v for a/w = 0.6. The 
calculation assumes displacement measurement on the specimen load line, 
and that approximately 100 data points are available for the compliance cal- 
culation. A constant noise level equal to eight times the digital resolution (___ 4 
A/D output units) on both the load and displacement signals is also assumed. 
The noise spectra of the signals are independent and totally random with 
o = 1. Note that when R e and Rv vary greatly, the smaller determines the 
size of the confidence interval. In fact, regions of total Rv-control and total 
Rp-control exist, corresponding to the horizontal and vertical regions of the 
curves, respectively. In these regions, increases in the effective resolution of 
the noncontrolling parameter will have little, if any, effect on measurement 
confidence. Notice also the interchangeability of Rp and Rv, not Up and Uv, 
in determining confidence interval size. 

Figure 3 shows the effect of slight changes in the noise level on the effective 
resolution required to produce a confidence interval A(a/w) = 0.001. As be- 
fore, the peak noise level is assumed to be equal on both load and displace- 
ment, although the noise spectra of the two signals are independent and to- 
tally random. Results of the analysis reveal that a significant increase in 
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effective resolution is required to offset relatively slight increases in electronic 
noise. Conversely, electronic noise will sharply limit the statistical confidence 
in a crack length measurement.  Consequently, care must be taken to main- 
tain electronic noise at minimal levels throughout testing. 

In designing a system for both automated data acquisition and test control, 
the need for high-resolution data acquisition must be balanced against the 
need for short A / D  conversion time. It  is therefore desirable to use the short- 
est A /D  word length that will supply the necessary resolution. Assuming 
Rp = 1500 and R v  : 550 at a + 4  unit noise level will provide adequate 
statistical confidence for proper J-R curve generation, then for a typical J-test 
in which maximum load = 47 kN (10 000 lb) and maximum displacement = 
4 mm (0.16 in.) with AP = 7 kN (1600 lb) and AV = 0.08 m m  (0.003 in.) 
during unloading, a 16-bit A /D  can be used provided 

7 kN 
load range < - -  

- 15130 
• 2 Is = 153 kN (34 000 lb) 

displacement range < 
0.08 mm 

550 
X 2 Is = 4.7 m m  (0.19 in.) 

However, since both Re and R v are less than 211 ( =  2048), then a 12-bit A / D  
will work as well, provided 

7 kN 
load range _< - -  

1500 
• 2 it = 9.5 kN (2100 Ib) 

displacement range _< 
0.08 m m  

550 
• 211 = 0.3 mm (0.012 in.) 

Therefore, while for a typical J-test a 16-bit converter can be used with the 
standard analog electronics for test control, a 12-bit A / D  will provide equal 
statistical confidence if additional electronic signal amplification is used to 
expand the unload. In general, a 2Is/2 tl ( :  16-fold) increase in signal ampli- 
fication is required to interchange 12-bit and 16-bit A / D  converters, when 
scatter in load and displacement due to electronic noise is kept constant. 

Proeednre 

Description of Hardware 

Using the results of the sensitivity study, an automated test system based on 
a 12-bit word was designed. A schematic representation of the hardware is 
shown in Fig. 4. The test is conducted using an MTS servohydraulic test ma- 
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chine with standard analog control electronics. Two relatively low-gain trans- 
ducer conditioning amplifiers are used for test control and data acquisition 
over the entire range of the test. In addition, two high-gain amplifiers are 
used to expand the change in load and displacement during the unloadings 
and provide the resolution required for precise crack length measurements. 
All amplifiers are dual-staged, consisting of a fixed-gain preamplifier in se- 
ries with a variable-gain second stage. Ranging is accomplished in the second 
stage. Each of the high-gain amplifiers has a digital-to-analog (D/A) con- 
verter input to enable offset of the amplifier by the computer during the test. 
The computer-controlled offset capability is needed to enable re-zeroing of 
the amplifiers prior to each unloading, since the range of the amplifiers will 
be exceeded during the course of a test. 

Both of the high-gain amplifiers are heavily filtered for noise suppression. 
Filter roll-off is fairly sharp above 10 Hz, although some attenuation occurs at 
frequencies as low as 1 Hz. Signal noise at the output is typically +0.03 V and 
appears to be quite random. The filtering network introduces a substantial 
phase shift between the outputs of the high-gain and low-gain amplifiers. 
This does not, however, interfere with test results. 

The entire test system is under control of a PDP 11/34 minicomputer. Two 
DEC RK05 disk units are used for system file storage as well as permanent 
storage of all test data. A cathode ray tube (CRT) display with hard-copy unit 
serves as the system terminal and is used for graphics displays of intermediate 
and final test results. 

Computer control of the specimen loading as well as all data acquisition is 
provided through an MTS 433 Processor Interface Unit. Timed master/slave 
data acquisition from all four amplifiers as well as command function genera- 
tion is possible under complete software control. 

Description of Automated Procedure 

The JTEST (B&W's automated single specimen J-test procedure) is con- 
ducted in three stages: (1) test initiation, (2) test execution, and (3) post-test 
data analysis. Each level may be run independently of the others provided all 
preceding levels have been completed. However, automatic sequencing be- 
tween levels may be used at the discretion of the operator to allow uninter- 
rupted flow of the test. A flow chart of the procedure is shown in Fig. 5. 

Because of the total automation of the procedure, a detailed set of test pa- 
rameters is needed to define the manner in which a particular test is run. The 
parameters include both material tensile properties and specimen dimensions 
as well as test control parameters, including: (1) amplifier ranges, (2) incre- 
ment between crack length measurements, (3) extent of unloading, (4) por- 
tion of unload data to be used in compliance calculation, and (5) loading and 
unloading rates. Parameters entered by the operator when a new test is initi- 
ated are permanently stored on a magnetic disk for reference during execu- 
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ENTER TEST PARAMETERS; t 
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I MEASURE INITIAL CRACK 1 
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FIG. 5--Flow chart of automated single-specimen JTEST procedure. 
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tion of the test and post-test analysis. To optimize results, however, all test 
control parameters may be changed during the course of the test at the discre- 
tion of the operator. 

Crack lengths are measured using the elastic unloading compliance tech- 
nique, where crack length is related to normalized specimen compliance by 
the expression [1] 

a /w  = 1.000196 -- 4.06319(Uz~) + ll.242(ULL) 2 

-- 106.043(U~)3 + 464.335(ULL) 4 -- 650.677(Uzz)s 

1 ( B r  - B~v) 2 
ULL = ' Be = BT 

(BeEC) 1/2 = 1 BT 

The effective thickness, Be, is used to account for the effect of side grooves on 
specimen compliance [2]. Compliance is calculated by a linear regression 
analysis of load and load-line displacement data obtained from the high-gain 
amplifiers during elastic loading or unloading. The data acquisition rate is 
scaled based on the loading rate to give approximately 100 data points over 
the entire loading or unloading curve. However, regions of the curve can be 
excluded from the calculation at the discretion of the operator if abnormali- 
ties (for example, initial nonlinearity) are observed. 

A series of checks is made to determine the accuracy and precision of the 
system prior to actual testing. The system is checked by the software to insure 
consistency between the parameters requested when the test was initiated and 
the actual system configuration. If consistency is found, the specimen is cy- 
cled ten times to a load less than that used for precracking, and crack lengths 
calculated on each half cycle. The difference between the crack lengths mea- 
sured during the loading and during the unloading are computed, along with 
the standard deviations and averages of the crack lengths measured during 
the ten loadings and during the ten unloadings. Experience has shown that 
proper system performance will be characterized by: 

1. agreement of calculated initial crack length with that estimated from 
precracking data, 

2. standard deviations of loading and unloading measurements < 0.001 w, 
and 

3. differences between loading and unloading measurements at a given 
cycle <0.002 w. 

The J-test is executed in a series of load-line displacement steps. Crack 
lengths are measured after each increment in displacement. To maximize sta- 
bility past peak load, the servohydraulic test machine is run under control of 
the extensometer attached to the specimen load line. The incremental change 
in area corresponding to each step is calculated using a trapezoidal numerical 
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integration technique on load and load-line displacement data obtained from 
the low-gain amplifiers during the step. The rate of data acquisition is scaled 
based on the loading rate to give approximately 100 data points over each 
increment. 

A significant drop in load has been observed in specimens held at constant 
load-line displacement near maximum load. This relaxation has been found 
to cause a substantial error in the calculated crack length if incorporated into 
the unload. Consequently, the unloading must be delayed following the dis- 
placement increment until the relaxation has reached an insignificant rate. 

To obtain the required delay without unnecessarily increasing testing time, 
a routine has been added to the software to delay the unloading until the re- 
laxation rate reaches 0.3 percent of the unloading rate. An error analysis of 
the crack length measurement process reveals this rate to affect less than 
0.0005 w error in the resultant calculated crack length for 0.5 ___ a / w  <_ 0.8, 
judged to be an acceptable error. Delays of typically 3 to S min are required. 

An intermediate J-R curve is drawn after each crack length measurement 
to allow the operator to follow the progression of the test and change test 
control parameters as needed to optimize results. However, only load and dis- 
placement data generated during the test and the compliance from each un- 
load are recorded on magnetic disk for post-test analysis. 

Data generated during the J-test may be analyzed in several different ways. 
The available options for analysis include: 

1. Modulus correction: a correction factor applied to the normalized com- 
pliance calculated at each unload, the magnitude of which is calculated to 
force the initial crack length estimated by the unloading compliance tech- 
nique to equal the physical crack length. Used to correct systematic errors in 
crack length measurements. 

2. Rotation correction [4]: correction to measured compliances to account 
for specimen rotation at large displacements, given by 

Cmeasured 
Cc~ (-~- sin (0) -- cos (0)) (-~- sin (0) -- cos (0)) 

where 

H : half-span of applied load points, 
R = radius of rotation (w + a)/2,  
D ----- distance from crack plane to displacement measurement line with 

no load on specimen, 
0 = sin -1 [(~m + D)/(D2 + R2) 1/2] -- tan -1 ( D / R ) ,  and 

Vm = load-line displacement from crack plane to measurement line. 

3. On-line crack estimate: use of compliances measured during test with- 
out correction. 
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4. Moving crack correction [5]: correction to calculated J-value to account 
for effect of crack propagation on the measured load-versus-displacement 
curve, given by 

71 Ai,i+ l "y 
J ( i + l ) : [ J i - ~ ( - b - ) i ( B ~ - - N  ) ] I I - - ( - - b - ) i ( a i + l - - a i ) l  

where 

= 2 + 0.522 b/w, 
"t = 1 + 0.76 b/w, and 

A i , i +  1 -= area under load versus load-line displacement record between 
lines of constant displacement at Points i and i + 1. 

5. Merkle-Corten equation [6, 7]: use of Merkle-Corten equation to calcu- 
late J, given by 

where 

C1 A 
J - -  _ _  

b0 BN 

2(1 + o~) 
C 1 -- (1 + Ot 2) 

oL : [ ( - ~ ) 2  q-2 ( - ~ / +  2] 1/2-  ( ~  -~ + 1 )  

All crack lengths and J-values are recalculated from raw data on the magnetic 
disk using the analysis options chosen. 

The final J-R curve is constructed using the recalculated J-values and val- 
ues of crack extension, Aa, calculated by the expression 

Aa = a i -- a 0 if- offset 

where offset = shift along Aa-axis. An offset is sometimes required due to 
slight systematic differences between the initial crack length measurement 
and the crack length measurements made during the J-test. Such differences 
can be caused by a slight reseating of the extensometer at the start of the test, 
or by nonlinearity in the initial portion of the load-versus-displacement curve 
used to measure a0. In such cases, the offset can be used to align the data in the 
early portion of the J-R curve with the theoretical blunting line, of importance 
primarily in the calculation of Jic. Only offsets less than 1 percent of the initial 
crack length are considered to be acceptable. Larger systematic errors in crack 
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extension must be eliminated through a correction applied to compliance, 
analogous to the modulus correction described earlier. 

Results 

Results from two testing programs conducted using the automated system 
are shown in Figs. 6-8. Figure 6 shows the J-R curves generated for HY-130 as 
part of the American Society for Testing and Materials (ASTM) J-Integral 
R-Curve Round Robin program [8], while Figs. 7 and 8 show some of the 
results of an internal B&W program to characterize the stable tearing proper- 
ties of submerged-arc weld metals at upper-shelf temperatures. Compact 
fracture specimens 25.4 mm (1 in.) thick were used in both programs, with 
slight variations in notch design. The specimen design shown in Fig. 9, in 
which the clip gage is attached to knife edges machined in the specimen load 
line, was used for the weld metal tests for consistency with the design used by 
B&W in the reactor vessel surveillance program. For the round-robin tests, 
the loading pinholes were spread apart and the notch region enlarged to en- 
able the replacement of the machined knife edges with razor blades attached 
to the specimen load-line. 

Table 1 gives the initial and final crack length for each test as measured by 
compliance and by heat tinting after the test. In each case, the heat tint result 

6OO 

450 

~, 30O 

150 

0 

ASTM J-R CURVE ROUND ROBIN 
HY-130, ROOM TEMPERATURE 

O, Q HEAT TINT RESULT 

/ 
! 

i ,  
0 1 

I l I I 
2 3 4 5 

CRACK EXTENSION, Aa, MM 

FIG.  6--J-R curves for  HY-130 at room temperature; generated as Part o f  the A S T M  
J-Integral R-Curve Round Robin Program using automated single-specimen procedure 
(1 kJ /m 2 : 5. 7in.. lb/in.2; 1 m m  = O.04in.). 
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FIG. 7--J-R curves for  stress-relieved manganese-molybdenum-nickel (MnMoNi) sub-arc 
weld metal at 200~ (392~ generated using automated single-specimen procedure (1 k J / m  2 = 
5.7 in. "lb/in.2; 1 mm = 0.04 in.), 
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FIG. 8--J-R curves for  stress-relieved MnMoN i  sub-arc weld metal at 290~ (554~ gener- 
ated using automated single-specimen procedure 1 k J / m  2 = 5. 7 in . . lb/ in .  2; 1 mm = O. 04 in.). 
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COMPACT FRACTURE TOUGHNESS SPECIMEN 

F ,. ~! 

---4 ~ T t . . . .  

[ : - - = ~ c 2 ' -  = =  , , ~ - -~ ,4  -A -  
(1) .-~---f-_ ,~ 

. -w- ~ . ,DT.  ;2 2~O~ES AI31 
(1) 13/64" DIAMETER FOR 1TC AND 2TC SPECIMENS. OFFSET .075" 

:3/8" DIAMETER FOR 4TC SPECIMENS. OFFSET .150" FROM 
LOAD LINE. 

(2) .200" FOR 1TC AND 2TC SPECIMENS. 

(3) "'A'" SURFACES PERPENDICULAR AND PARALLEL TO WITHIN 
0.002 WTIR 

TABLE OF DIMENSIONS (INCHES) 

SPECIMEN A B C D E F L W T 
TYPE • • • • • • • • • 

- - I ~ 1  2.400 1.000 1 200 0.500 0.550 2.500 1.250 2.000 0,125 

2T 4.800 2.000 2 400 1.000 1.100 5,000 2.500 4.000 0,125 

3T 7.200 3.000 3.600 1.500 1 . 6 5 0  7.500 4.100 6.000 0,125 

4T 9.600 4.000 4.800 2.000 2.200 10.000 5.600 8.000 0,125 

FIG. 9--Compact fracture specimen design used in weld metal tests. Clip gage is attached to 
knife edges machined in specimen load line (1 in. = 25.4 ram). 

TABLE I--Comparison of  heat tint and compliance crack length measurements 
for single-specimen J-tests. 

Material 

Initial Crack Final Crack 

Test 9-Pt Avg 9-Pt Avg 
Temper- Com- ___ Mean Com- • Mean 
ature, a plianee, b Deviation pliance, Deviation, 

~ mm mm mm mm 

1. HY-130 
2. HY-130 
3. Sub-arc weld 
4. Sub-arc weld 
5. Sub-arc weld 

24 32.3 33.0 4--- 0.34 37.4 38.0 4--- 0.88 
24 34.6 35.1 4- 0.49 38.4 38.8 _____ 0.76 

200 26.5 26.5 4- 0.18 29.2 29.4 __+ 0.46 
200 26.5 26.4 __+ 0.18 30.4 30.9 + 1.3 
290 25.9 26.0 _____ 0.12 30.3 30.8 __+ 0.23 

~ •  
~  - -  - -  - 32 

5 

bl mm ~ 0.04 in. 
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was calculated as the average of nine measurements equispaced across the 
width of the specimen. The mean deviation of the nine measurements from 
the average is also shown to provide some indication of the uniformity of the 
crack front. 

Each of the J-R curves shown in Figs. 6-8 was generated using the 
J-formulation corrected to account for the moving crack. In addition, the ro- 
tation correction to compliance was also used in the analysis. In each figure, 
both the single-specimen data points as well as the final J-value plotted with 
the crack extension measured by heat tinting are shown. Two additional heat 
tint results at intermediate crack extensions are also shown for the 290~ 
(554~ weld metal test, obtained using the heat tint method on two separate 
specimens. 

Discussion of Results and Procedure 

The crack length measurements from the foregoing tests are summarized 
in Table 1. In the sub-arc weld metal tests, excellent agreement was found 
between the compliance crack length measurements and the nine-point aver- 
ages both in the prediction of the absolute initial and final crack lengths as 
well as in the prediction of the total crack extension. Somewhat less agree- 
ment was found, however, in the prediction of the absolute crack lengths in 
the round-robin tests, although estimates of the total crack extension by the 
two methods were still quite close. The average error in compliance corre- 
sponding to the observed errors in the initial crack lengths for the two tests 
was 7.7 percent. The error in compliance corresponding to the observed er- 
rors in the final crack lengths was obscured due to the nonuniformity of the 
crack fronts. 

To investigate the source of the error in the crack length measurements of 
the round-robin tests, the notch lengths of two sharply notched but un- 
cracked specimens of the same geometries as used in this study were esti- 
mated from compliance measurements using the automated procedure. The 
results are given in Table 2. Close agreement was found between the optically 
measured notch length and that predicted by compliance for the machined 
knife edge specimen design. However, the compliance measurement signifi- 
cantly underestimated the actual notch length in the razor blade specimen 

TABLE 2--Comparison of measured notch length with notch length predicted 
by compliance for uncracked specimens. 

Actual Notch Length, a Predicted Notch Length, 
1"I1 I ~  l T l m  

Machined knife edge 21.5 21.4 
Razor blade knife edge 25.6 24.6 

~1 m m =  0.04 in. 
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design, corresponding to an 8.8 percent error in compliance of a/w ----- 0.504. 
These results parallel the results obtained from J-tests using the two geome- 
tries, and indicate a difference in the compliance calibration equations of the 
specimens. 

Despite the errors in the absolute values of the crack lengths in the round- 
robin tests, good agreement was found in all cases between the J-R curves 
obtained by the automated single-specimen procedure and the heat tint data 
points, indicating the insensitivity of the crack extension measurements to the 
errors just described. In addition, good reproducibility of results was found 
for the duplicate round-robin tests (Fig. 6), although some difference in the 
results of the duplicate weld metal tests at 200~ (392~ was observed (Fig. 
7). It is likely, however, that the differences in the latter are due to nonuni- 
form crack propagation in Test 4 (see Table 1), as evidenced by the relatively 
large mean deviation of the optical measurement of the final crack front. 

The JTEST procedure offers several advantages over more conventional 
techniques. Perhaps most important is the reliability and precision attainable 
by the complete computer control of all phases of testing. Variations in test 
procedures between tests can essentially be eliminated, and the possibility of 
losing results due to operator error can be minimized with software checks of 
the apparatus and prompts to the operator. Secondly, the procedure provides 
on-line analysis of data during the test, allowing interaction by the operator to 
tailor the flow of the test for optimum results. Thirdly, once the test is pro- 
ceeding as desired, the system can be left unattended, reducing testing costs. 
Finally, data can be permanently stored on a magnetic disk for easy recall and 
analysis at a later date. 

Conclusions 

1. The specifications of equipment needed to automate the single-specimen 
J-test can be estimated from a statistical analysis of the elastic unloading com- 
pliance crack length measurement technique. The results show that a system 
with 12-bit A/D converters can be used successfully if additional amplifica- 
tion of the unloads over that provided by normal test control electronics is 
used and signal noise levels are minimized. 

2. Good agreement between results obtained using the automated proce- 
dure and the more conventional heat-tinting technique was found from room 
temperature to 290~ (554~ In addition, the automated procedure showed 
a high degree of accuracy in the prediction of absolute crack lengths for the 
conventional compact fracture specimen design, as well as excellent repro- 
ducibility in duplicate tests. 

3. The automated procedure offers several advantages over manual tech- 
niques. These include (1) essentially exact replication of test procedure be- 
tween tests, independent of operators; (2) minimization of specimen losses 
due to operator error; (3) analysis of data as test is being run; (4) tailoring of 
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test control based on intermediate results to optimize the final J-R curve; (5) 
reduction of testing costs due to decrease in testing and data analysis time, 
and requirements placed on operator; and (6) storage of all raw data on mag- 
netic disk, allowing easy recall and reanalysis. 
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ABSTRACT: One important requirement of any fracture toughness test is the ability to 
detect the initiation of fracture, and it is here that detailed observations of void growth 
ahead of the crack tip should provide background calibration for macroscopic measure- 
ments such as compliance changes, electrical resistance changes across the notch faces, 
or acoustic emission output. The nature of incipient crack growth process, however, is 
such that the use of the term "fracture initiation" requires careful definition. The prob- 
lem arises in view of the complexity of a set of microscopic-scale events occurring at a 
crack tip upon extension. In this paper the development of a reliable single-test method 
for the detection of fracture initiation is described. This method is based on the use of a 
double-clip-gage system attached to either a fracture toughness (Kit) or a crack opening 
displacement (COD) test specimen. It locates the initiation point from compliance- 
related changes in the double-clip-gage output signals and is successful in detecting frac- 
ture initiation, independent of specimen size, under conditions of quasi-linear elastic 
fracture mechanics (OLEFM), elastoplastic fractures (limbo region), and fully yielded 
specimens (YFM). The double-clip-gage method was calibrated by quantitative scanning 
electron microscopy of void growth and coalescence during a series of experiments in 
which ductile low-alloy steel precracked specimens were unloaded from different points 
on the load-displacement diagram. A three-parameter microfractographie definition of 
fracture initiation was established at the detectable point based on: (1) maximum lineal 
extent of advancing microthumbnail cracks; (2) normalized areal growth increment; and 
(3) the percentage of advanced crack-tip length. Following its rigorous fractographic cali- 
bration, the double-clip-gage system was used as a means of checking out other methods 
of fracture initiation prediction. Four methods were applied simultaneously to the same 
specimen: the double- (or triple) clip-gage system; an acoustic emission analyzer; a po- 
tential drop system; and the Standard Offset Procedure. There was excellent agreement 
between the double-clip-gage system and both acoustic emission ringdown and event 
count indications under valid and nonvalid fracture toughness (Kk) test conditions. By 
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comparison, the potential-drop system exhibited appreciable and, in some materials, 
considerable lagging, the extent of which increased with increasing plasticity. The Stan- 
dard Offset Procedure agreed well with the calibrated method only in valid KIc tests, but 
tended to underestimate the initiation point in substandard specimens. When used as a 
monitoring technique for determining various measures of fracture initiation toughness 
in situations involving either limited or excess plasticity, the fractographically calibrated 
double-clip-gage method can serve as a means of developing a unified and consistent 
ranking of the toughness behavior of materials under widely different conditions. 

KEY WORDS: fracture toughness, fracture initiation, test methods, bend tests, crack 
opening displacement, calibration, fractography, crack propagation, elastic-plastic frac- 
ture 

This paper treats applications of quantitative microfractography in the 
development of background calibrations for the definition and detection of 
incipient crack growth during crack opening displacement/fracture tough- 
ness (COD/Kt~) testing. It would be useful to be able to deduce the fracture 
initiation point in a precracked test specimen from its load-displacement 
diagram, but this has previously not been done in any convincing manner. 
One such attempt is the "Standard Offset Procedure" used in deducing K]e 
in quasi-elastic plane-strain fracture toughness testing. This procedure is 
based on the premise that the increment of incipient crack growth is limited 
to within 2 percent of the initial crack length ~0 at a point during the test cor- 
responding to the intersection of the load-displacement diagram with its se- 
cant line drawn from the origin at a slope 95 percent of the initial slope [113; 
see also the ASTM Test for Plane-Strain Fracture Toughness of Metallic Ma- 
terials (E 399-78a). Becuase of the relatively simple instrumentation cur- 
rently required by the Standard Offset Procedure there is a tendency to over- 
simplify the rather complex set of events leading to the onset of crack advance, 
and a rigorous microfractographic validation of the correlation between frac- 
ture initiation and 95 percent secant slope has yet to be demonstrated. 

For more ductile materials, the COD standard [2] locates the point of initi- 
ation of slow (or fibrous) crack growth (P,, Ve) by the "fibrous crack length 
extrapolation method" [3], which requires the testing of several specimens 
followed by their subsequent optical microscopic examination to measure 
crack extension Aa. It also permits the use of other methods of crack growth 
monitoring [2] such as ultrasonic monitoring [4,5], direct current (d-c) po- 
tential-drop systems [6-8], and unloading experiments [9,10]. The use of 
acoustic emission (AE) for the detection of ductile crack growth has also been 
suggested [11,12]. 

In an attempt to provide a consistent definition of fracture initiation in Kit 
and COD tests, the present paper compares four methods for detecting the 
onset of crack extension: (1) a multiple-clip-gage system, (2) a potential-drop 
system, (3) a commercial (Dunegan-Endevco) AE system, and (4) the Stan- 

-Vl'he italic numbers in brackets refer to the list of references appended to this paper. 
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dard Offset Procedure (Method E 399). First, a rigorous validation of the 
multiple-clip-gage system is made to establish the minimum detectable crack 
growth increment at the critical point defining initiation. Secondly, compari- 
sons are made with the other methods to determine their sensitivity to frac- 
ture initiation. 

Materials and Test Procedures 

The overall test program comprised 78 COD/KIt tests of fatigue-pre-cracked 
three-point-bend specimens made from three groups of materials whose com- 
positions, heat treatments, and deoxidation methods are given in Tables 1 to 
3. The AI-4Zn-2Mg alloy (Table 1) was supplied as plate in thicknesses rang- 
ing from 20 to 50 mm. Two orientations were tested (see Fig. la): the longi- 
tudinal, L, and the transverse, T. Both categories of low-alloy steel (Tables 2 
and 3) were cast in "keelblocks" which were subsequently sliced (after heat 
treatment) as shown in Fig. lb. Slices 1 and 3 were used for COD/KIc tests, with 
three-point-bend specimen geometries covering the range 10 by 20 by 80 mm 
to 60 by 120 by 480 mm (the smaller specimens were cut from the broken 
halves of larger specimens). The reasoning behind the choice of these par- 
tieular materials and range of geometries is as follows: 

1. To provide a general definition of fracture initiation the analysis must 
deal with three basic situations: (1) quasi-elastic fracture initiation, (2) elas- 
toplastic fracture initiation followed by the onset of general yielding, and 
(3) general yielding preceding the onset of slow crack growth. It was found 
[13] that Type 1 and, to a lesser extent, Type 2 fracture initiation dominated 
the behavior of the AI-4Zn-2Mg alloy. This gave ample opportunity for cor- 
relating the multiple-clip-gage technique with the Standard Offset Pro- 
cedure. The cast steels of controlled copper and silicon content (Table 3) ex- 
hibited Type 2 initiation of fracture. The large specimens ( ~ 30 by 60 mm in 
cross section) of nickel-chromium-molybdenum (Ni-Cr-Mo) steels showed 
mostly Type 2 with several cases of Type 1 initiation, while the smallest speci- 
mens (10 by 20 ram) produced fracture initiation of Type 3. 

2. It is important to examine the response of the multiple-clip-gage detec- 
tion device in situations involving widely differing fracture micromechanisms. 
This was demonstrated by examining the differently deoxidized modifica- 
tions of Ni-Cr-Mo steels which undergo a cleavage-to-fibrous transition over 

TABLE I--Nominal  chemical composition in weight % of aluminum-zinc-magnesium alloy. 

Alloy 
Designation Cu Mn Mg Fe Si Zn Ti Cr AI 

AI-X a 0.033 0.313 2.55 0.172 0.09 4.46 0.01 0.102 balance 

aX designates specimen orientation per Fig. 1: L for longitudinal and T for transverse. 
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EI-SOUDANI AND KNOTT ON DEFINITION AND DETECTION 11-487 

TABLE 3--Chemical composition in weight % of low-alloy steels with 
controlled copper and silicon contents. 

Alloy 
Designa- 

tion a C Si Mn P S Cr Mo Ni AI Cu Sn 

S1312 0.26 0.28 1 .31 0.01 0.009 <.01 0.3 <.01 0.065 0 .01  0.00S 
S1282 0.31 0 .31  1 .35  0.023 0.017 0.01 0.3 O.OS 0.089 0.22 O.OOS 
S1284 0.33 0.28 1 .30  0.019 0.02 0.01 0.32 0.05 0.074 0.24 0.068 
S1329 0.3 0.29 1 .32  0.0173 0.0153 0 .01  0 .31  0.04 0.076 0.21 <0.01 
S1314 0.3 0.29 1 .32  0.0173 0.0153 0 .01  0 .31  0.04 0.076 0.22 0.0.54 
S1283 0,3 0.29 1 .32  0.0173 0,0153 0.01  0 .31  0,04 0.076 0.02 0.078 
S1313 0.3 0.29 1 .32  0.0173 0.0153 0 .01  0 .31  0.04 0.076 0.01 <0.01 
S1281 0.3 0.29 1 .32  0.0173 0.0153 0.01 0 .31  0.04 0,076 0.02 <0.01 

aHeat treatment for all alloys: anneal 6 h at 930~ furnace cool; normalize 5 h at 890~ 
water-quench; temper 1 h at 650~ water quench. 

I l /I ~ ~ l-L~ 

~ S h o a  Trai2Zerse (a) 

o2w 

= 1.7W 

~ 4 B ~  

(ST) 

21.~5 

(b) 

FIG. I--Specimen orientations .for three-point-bend COD~KIt testing: (a) specimens from 
wrought aluminum alloy plate, and (b) specimens from cast low-alloy steel blocks. Notation: B, 
W, and S refer to the three-point.bend specimen thickness, width, and total span, respectively. 
In all cases S : 4W. 
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11-488 ELASTIC.PLASTIC FRACTURE: SECOND SYMPOSIUM 

a wide range of fracture-appearance transition [131 temperatures ( - -70 to 
+85~ It was possible to carry out all testing at room temperature and still 
obtain different micromechanisms in the differently deoxidized steels (Table 2) 
with different inclusion morphologies, spacial distributions, and volume 
fractions. The testing of the wrought aluminum alloys also permitted the as- 
sessment of microstructures containing elongated second-phase particles and 
stringers of inclusions. 

Specimen notation is as follows: Each COD/KIt  specimen is given a serial 
number (from 1 to 78). Specimens 1 to 60 were tested to final failure, whereas 
Steel Specimens 61 to 78 were unloaded before final separation at selected 
points on the load-displacement diagram, subsequently broken in liquid ni- 
trogen, and examined in the scanning electron microscope (SEM) for the 
determination of crack extension, Aa. 

The following is a brief description of the various techniques used for the 
detection of fracture initiation. 

Multiple-Clip-Gage System 

The design of the multiple-clip-gage system is shown in Figs. 2a to 2c, 
where two or three clip gages are placed between their corresponding knife 
edges positioned at different distances from the fatigue precrack tip in a 
three-point-bend specimen. The outputs, Ve, = fl(Vg,), from any pair of 
three clip gages placed at different elevations (Zt at the top, Z, near the sur- 
face, and, whenever used, Zb below the surface) are plotted in conjunction 
with the load-displacement diagram P = f0(Vg), where i a n d j  are arbitrary 
indices identifying any given clip gage pair. The system is designed to use 
standard clip gages and amplifiers. The initial separations of the top and 
near-surface knife edge pairs are adjustable such that these clip gages oper- 
ate within the linear range over their respective total displacement. It was 
noted that slope changes in the Vei --- fl(Vg) plot occur in a fairly abrupt 
manner, at a succession of critical points on the [P = fo(Vg)] plot as illus- 
trated schematically in Fig. 2d. The slope change at Vg~ will be shown later, 
using fractography, to correspond to the definition of fracture initiation, 
which is adopted for characterization of the "fracture initiation toughness." 

Potential-Drop System 

In the d-e potential-drop system a constant current is passed through the 
specimen, and the voltage across the crack is monitored by suitably posi- 
tioned probes (see Fig. 2). The voltage drop across the crack faces, AVe, 
depends on the net ligament area, 4 B(W -- a), and may be calibrated as 

4Cracked bend specimen geometry notation: thickness --- B, width = W. and average crack 
length = a. 
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EI-SOUDANI AND KNOTT ON DEFINITION AND DETECTION 1 1 - 4 8 9  

a function of the a /W ratio to monitor crack growth (see, for example, 
Ref 14). The same voltage drop AV a also depends on the crack opening dis- 
placement at the specimen surface, Vg, which in turn is related to the di- 
mensionless increment of crack advance Aa/W.  Examples of the relationship 
AVQ =f6(Vg) are shown in Figs. 6-8. 

Acoustic Emission System 

Elastic wave emissions are detected using a piezoelectric transducer (D9201); 
see Fig. 2a and Ref 15. The output voltage is amplified and fed into (1) a 
Dunegan 920/921 distribution module which counts the total number of AE 
events and displays the distribution of those events with amplitudes above a 
threshold setting (45 dB); (2) the Dunegan 301 totalizer module which counts 
the number of times the AE signal amplitude exceeds a preset threshold 
during any selected portion of the test (that is, ringdown count). In the estab- 
lishment of fracture initiation point the following diagrams were used: 
Rd Count = f4(Vg,), Ev Count = fs(Ve), and differential amplitude distri- 
bution histograms, that is, log number of events plotted as a function of event 
amplitude at selected time points during the test. 

A Quantitative Model for the Definition of Fracture Initiation in 
Precracked Specimens 

Scanning electron microscope examination of fractures in steel specimens 
Nos. 61-78 unloaded from different points on the P = fo(Vgs) plot and sub- 
sequently broken in liquid nitrogen revealed the following stages of crack ad- 
vance (see Figs. 3a to 3e): (1) void growth; (2) coalescence of voids with each 
other and with the crack tip either by impingement or by shear decohesion of 
the intervening ligaments; (3) bursts of microscopic-scale thumbnail cracks, 
referred to as "microthumbnails" (see Fig. 3a); (4) lateral growth of micro- 
thumbnails and their coalescence into a macrothumbnail; (5) further advance 
of the macrothumbnaii; and (6) onset of instability in the side ligaments. 

In order to quantify this complex set of events which do not necessarily 
follow one another in a uniquely defined succession, several means of charac- 
terization are given in Figs. 3d-3g. Two such means are lineal quantities or 
indices characterizing crack advance, using either (1) the maximum thumb- 
nail crack advance increment, Aamax%, or (2) the percent original crack 
front length which has moved to a new position (defined conveniently in 
terms of specimen thickness, B, as an approximation). Thus 

Aamax% : (Aa/a O) X 100% (1) 

~Ali 
i 

PACT% - -  
B 

- -  - -  X 1 0 0 %  ( 2 )  
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ll-494 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

FIG. 3--SEM evidence of incipient crack growth by local initial bursts of microscopic thumb- 
nails in (a) of which a sample tracing is given in (b), with a model describing the succession of 
events leading to such microthumbnails in (c); (d) spectrum ana~sis for the quantification of 
microthumbnail bursts by their lineal forward extent; (e) another lineal method of quantifica- 
tion of crack advance by the projected length of extended portions of crack front; (f) definition of 
crack growth by the normalized areal advance method; and (g) ana~sis of crack-tip area frac- 
tion of voids. 
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I 

3 

2 

4 

Spectrum Anoiy,. of 

Lineol Extent 
Microthumbnoils ( SALEM)I 

[Aamox I/kd 

Lz~o-mi n 

Percent AdvQnced Crock Tip(PACT) 

Define PAC[ -~ ~EAI i x100 % 
B 

I 

4 ~  

r--~lj 

(c) 

(d) 

(e) 

FIG. 3--Continued. 
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Normalized Areal Growth Increment(NAGl} 
Define Aaef f = (AAtot/Ba,)x100% 

/--Equal B (f)  

Analysis of Crack Tip Area Fraction (ACTAF) 

L~ width of Analyzed Crock Tip Strip 
Appr0x-=0.5/~= .~I(N-N Inclusion Spac 

I 't~s] is Averaged Over 15 Fietds" 
per Specimen (per Unloading Point) 

,g) 

(9) 

FIG. 3--Continued. 

The two other methods rely on areal analysis of fractures. The first areal 
method defines the normalized areal growth increment (NAGI%) as in Fig. 
3f by 

NAGI : Aaeff% = (AAtot/Bao) • 100% 

The second areal method makes use of the surface percent of voids [Ss]% 
measured in the immediate vicinity of the crack tip (Fig. 3g). It has been 
shown in Ref 13 that the surface percent voids is an adequate measure of 
their volume percent [ Vv] % local to the crack tip. 

All four quantities were used in assessing the resolution limit of the multi- 
ple clip-gage system. 

Results of Mierofraetorgraphlc Calibrations 

Diagrams for SEM Fractographic Calibration of Fracture Initiation 

The development of a fractographic calibration for fracture initiation in a 
given alloy system entails the preparation of superimposed plots of the type 
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EI-SOUDANI AND KNOTT ON DEFINITION AND DETECTION 11-497 

shown in Fig. 4. The supporting detailed documentary evidence of micro- 
thumbnail crack advance as in Fig. 2a is given in Ref 13. Because the 
Aarnax = f 2 ( V g )  curve in Fig. 4 did not cover the macrothumbnail region 
(Aama x larger than, say, 0.5 mm), two additional alloy modifications were 
tested in order to confirm the overall shape of the Aama x = f 2 ( V g )  diagrams. 
Only one of these diagrams is shown in Fig. 5. 

From the diagrams shown in Figs. 4 and 5 and supporting fractographic 
evidence in Ref 13 the slope change at Vg A corresponds to a sudden increase 
in the leading microthumbnail length from its value of Aamax% = 2% at 
Vg A. By contrast, the volume fraction of voids [Vv] (equal to their surface 
fraction [Ss]) starts to change upon first deviation from linearity on the load- 
displacement diagram and undergoes a process of steady increase past Ve. 
At Vea the value of [Ss]% equals 1/2 to 2/3 its value during steady crack 
growth to final monotonic failure. The percentage of advanced crack front, 
measured in the SEM from composite micrographs sampling the entire crack 
front, gives a PACT% = 40 percent in alloy SVB3, together with an 
associated normalized areal growth increment NAGI% of = 0.25 percent. 

Figure 6 shows correlations between initiation points as predicted by vari- 
ous methods, namely: VeA (double-clip-gage indication), Veo (the Standard Off- 
set Procedure point), VeR d (the ringdown count indication), VgE, (the event 
count indication), and Vgpr ' (the potential-drop initiation point). While there 
is excellent agreement between Vga, Ve.o," Vg.~, and VgEv, the predicted Vgpo 
was appreciably greater. Acoustic emission amplitude histograms revealed 
the presence of high-amplitude emission of at least two peaks or modes gen- 
erated early in the process of crack growth, with both types commencing at 
Vge~ and VA, E, ' points. Figures 7a and 7b show typical diagrams correlating the 
load-displacement plots with their corresponding displacement-displacement 
diagrams of a triple-clip-gage system, in the wrought aluminum alloy, to- 
gether with the associated potential drop traces. While the correlations are 
self-explanatory, the following observations are of importance for a theoreti- 
cal interpretation of slope changes [13]: (1) The amount of slope change in 
Vg = f l (Vg ) increases with difference in clip-gage position above the center 
of rotation -~ij = Zi -- Zj. (2) The same slope changes always occurred simul- 
taneously on both traces V~i : f1'(Vg) and Vg, = f~'(V~); k # .j. (3) While 
there were long-range or major slope changes in the Ve, = f l  (Vg) diagrams, 
there were also local "ripples" of a short-range nature exactly coincident with 
sudden small increments of load drop (clearly found in cases not reported 
here-see Ref 13). The potential-drop method in Fig. 7 also continued to over- 
estimate the fracture initiation point significantly relative to the double-clip- 
gage method in the AI-4Zn-2Mg alloy, with rather dubious points of transi- 
tion in the low-alloy steel specimens; see Fig. 8. The initial rise at low Ve in 
the latter ease could be due to the opening of a tightly closed fatigue precrack, 
where surface asperities may have been in contact. Figure 9 provides a relative 
measure of the variability of the initiation point given by various methods 
relative to that of the double clip gage as [(Ve~ -- Vg,~)/Ve ,] • 100 percent. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
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EI-SOUDANI AND KNO'I-I ON DEFINITION AND DETECTION ll-501 

While there is excellent agreement between the double clip gage, acoustic 
emission, and the Standard Offset Procedure in elastoplastic tests s as well as 
valid K~c tests, use of the Standard Offset Procedure in substandard or gen- 
erally yielded specimens underestimates the initiation COD by a factor of up 
to 50 percent. At the same time, the potential drop tends to overestimate the 
initiation COD by a factor averaging 10 to 20 percent, and reaching as high 
as 50 percent. 

Further work in this area should focus on developing additional evidence 
of the observed agreement between the double-clip-gage system and AE mea- 
surements using a broader range of materials. The potential-drop system has 
been used successfully by the authors in monitoring fatigue crack growth 
[13,14]. The reasons for its poor performance in monitoring monotonic crack 
growth in ductile materials are not obvious, although its response may be in- 
fluenced by the nonuniformity of monotonic crack advance and the develop- 
ment of failure mechanisms ahead of the crack tip in the case of extensive 
plastic flow at relatively high loads. 

Discussion and Conclusions 

1. Comparison of the double-clip-gage device with the potential-drop or 
acoustic emission systems shows that for the detection of fracture initiation in 
single-specimen COD or Kle tests the device is more reliable and less costly. 
The entire AE or potential-drop systems, associated chart recorders, and dig- 
ital voltmeters are replaced by an extra pair of knife edges, a clip gage, an 
additional clip-gage amplifier, and a single Y-Y-X recorder. The design is 
compact, simple to operate, employs standard clip gages, requires no tem- 
perature stabilization, and may be used over a range of temperatures. 

2. Because it is a single-test method it reduces testing time and specimen 
costs. 

3. The fracture initiation point has been validated using scanning electron 
microscopy of fracture surfaces. This procedure yields the following "indices 
of crack front advance" at the initiation point VgA: lineal advance Aamax% = 
2 percent; normalized areal growth, Aaeff% = 0.25 percent; and percent ad- 
vanced crack tip, PACT% = 40 percent. 

4. In terms of these indices the potential-drop system locates a transition 
point within 0 to +53 percent error (overestimate). Acoustic emission detects 
a point within --2 to + 8  percent for the AI-4Zn-2Mg alloy studied. The 
Standard Offset Procedure predicts the initiation point with an error ranging 
from --3 to +15  percent in valid Klc tests, from --30 to + 6  percent in the 

SAt least one of the tests using acoustic emissions in Fig. 9 was marginally valid in accordance 
with the ASTM Method E 399, while the remaining tests were not too remote from 
satisfying validity criteria. On this basis these tests have been described herein as "elastoplastic" 
rather than "auasi-elastic." 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.
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90 ~ t T ' �9 ' METHOD OF KIC EST I PG~ ~ P* (AVERAGE 
FRACTURE VALIDITY 
INITIATION NON- AT I 

80 DETECTION ALID IVALID INITIATION 1 ERROR 
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7 0  Offset �9 > - 10% 
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FIG. 9--Assessment of the accuracies of various techniques for the detection of incipient 
crack growth in COD/KIc test specimens relative to the double- (or triple) clip-gage method 
wh&h is validated by fractography (see Figs. 4 and 5). 

elastoplastic region, and from --70 to --30 percent if used in a generally 
yielded specimen. 
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Combined Elastic-Plastic and 
Acoustic Emission Methods for 
the Evaluation of Tearing and 
Cleavage Crack Extension 

REFERENCE: Khan, M. A. Shoji, T., Takahashi, H., and Niitsuma, H., '*Combined 
Elastic-Plastic and Acoustic Emission Methods for the Evaluation of Tearing and Cleav- 
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ABSTRACT: A synergism between the acoustic emission and fracture mechanics tech- 
niques to predict failure in laboratory specimens of different structural materials is dis- 
cussed. Emphasis is placed on situations in which fracture occurs by a cleavage crack 
propagation or controlled by the slow growth to fracture of a single crack. Results ob- 
tained during the tests indicate that acoustic emission is capable of detecting the onset of 
flaw growth and provide a precursor of the immediacy of fracture in a variety of steel and 
aluminum alloys. A new J/Ji key resistance curve procedure is developed for the evalua- 
tion of ductile fracture toughness (Jlc) and tearing modulus with a single small specimen. 
Moreover, a new acoustic emission rating parameter for predicting tearing instability of 
elastic-plastic crack growth is proposed and related to the tearing modulus parameter. 

KEY WORDS. elastic-plastic fracture, crack propagation, stable crack growth, struc- 
tural steels, acoustic emission, cleavage fracture, tearing fracture, J contour integral 

T h e  focus  of  cu r r en t  research  in elast ic-plast ic  f rac tu re  m e c h a n i c s  ( E P F M )  

is on mate r ia l  p a r a m e t e r  test  t e c h n i q u e s  for cha rac te r i z ing  s table c rack  growth 

and  instabil i ty condi t ions  [1]. 2 Both the  J- in tegral  cr i ter ia  for onset  of s table 

c rack  g rowth  [2] a n d  Paris t ea r ing  modu lus  ( T )  cr i ter ia  [1,3] for  s table c rack  

growth and  instabil i ty are based  on the  cha rac te r i z ing  proper ty  of J for  the  
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crack-tip field. The work of Kumar and Shih [4] has shown promise that the 
T-concept can be made accessible to practical engineers and researchers as a 
design tool analogous to the linear elastic fracture mechanics (LEFM) tough- 
ness parameter. 

In EPFM, however, some areas of uncertainty still exist. The limitations 
have been outlined in a specialists' meeting on plastic tearing instability [5] 
and include the following three main items. 

1. The development of standard test methods for obtaining the basic mate- 
rial parameters with a single small specimen, especially for the irradiated 
conditions. 

2. The prediction of instability conditions in structures, and the measure- 
ment of a fundamentalJ  resistance curve that can be considered as a material 
property for a large amount of stable crack extension. 

3. Characterization of fracture in the transition region where cleavage in- 
stability or interruption of stable crack growth by a change in fracture mode 
from ductile tearing to brittle (unstable) cleavage is observed. 

The past few years have seen a great effort in the development of simple 
techniques to determine the onset of a stable crack extension. These include 
the unloading compliance method [6}, the electrical potential method [7], 
the end-on ultrasonic method [8], the normalized J resistance curve proce- 
dure [9-11], and the acoustic emission (AE) method [12-15]. The AE tech- 
niques have also been used to monitor cleavage fracture [16,17] where a 
problem exists with the EPFM toughness evaluation [18]. The AE approach 
is preferred over other methods because it provides a continuous, remotely 
operated means of monitoring crack growth where aggressive environments 
or restricted accessibility impose limitations. 

This study deals primarily with the limitations in EPFM methodology [5], 
with particular reference to nuclear surveillance programs. The feasibility of 
using the combined AE and EPFM techniques to procure the pertinent mate- 
rial parameters (such as Jl~ and tearing modulus) for different alloys from a 
single specimen is described. The applicability of AE for monitoring the initi- 
ation and propagation of cleavage microcracks is demonstrated. The in- 
variance of a key J resistance curve for specimens of different geometries and 
sizes over a relatively large amount of crack extension is discussed. 

Experimentation 

Materials 

Experiments were carded out on selected materials which exhibited either 
cleavage fracture, ductile-cleavage transition, large pop-in cracking, or 
stable ductile tearing. The materials involved in this investigation consisted 
of three different heats of AISI 4340 steel, turbine rotor forging steel nickel- 
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11-510 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

c h r o m i u m - m o l y b d e n u m - v a n a d i u m  (Ni -Cr -Mo-V) ,  a mode l  steel [ an t inomy-  

d o p e d  n i c k e l - c h r o m i u m  ( S b - d o p e d  Ni-Cr)] ,  nuc l ea r  p ressu re  vessel steel  

(SA533B),  Type  304 s ta inless  steel ,  a n d  a l u m i n u m  alloy 2024 T 351. T h e  

n o m i n a l  chem ica l  compos i t ions ,  in p e r c e n t a g e  by weight ,  of t he  alloys 

s t ud i ed  are given in T a b l e  1 a n d  the  m e c h a n i c a l  p rope r t i e s  in Tab le  2. T h e  

alloys h a d  yield s t r e n g t h s  r ang ing  f rom 294 to 1790 M P a  (43 to  260 ksi) at  

r o o m  t e m p e r a t u r e .  

TABLE l--Chemical composition of tested alloys, % by weight, 

Material C Si Mn P Ni Cr Mo S V Cu 

AISI 4340steel, 0.40 0.34 0.66 0.013 1 .68  0.85 0 . 2 1  0 . 0 0 7  . . . . . .  
Heat 106 

Ni-Cr-Mo-Vsteel 0.32 0.35 0.55 0.021 2.78 0 .22  0 . 4 1  0 .022  0.06 . . .  
Ni-Crsteel 0.29 . . . . . .  0.004 3.50 1 .70  0.0035 . . . . . . . . .  
AIS14340 steel, 0.41 0.25 0.67 0.012 1 .72  0.82 0.26 0 . 0 0 5  . . . . . .  

Heat 001 
AIS14340 steel, 0.42 0.35 0.71 0.016 1 .75  0.85 0.25 0 . 0 1 7  . . . . . .  

Heat A 
SA533Bsteel 0,17 0.20 1.48 0.011 0.58 0.16 0.52 0 ,006  0.003 0.13 
304 stainless steel 0.06 0.63 1,22 0.031 8.41 18.05 . . .  0.008 . . . . . .  

Mg Si Mn Cu Ire Cr Zn Ti AI 

AI 2024 T 351 1.44 0.12 0.59 4.15 0.26 0.01 0,09 0 . 0 3  balance 

TABLE 2--Room temperature mechanical properties of steel and aluminum alloys. 

Tensile 0.2% Yield True Fracture 
Heat Strength. Strength, Strain, 

Material Treatment MPa MPa % 

AISI 4340 steel . . . .  950 774 . . .  
Heat 106 

Ni-Cr-Mo-V steel 700 540 22.8 
Ni-Cr steel . . .  841 . . .  

950 774 . .. A1SI 4343 steel, 
Heat 001 

AISI 4340 steel, 
Heat A 

SAS33B steel 

Type 304 stain- 
less steel 

AI 2024 T 351 

aging for '10 b 
at 480~ 

tempering, 
1 b at 200~ 
1 h at 600~ 

annealed for 40 h 
at 600~ 

1870 1790 22 
1210 1140 30 
610 480 150 

647 294 . . .  

489 375 14 

~  
No'rE--~ ~ - -  + 32. 

5 
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KHAN ET AL ON ACOUSTIC EMISSION METHODS 11-511 

Fracture Test Methodology 

The majority of the specimens used were of compact tension (CT) geom- 

etry having a thickness of I0, 25, 50 and 75 mm (0.4, 1, 2, and 3 in.). Some 
10-mm-thick (0.4 in.) C-shape and 50-mm-thick (2 in.) bend  bar  (BB) speci- 
mens were also used. The details of heat t reatment ,  size, and geometry of the 

specimens, and the orientation of the crack plane for each material, are given 
in Table 3. All tests were carried out at ambient  temperature.  

Elastic-plastic fracture toughness tests were carded out in an Instron-type 
screw-driven machine in accordance with the ASTM Test for Plane-Strain 
Fracture Toughness of Metallic Materials (E 399-78). Prior to testing, all 
specimens were fatigue precracked according to Method E 399 to crack 
lengths of 0.5 and 0.6 a /W,  where a is the crack length and W the specimen 
width. Load was monitored against the displacement. A standard fracture 

TABLE 3--Summary of test matrix. 

Orientation Specimen 
of Crack Size and Fracture 

Material Heat Treatment Plane Q Geometry a/W Mode 

AISI 4340 steel, T-L IT CT 0.6 transgranular 
Heat 106 "'" C-R 0.5, C-shape 0.5 cleavage 

Ni-Cr-Mo-V steel as received, aged C-R IT CT 0.5 transgranular 
for 1000 h at C-R IT CT 0.5 cleavage 
480~ 

Ni-Cr steel austenized for 1 h C-R modified 0.6 intergranular 
at 1025~ tern- IT CT b cleavage 
pered for 1 h at 
600~ and aged 
for 10 h at 480~ 

AISI 4340 steel . . . .  T-L 
Heat 001 

AISI 4340 steel, tempered for 1 h at 
Heat A 200~ C-R 

tempered for 1 h at C-R 
600~ 

SA533B steel 

Type 304 stainless 
steel 

AI 2024 T 351 

L-T 

L-T 
T-L 

1T CT 0.6 ductile cleavage 
modified 

ITCT 
IT CT 0.5 

0.4T CT Ductile tearing 
1T CT (large pop-in) 

OAT CT 0.5 
1T CT 0.6 ductile tearing 
2T CT 
3T CT 
1T BB c 
2T BB 

1T CT 0.5 ductile tearing 
1T CT 0.5 ductile tearing 

(large pop-in) 

aCrack plane orientation identification code; see ASTM Method E 
b 12.5-ram thickness. 
CBB = bend bar. 

oCX9 
~  = - -  + 32 

5 

399. 
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11-512 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

mechanics clip on displacement gage was mounted on the knife edges in the 
load line of each specimen. 

After testing, each specimen was heat-tinted and broken open in liquid 
nitrogen. Average measurements of initial crack length and the amounts of 
stable tearing were taken. The toughness was characterized by the J-integral 
using the method of J-calculation as per the ASTM Method for Determina- 
tion of Jic, a Measure of Fracture Toughness (E 813). 

Acoustic Emission Measurements 

AE measurements were made with a conventional technique incorporating 
a piezo-electric transducer (NF Corp. AE 905S) to determine systematically 
the relative emission activity of different materials. The transducer is a 
broad-band type with a resonance frequency close to 1 MHz. The preampli- 
fled (40 dB) signals were bandpass-filtered between 2 kHz and 1 MHz, and 
further amplified with a variable broadband amplifier which provided an ad- 
ditional gain of 20 dB. These amplified signals were fed into a distribution 
analyzer to perform event counting of acoustic pulses according to their peak 
amplitude. The AE energy measuring instrumentation was used so that a 
measure of the energy of an emission (EAE) could be obtained [19-21]. In 
some of the experiments, however, the square of the peak voltage (Vo2_p) was 
used as a measure of energetical quantity because good correlation exists be- 
tween V2o_p and energy measured with conventional energy processing equip- 
ment [20]. The analyses were carded out both on-line in real-time, and off-line 
on signals stored on magnetic tape of a modified videotape data recorder (Sony 
Model AV 8750). The electrical signal was also continuously monitored on an 
oscilloscope. Details of the detection, recording, and data handling system are 
given in Ref 21. 

Results 

Application of Acoustic Emission to Cleavage and Tearing Fracture 
Monitoring 

The ability of fracture mechanics to assess accurately the safety of a flawed 
component would be greatly enhanced if accurate flaw size could be esti- 
mated. Several researchers have expressed their disappointment in panel 
discussions [22] on the number of contributions devoted to nondestructive 
testing (NDT). It is generally agreed that without accurate NDT to inspect 
components during manufacture and in service, accurate fracture mechanics 
methodology would be of limited use with the present state of the art [22]. 
Therefore, the feasibility of using available AE instrumentation for the detec- 
tion of cleavage and tearing crack extension in laboratory specimens of dif- 
ferent materials should be examined. 
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Cleavage Fracture--Tests covered both low- and high-toughness mate- 
rials. The results for Ni-Cr-Mo-V [in as-received condition and aged at 
480~ (896~ for 1000 h], AISI 4340 (Heat 106), and Ni-Cr steels which ex- 
hibit transgranular or intergranular cleavage fracture when tested at room 
temperature, are presented in Figs. 1 and 2. The summation of AE energy 
~EAE is plotted against J. Almost all the test specimens fractured in the 
linear-elastic region of the load/displacement curve without any indication of 
stable crack growth on a macroscopic scale. The energetic emissions with a 
peak amplitude > 1 Vo-p, in the main, were generated after the attainment 
of a load level almost half of the final fracture point. These high-amplitude 
signals, which are responsible for the divergence of the AE energy versus 
J-curve in Figs. 1 and 2, are tentatively associated with the formation of 
cleavage microcracks in the vicinity of the crack tip. 

AE activity is the highest for Sb-doped Ni-Cr steel as shown in Fig. 2. The 
scanning electron microscope (SEM) studies have demonstrated that the 
fracture surface is predominantly intergranular cleavage (Fig. 3) where the 
crack runs along heavily segregated boundaries and results in a large number 
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w 

P,I 

I ' I 

cleavage instob l   , 
Ni- Cr-Mo-V1T CT steel �9  

0 sp.TI, as received 

�9 sp.T2,as received 
sp.T3, aged at 
48o~ for lO00h '~' 

hlAE) 

/~-'~. A" )~J KAE) 
. /  
, l , I 

I(~ 3 J(MNIm) 16 2 

FIG. 1--Accumulated A E  energy plotted as a function of  J for  Ni-Cr-Mo- V steel. 
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FIG. 2--Accumulated AE energy plotted as a function of J for Ni-Cr and AISI  4340 (Heat 
106) steels. 

of energetic emissions [17]. Furthermore, to confirm that cleavage micro- 
cracking indeed contributes to the emission of such large-amplitude signals, 
some of the tests were terminated immediately prior to final fast fracture 
[17]. The test on Specimen T-2 of Ni-Cr-Mo-V steel in the as-received condi- 
tion was terminated after a rapid increase in AE events with large amplitude 
had occurred, unloaded, and fatigue postcracked at low AK. The cleavage 
microcracks were examined in the SEM. One of the cleavage microcrack 
locations between fatigne-preerack and postcrack regions is shown in Fig. 4. 
The region marked by B indicates that the specimen exhibited some plastic- 
ity before cleaving. It appears that a relatively low activity of AE just before 
the J,'(AE) point is caused by cracking or decohesion of nonmetallic inclusions 
present in the parent phase (marked by I in Fig. 4). 

These experimental results demonstrate that the AE signals serve as a 
precursor of transgranular or intergranular cleavage cracking. From this it 
implies that a conservative value of Jc corresponding to the first brittle crack 
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FIG. 3--Fracture surface of Sb-doped Ni-Cr steel; crack growth occurred by intergranutar 
cleavage. 

extension could be estimated with the AE techniques. This approach looks 
very promising for dealing with the problem of small specimen toughness 
results in the transition region where the possibility of specimen size effect 
exists [18,23]. 

A comparison of the Jc-values corresponding to the point of the final cleav- 
age fracture and JitAE) for different alloy steels is given in Table 4. The values of 
Ji(AE) are almost identical for specimens of different geometry and size of AISI 
4340 steel (Heat 106), whereas there is a considerable specimen size effect on 
Jc-values for cleavage fracture. However, additional work with different 
specimen geometries and sizes is required to draw some definite conclusions. 

Tearing Frac ture - -The  simultaneous registration of AE together with load 
and displacement during J resistance curve tests has been used for detection 
of ductile tearing in AISI 4340 (Heats A and 001) and SAS33B steels and 
2024 T351 aluminum alloy. Figure 5 presents the summation of AE energy 
~EAE plotted against J. The high activity of AE results in two distinct regions 
of the curve for all the alloys investigated. The resulted bilinear nature of the 
r~EAE versus J curve indicates the advance of ductile crack at the point marked 
as Ji(AE). Unstable crack extension for an IT CT specimen of AISI 4340 steel 
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TABLE 4--A comparison of the Jc corresponding to the final cleavage fracture and Ji(AEFvalues 
for AIS1 4.?40. Ni-Cr, and Ni-Cr-Mo- V steels. 

Material 

Specimen 
Specimen Geometry Jr Ji(AE), 

No. and Size MN/m MN/m Remarks c 

AISI 4340 
steel, 

F1 IT CT 0.062 0.029 
F2 IT CT 0.090 0.026 

CS 0501 0.5T, C-shape 0.050 
c s  0502 O.ST, C-sha  0 .O90 0.02 , 

Heat 106 CS 0504 
Ni-Cr steel K-I 
Ni - Cr- Mo- V T- 1 

steel (as received) T-2 
Ni-Cr-Mo-V 

steel (aged at T-3 
480~ for 1000 h) 

0.5T, C-shape 0 . 0 3 9  0.020 
modified IT CT ~ 0 .047 0.005 

1T CT 0.0197 0.0054 
1T CT 0.019 b 0.0050 

TGC 
stable crack ---- 

0.050 mm 

stable crack ---- 
0.050 mm 

TGC 
IGC 
TGC 
TGC 

IT CT 0.020 0.0023 TCG 

aThickness = 10 mm. 
b Tes-'t terminated. 
CTGC = transgranular cleavage. 
IGC = intergranular cleavage. 

~  
~ = - -  + 32 

5 

[Heat  A, 200~ (392~ tempered]  occurred at the  max imum load level. In 
case of Heat  001 of 4340 steel, a stable crack extension of 1.5 to about  2 m m  

(0.06 to 0.08 in.) was observed prior  to final cleavage fracture.  A rapid  in- 
crease in ZEAE clearly defines stable crack growth for both 2T CT and 2T BB 
specimens of SA533B steel presented  in Fig. 5. 

The  exper imenta l  observation tha t  high AE activity at the Ji(AE) point  cor- 
responds to the onset of a stable crack extension needs confirmation by some 
s tandard  procedure .  A general ly appl icable  method for cal ibrat ion of inter- 
rup ted  loading test series was used to construct  the crack resistance curves 
presented  in Figs. 6 and 7. The  values of Jlc and JitAE) de te rmined  from the J 
resistance curve and AE techniques  are compared  in Table S and show a 
reasonable agreement ,  al though there is observed a considerable scat ter  in 
Ji(AE) for high- toughness  steels such as SA533B steel. 

In some circumstances,  however, it has been shown [24,25] that  the  detec- 
tion of the onset of crack extension with the  AE method in laboratory speci- 
mens of tough steels may not be achieved as these materials  release few emis- 
sions during crack growth.  Type  304 stainless steel is one example considered 
here.  The  summat ion  of AE energy EEAE from the tests on 1T CT specimens 
of Type 304 steel is p lot ted as a function of J in Fig. 8. Despite the large num- 
ber  of AE events emit ted ,  it seems difficult to detect  macrocrack initiation 
with the AE method in e i ther  of the two specimens.  The  J resistance curve in 
Fig. 9 is developed and a critical J-value of 0.3 to 0.4 M N / m  (1700 - 2300 
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, 0  - 

u J  
It4 

I ' I ' I 

�9 4340, Z00~ temp., 0.4TCT 
Z~ 43L+0, 200~ temp., I TCT 
e4 340, 6Q~C temp., 1 I"CT 
O4340(Heot 001), II"CT 
I A I  2024, I TCT 

v~TSA533, 2TCT, sp.l,2 
O S A 5 3 3 ,  2 T B B ,  sp. I  

Ji(AE ) t e s t  
�9 bl  " "nin ote.d 

unsto e~.~ �9 ~_/~mo~unstab l  e 
Tracture I I~ ~,43"+~'- fracture 

'+,o+ ' , 'e  ' ' 
J (MNIm)  

F I G .  5--Accumulated A E  energy plotted as a function of  J for  A12024, AISI  4340 steel (Heats 
A and 001), and SA533B steel. 

Ib/in.) is deduced. An explanation based on silent crack growth in small 
specimens of 304 stainless steel offers one rationale. While further studies are 
needed to resolve such problems, it is the authors' opinion that some simple 
procedure (based on the J resistance curve technique) for Jic determination of 
high-toughness materials should be developed. 

A New Approach for the Measurement of Crack Growth Resistance 

The material J R-curve is an essential element of the instability analysis of 
elastic-plastic crack growth. The tearing modulus, Tmat 

dJ  
Tr, at = (E/aF 2) - -  (1) 

da 

proposed by Paris and co-workers [1] exploits the consequences of the 
J-controlled crack growth--that the J resistance curve is independent of the 
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FIG. 6--J versus Aa for  A I S I  4340 steel and A12024 comparing Jlc and JitAE). 
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FIG. 7--J versus Aa for  SA533B steel comparing JIc and Ji(AE). 
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TABLE 5--A comparison of JIc values determined from the AE and multispecimen J resistance 
curve techniques. 

Specimen 

Heat Size and Ji(AE), Ji(0.2 ram), JIc(E 813-81), 
Material Treatment Geometry MN/m MN/m Mn/m 

AISI 4340 200~ 0.4T CT 0.008 0.0013 
steel, tempered 1T CT 0.0076 - 0.008 
heat A 

600~ 0.4T CT 0.033 0.043 
tempered 1T CT 0.034 - 0.036 

AISI 4340 . . .  1T CT 0.035 - 0.042 . . .  
steel, modified 
heat 001 1T CT 

IT CT 0.32 - 0.50 
SAS33B 2T CT 0.35 - 0.52 

steel 3T CT 0.35 
1T BB 0.18 "- '  0.40 
2T BB 0,15 

0.0011 

0.040 

0.065 

0.40+0.08 

Type 304 
stainless . . .  1T CT . . . . . .  0.3 - 0.4 
steel 

AI 2024 . . .  1T CT 0.019 0.021 0.024 

,d 

i 

w 

I ' t ' 
Type  30/ ,  stain less s tee l  

IT  CT 

�9 spa  

0 sp.2 
0-- Q.--IL.O -Q- - - - - -Q- -  

/ 

jtest 
t e r m i n a t e d  

Jlc fro m 
J res is tonce curve 

I I , I , I 
16 3 ~6 2 ib 1 to 0 

J ( M N l m )  

FIG. 8--Accumulated AE energy plotted as a function of J for Type 304 stainless steel 

size and geometry of the specimen. While single-specimen procedures for the 
evaluation of J]c are being considered [2], it is useful at this stage to develop a 
simpler, single-specimen procedure for estimating Jic and Treat. This new ap- 
proach is based on the application of a J/Ji-Aa experimental key curve 
[9-111. 
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FIG. 9--J versus crack growth for compact specimens of Type 304 stainless steel 

It has been found convenient to treat the normalized R-curve as an average 
straight line for Aa > 0.2 mm (0.008 in.) [10]. Below this value of crack ex- 
tension, the J/Ji-Aa curve appears to follow a power law as tearing pro- 
gresses. The curve can be fitted approximately by the expression [9-11] 

Ji = J / (BAa + 1) (2) 

where ~ = 857 m - I  is the slope of theJ/Ji-Aa line after the point of crack ex- 
tension and is independent of material and test temperature. Equation 2 can 
be rewritten as 

J : Ji q- [3AaJi (3) 

In terms of the rate of change of J with crack growth, Eq 3 reduces to 

dJ/da =/~Ji (4) 

whereJi = Jlc [9, I0], and corresponds to a crack extension of 0.2 mm (0.008 in.). 
Table 6 provides some typical examples to demonstrate the usefulness of 
single-specimen determination of Ji-values corresponding to Jic for 2024 
T3SI and SAS33B-I. Here, the individual values of Ji(aa=0.2 mm) are com- 
pared with Jtc determined from the R-curve method. It is shown that there is 
fairly good agreement between Jtc and Ji(0.2 mm)" Thus, Eqs 2 and 4 permit the 
use of a single specimen to predict initiation toughness (Ji) and the resistance 
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TABLE 6--Some examples of single-specimen JIc determination. 

J, Aa, Ji(~a=0.2 ram), JlecE 813-81), 
Materials MN/m mm MN/m MN/m 

0.028 0.278 0.0226 
2024 T351 0.034 0.714 0.0210 

(IT CT) 0.039 0.950 0.0215 
0.044 1.72 0.0178 

0.380 0.32 0.298 
SA533B-I 0.630 0.81 0.372 

(3T CT) 0.795 1.20 0.392 
0.830 1.42 0.374 

(1T CT) 

0.30 0.21 0.254 
0.32 0.32 0.251 
0.415 0.36 0.317 
0.44 0.64 0.284 
0.54 0.55 0.357 
0.56 0.82 0.329 
0.70 0.87 0.401 

avg 0.020+0.004 
0.0207 

avg 
0.331 0.40+0.08 

aDetermined by equation Ji (Aa=0.2 mm) : J/(13Aa+ 1). 

of material to stable growth (dJ/da)  from a knowledge of the J and Aa values 
at the point of test termination. 

Currently, conclusive proof is lacking that the J resistance curve can be 
considered as a basic material property for a relatively large amount of crack 
extension. Figure 10 demonstrates the normalized J resistance curve (J/Ji 
versus Aa) for relatively large amounts of crack extension for different CT 
and BB specimen geometries and sizes. In addition to the experimental data 
of this study, J R-curves previously developed [6,10,26-30] are also included. 
Note that all the data for different geometries and sizes lie in a narrow scat- 
terband, which indicates an invariant relationship between the critical prop- 
erty for crack initiation Ji and the tearing resistance dJ/da.  These data sup- 
port the view that the J resistance curve is independent of specimen size and 
geometry (CT and BB) provided validity criteria for the J resistance curve 
[3,10] are satisfied and crack extension increments are limited to 6 percent of 
the unbroken ligament [4]. Although further work is necessary to draw any 
firm conclusions, it is nevertheless considered to be the most direct indication 
that a fundamental J R-curve can be considered a basic material property. 

The experimental scatter, though seemingly large at first glance, is not 
unlikely because of inherent material scatter. The test data developed by the 
ASTM cooperative research program [26] for a single heat of HT 130 steel 
exhibited a scatter of -t-20 percent on Jlc and •  percent on dJ/da,  attrib- 
uted to the material inhomogeneity. 

Tearing Fracture and Acoustic Rating Parameter 

For materials which fracture by ductile tearing, the values of Ji and tearing 
modulus can be estimated conveniently from a single specimen by the J/Ji 
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FIG. ]O--J/Ji versus Aa key curve for various materials. 

resistance curve technique. The use of AE along with the J/Ji key resistance 
curve procedure may significantly reduce the number of specimens that is re- 
quired for the determination of Jlc and tearing modulus. 

Recently, a new AE rating parameter (severity parameter of crack) Tac has 
been proposed [11,32] to estimate the ductile tearing resistance in a speci- 
men or component, given by 

Tac = (EEAE/B)/AJ (5) 

where B is the specimen thickness, and AJ the difference of J-values corre- 
sponding to Pmax on the load/deflection curve and Ji. Furthermore, of in- 
terest here is a close relationship between Tac and Treat, given as 

T a c ' T m a  t : k (a constant) (6) 

Since Tac takes into account the in situ changes in material properties, both 
Tac and T m a  t should be used for treating instability problems. A brief de- 
scription of the AE rating parameter Tac (presented in Eq 5) and correlation 
of Eq 6 is given in the Appendix. Figure I 1 shows an experimental correla- 
tion between Tae and Tma t for several steel and aluminum alloys that exhibit 
ductile tearing. Note that high-T~ materials are materials that are most 
readily fractured and have low T m a  t .  For example, low-toughness materials 
such as quenched-and-tempered AISI 4340 steel having Tmat < 10 exhibit 
the highest Tac where the crack instability in 0.4 and 1T CT specimens fol- 
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FIG. 1 l--Relationship between acoustic emission rating parameter and tearing modulus for 
laboratory specirnens. 

lowed the crack initiation almost immediately. In contrast, high-toughness 
materials such as Type 304 stainless steel and SAS33B steel (Treat > 200) 
show a minimum in Tac. This indicates that the relative values of Ta~ reflect 
the resistance of commercial alloys to the tearing instability. 

Summary and Conclusions 

Studies of cleavage and ductile stable crack extension have been carded 
out with EPFM and AE techniques for different steels and aluminum alloys 
(AISI 4340, Ni-Cr-Mo-V, Sb-doped Ni-Cr, SA533B, and Type 304 stainless 
steel; and Al 2024 T 351). The results have shown that many failure-related 
gross material properties which influence the crack propagation resistance of 
a material produce measurable changes in AE activity. The initial experi- 
ments on AISI 4340 (Heat 106), Ni-Cr, and Ni-Cr-Mo-V steels indicate the 
unique capabilities of the AE signals as a precursor of transgranular of inter- 
granular cleavage cracking. It is shown that initiation toughness Ji(AE) corre- 
spond ing  to the onset of the first brittle crack extension can be used as a con- 
servative estimate of fracture toughness. 

Further development and subsequent application of the J/Ji key resistance 
curve procedure for an assessment of the Jlc and tearing modulus from a 
single specimen have been demonstrated. The evidence of the normalized key 
resistance curve has been taken from the experimental data for a variety of 
structural steels and aluminum alloys. The limited amount of data presented 
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support the view that the J resistance curve is a material property provided 
validity criteria for the curve are satisfied and crack extension increments do 
not exceed 6 percent of the unbroken ligament. The pursuit of AE techniques 
during EPFM J resistance curve studies has shown promising results in pro- 
viding predictive information of the onset of a stable crack extension in duc- 
tile tearing situations. 

Based on the experimental results, it is further concluded that the AE 
method allows for continuous monitoring of the crack growth for the whole 
duration of the test. A new AE rating parameter Tac is proposed and related 
to the tearing modulus parameter to predict tearing instability of elastic- 
plastic crack growth. 
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APPENDIX 

Acoustic Emission Rating Parameter, Tac 

To demonstrate that the AE method allows for quantitative measurements, the ac- 
cumulated AE energy EEAE is related to the area of crack advance AA in Fig. 12. 
These curves can be represented by an empirical relationship 

~EAE = or( AA ) l.S (7) 

where c~ depends on material's toughness and system gain. 
The dependence of ~ on initiation toughness Ji is depicted in Fig. 13, expressed as 

= a '/Ji (8) 

where ct depends on AE instrumentation. 
From Eqs 7 and 8, 

EEAE.Ji = ~ '(AA) 1'5 (9) 

where Ji = JIc. 
Equation 9 indicates that it is possible to construct a single key calibration curve for 

different structural materials provided the toughness parameter is introduced. 
Figure 14 shows EEAE'J i plotted versus AA in which most replicate tests show a 

fairly close agreement. 
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FIG. 12--Accumulated t i E  energy as a function of  crack area for  alloy steels. 

It is possible to correlate upper-shelf toughness with changes in flow properties 
[32], though with some reservations) Figure 15 shows dependence of Ji  on E / o y  2, 
correlated as 

f E "~1.5 ) .o) 
where 0 7 = (out s + % 0 / 2  and Y is a constant. 

From Eqs 9 and 10, we obtain 

(~EAE) 0"67 E 
= k  

AA oi, 2 
(11) 

Equation 11 can be expressed as 

3Segregation of solutes to surfaces, alterations in interface morphologies, carbide phase redis- 
tribution, and the presence of nonmetallic inclusions may not influence flow properties but 
could have ~ profound impact on toughness and ductility. 
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I EEAE)O'67/B 1 E AJ 
�9 - a 7  o r  ~ a a  = ~ (12) 

where 

AA = BAa, 
B = specimen thickness, 

Aa = average crack growth, and 
AJ = difference of J-values corresponding to Prnax on load/deflection curve and Ji. 

The term 
I (~EAE)O.67/B 

in Eq 12 can be used in its general form {(EEAE/B)/~JI and is termed an acoustic 
rating parameter 

~E AE /B 
Tae -- - -  (13) 

AJ 

Hence, the close relationship between the AE rating parameter Tae and tearing 
modulus (Treat) in Eq 12 can be phrased 

Tae- Trnat : k (a constant) 

where k (a constant) depends only upon the AE electronic instrumentation. 

(14) 

lo  o 

-1 
~0 

i 

i i 

O 4340, 200~ t e m p e r e d  
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~ O  �9 SA 533B 

II 
\ 

, l , I 
10 2 ~J 

J, (MN/m) 

FIG. 13--a plotted as a function of Jifor AISI 4340 and SAS33B steels. 
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ABSTRACT: Fracture toughness tests were performed in the transition region for ASTM 
A508 Class 3 and A470 nickel-chromium-molybdenum-vanadium steels using about 300 
specimens of 0.ST, 1T, 2T, and 4T compact tension (CT) specimens. The K]-values 
which are converted from Jc of the smaller specimens indicated a wide scatter ranging 
from below the Kk-value to much higher toughness. The fracture behavior was investi- 
gated with a scanning electron microscope in detail and the sources of scatter of the 
toughness in small specimens were studied. The fast brittle fracture behavior in the tran- 
sition regime can be divided into two regions: (1) the region where fracture occurs on a 
blunting line (Region I) and (2) the region where fracture occurs on an R-curve (Region 
II). The scatter of the Kj-values in each region is caused by the amount of crack exten- 
sion contained in the specimens. 

Methods to obtain the fracture toughness equivalent to the K k from the Kj-values are 
presented. In Region I the lowest bound of K.rm~ -values obtained using specimens that 
neeet the r%quirement NB >_ 3000 Jcrni/ar is recommended, and this method may also 

usea in t~egion II. In Region II a modified R-curve method is proposed. 

KEY WORDS: steels, cleavage fracture, fractures (materials), fracture toughness, 
J-integral, transition effects, Weibull statistics, specimen size effects, testing technique, 
elastic plastic fracture 
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tical advantage that the toughness results equivalent to the valid K1c per the 
ASTM Method can be obtained from smaller specimens [1,2]. 2 A standard 
method draft for JIc determination developed by the ASTM E24.01.09 Task 
Group was published in January 1979 [3]. This method, however, limits de- 
termination of Jic at the temperature where stable crack extension occurs and 
the R-curve technique can be employed. 

In the transition temperature region, an apparent problem to be solved ex- 
ists with the toughness evaluation using small specimens. The fracture at the 
transition temperatures occurs in an unstable manner at maximum load dur- 
ing loading and the R-curve cannot be constructed. The toughness values 
evaluated by the J-integral for small specimens may give much higher tough- 
ness than the Kir measured by large specimens [4-7]. This behavior is 
usually explained in terms of the statistical model based on a Weibull distri- 
bution and in part the loss of constraint [6. 7]. A method for analyzing small- 
specimen results to properly predict the toughness of a large specimen is pro- 
posed by Landes and Shaffer [ 7]. This approach is an attempt to describe the 
observed toughness behavior and is not a direct toughness measuring method. 

The toughness evaluation in the transition temperature region is as impor- 
tant as in the upper shelf. In this paper the elastic-plastic fracture toughness 
test results obtained in the transition region for an ASTM A508 Class 3 nuclear 
pressure vessel steel and an ASTM A470 nickel-chromium-molybdenum- 
vanadium (Ni-Cr-Mo-V) rotor steel using about 300 specimens were analyzed. 
The fracture behavior was investigated with a scanning electron microscope 
(SEM) in detail and the sources of scatter of the toughness obtained using 
small specimens were studied. From the test results obtained, direct methods 
were proposed to measure the fracture toughness Jic corresponding to the Kl~ 
per the ASTM Method, and their usefulness was demonstrated. 

Materials 

The materials used in the test program were an ASTM A508 Class 3 steel, 
a typical commercial forging for nuclear pressure vessel components, and an 
ASTM A470 Class 6 Ni-Cr-Mo-V steam turbine rotor steel of commercial 
grade. Chemical compositions and heat treatments of the materials are pre- 
sented in Table 1. The A508 Class 3 steel specimens were taken from 1/4T lo- 
cation of a 300-mm-thick forging plate. The Ni-Cr-Mo-V steel specimens 
were machined so that the crack tip was located between 540 and 670 mm 
from the center of a 1672-mm-diameter rotor forging. Here, the specimen 
orientations of the A508 Class 3 and Ni-Cr-Mo-V steels were, respectively, 
T-L and C-R per the ASTM Test for Plane-Strain Fracture Toughness of Me- 
tallic Materials (E 399-78). 

Tensile properties of the materials per the ASTM Method for Tension 

2The italic numbers in brackets refer to the list of references appended to this paper. 
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TABLE 1--Chemical composition and heat treatments of the material& 

Chemical Composition, weight % 

Material C Si Mn P S Ni Cr Mo V 

ASTM 
3.508 Class 3 0.21 0.29 1.36 0 .009 0.004 0.64 0.19 0.52 <0.01 

ASTM 
A470 Class 6 0.23 0.05 0.30 0 .009 0.011 3.79 1.81 0.44 0.13 

Heat Treatment 

ASTM austenitize 
AS08 Class 3 temper 

stress relieve 

ASTM austenitize 
A470 Class 6 temper 

stress relieve 

890~ hold 6.5 h, water quench 
660~ hold 10.5 h, air cool 
SS0~ hold SS.0 h, furnace cool 
600~ hold 20.5 h, furnace cool 
600~ hold 10.5 h, furnace cool 

840~ hold 36.0 h, water spray quench 
595~ hold 74.0 h, controlled cool 
570~ hold 35.0 h, furnace cool 

Testing of Metallic Materials (E 8-79) and Charpy V-notch impact properties 
per the ASTM Method for Notched Bar Impact Testing of Metallic Materials 
(E 23-72) are shown in Figs. 1 through 4. Table 2 summarizes the tensile 
properties at room temperature and the Charpy V-notch impact properties, 
and it also gives the drop weight properties of the materials per the ASTM 
Method of Conducting Drop-Weight Test to Determine Nil-Ductility Transi- 
tion Temperature of Ferritic Steels (E 208-69). Room-temperature yield 
strengths of the AS08 Class 3 and Ni-Cr-Mo-V steels are 480 and 767 MPa, 
respectively. The 50 percent ductile fracture appearance transition tempera- 
ture (FATI') is --7~ for the AS08 Class 3 steel and --10~ for the Ni-Cr- 
Mo-V steel. 

Experimental Procedures 

The majority of the specimens were tested in the transition region, below 
the temperature where upper-shelf fracture toughness behavior was first ex- 
perienced. The J tests of the steels were conducted on 0.5T-CT, 1T-CT, 
2T-CT, and 4T-CT specimens, recommended by the ASTM E24 Task Group, 
which were modified to measure the displacement at the center of loading 
line. The specimens having 25 percent side grooves to their original thickness 
were also used to evaluate the effect of constraint. The angle of the side 
groove was 45 ~ and the root radius 0.25 mm. The fatigue crack length 
to specimen width ratio, a/w, of the specimens except for 4T-CT specimens 
was about 0.6. The a/w of 4T-CT specimens was about 0.SS so that the valid 
Kxc-value per ASTM Method E 399-78 and the value of J at the fracture 
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1600 

E 1400 

1200 

1000 

800 

# 600 

.o 
> -  

O 

400 

200 

0 
-200 

i i I I I r i 

A470 NI-Cr-Mo-V Stee l  

o 0.2% Yleld Strength 

A Ultimate Strength 

E] Reduction in Area 

I I 1 I I I , I 

-100 0 100 

lemperatm e, ~ 

160 

140 

129 

100 

200 

FIG. 2--Tensile properties of A470 Ni-Cr-Mo-V rotor steel. 

g 

0 

g 

80 ~ 
~3 

bO < 
E 

40 

20 ~ 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



IWADATE ET AL ON TOUGHNESS BEHAVIOR 11-535 

g 

~3 

tJJ 

5bO -- 

520 

280 

240 

2OO 

160 

120 

80 

4U 

0 

. . . .  T " 1 -  

A508 CI ~ Steel 

o Energy Absorbed 

Percent Br i t t le  
FATT = -7~ 

Percent B r l t t ~  

59 0 50 

lempefQture, ~ 

1 

I00 

|00 

8O .= 

r -  
I d -  

6O o 

2O 

FIG. 3--Charpy V-notch impact properties of A508 Class 3 pressure vessel steel. 

could be measured by one specimen. The final precracking stress-intensity 
factor, Kmax, of the specimens was kept less than 25 MPa'fm. 

The value of J for fracture occurring by an instability both with and with- 
out prior stable crack growth was labeled Jc .  The J-integral was calculated 
using the equation corrected for the tension loading component [3] 

1 + ~  2A 
J -- (1) 

1 + ot 2 B b  

where 

= [(2ao/b)  2 + 2 ( 2 a o / b )  + 2] 1/2 - ( 2 a o / b  + 1), 
A = area under load versus load-point displacement record, 
B = specimen thickness [for side-grooved specimens, B = B(net)], and 
b = initial uncracked ligament, w - -  ao. 

Corresponding Kj-values were calculated by converting Jc to K s using the rela- 
tionship between elastic-plastic and linear-elastic fracture mechanics param- 
eters [1]. 
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Jc E )1/2 
K j  = 1 - -  V 2 (2) 

where E is Young's modulus and v is Poisson's ratio. 
At upper-shelf temperatures where the stable crack growth was fully 

developed, the R-curve method proposed by the ASTM E24 Task Group was 
employed [3]. The KIe tests per Method E 399-78 were also conducted using 
4T-CT specimens for the A508 Class 3 steel and 3T-CT and 4T-CT specimens 
for the Ni-Cr-Mo-V steel to compare with Krvalues obtained by J tests. 

Results and Discussion 

Transition Behavior 

Elastic-plastic fracture toughness tests in the transition temperature region 
were performed using a total of 157 specimens (68 0.ST-CT, 83 1T-CT, 4 
2T-CT, and 2 4T-CT specimens) for the A508 Class 3 steel and a total of 133 
specimens (62 0.5T-CT, 57 1T-CT, 8 2T-CT, and 6 4T-CT specimens) for the 
Ni-Cr-Mo-V steel. Figures 5 and 6 show the converted fracture toughness Kj 
of 0.5T-CT and 1T-CT specimens as a function of temperature for the A508 
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TABLE 2--Tensile, NDTT, and impact properties of the materials. 

Material 

0.2 % Offset 
Strength, 

MPa 

Tensile Properties at Room Temperature Impact Properties 

Tensile Elonga- Reduction Upper- 
Strength, tion, of Area, NDTT, FATT, Shelf 

MPa % % ~ ~ Energy, I 

ASTM 
AS08 
Class 3 

ASTM 
A470 
Class 6 

480 635 27 70 --25 --7 215 

767 870 18 65 --35 --10 135 
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FIG. 5 - -Kj  calculated from Jc for fracture versus temperature relation for A508 Class 3 
pressure vessel steel 
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FIG. 6--Kj calculated from Je for fracture versus temperature relation for A470 Ni-Cr-Mo-V 
rotor steel 

Class 3 and Ni-Cr-Mo-V steels, respectively. In these figures, the valid KI~- 
values obtained by large specimens were also plotted. The converted Kj- 
values show a great deal of scatter in particular for the smaller 0.5T-CT 
specimens and give the higher average of the toughness than that of valid Klc. 
As the temperature is increased in the transition range, the scatter becomes 
greater. However, the test results suggest that the lower bound of Kj-values 
converted from Jc of small specimens coincides well with the lower bound of 
the valid glc up to temperatures of at least --20 and --30~ for the A508 
Class 3 and Ni-Cr-Mo-V steels, respectively. 

This behavior is explained in terms of the statistical model based on a 
Weibull distribution and the loss of constraint in smaller specimens [6, 7]. The 
materials have the statistical distribution of toughness properties which is 
caused by metallurgical inhomogeneity. The smaller specimens are less likely 
to contain the point or region of low toughness because the length of crack 
front is shorter than that of large specimens. Therefore, the toughness of the 
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smaller specimens shows a wide scatter ranging from values near to the 
toughness obtained by large specimens to much higher values. On the other 
hand, the smaller specimens have less thickness than the larger specimens, 
and they cannot develop the crack-tip constraint equivalent to the larger 
specimens, thus causing higher toughness. 

Figures 7 and 8 show the effect of specimen size on the converted fracture 
toughness Kj of the A508 Class 3 and Ni-Cr-Mo-V steels. For both materials, 
as the specimen size increases, the scatter of the Kj-values becomes smaller. The 
lowest toughness at each specimen size is situated near or below the average of 
valid gic results, while some of them coincide well with the values of Kj at the 
initiation of stable crack growth which were obtained using a modified 
R-curve technique, which is to be described in detail later in this paper. These 
results suggest that the scatter resulted mainly from the statistical model 
rather than a loss of constraint. However, the toughness results obtained us- 
ing the specimens with side grooves, shown by closed points in the figures, 
suggest that the loss of constraint might in part cause the scatter of the 
toughness because the smaller specimens, 0.ST-CT, having side grooves lead 
to a much narrower scatter for both materials. 

The toughness measured at two temperatures using 0.ST-CT specimens for 
the A508 Class 3 and Ni-Cr-Mo-V steels was plotted on Weibull graphs in 
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FIG. 7--Effect of specimen size on Kj for fracture of A508 Class 3 steel 
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FIG. 8--Effect of specimen size on KIfor fracture of A470 Ni-Cr-Mo- V steel. 

Figs. 9 and 10, respectively. The linear distribution of data points indicates 
that the Weibull model is an appropriate statistical model for these data. The 
straight lines were determined using a least-squares-fit technique. The slope 
at --60~ for the A508 Class 3 steel is about 2.7 whereas the slope at --20~ 
is about 1.9. For the Ni-Cr-Mo-V steel, the decrease of the slope with increas- 
ing temperature is very small, about 2.6 at both temperatures. Note that at the 
higher test temperature the stable crack was fully developed before the fast 
brittle fracture, whereas at the lower test temperature, only local stable crack- 
ing was observed. This suggests that the shape of the WeibuU model is af- 
fected not only by the material but also by the fracture mode, and probably 
specimen size. 

Analysis o f  Fracture Behavior 

To investigate the scatter of the toughness evaluated by J-integral, the frac- 
ture surfaces of the specimens were examined in detail using a scanning elec- 
tron microscope. Figure 11 shows examples of the fracture surfaces of the 
A508 Class 3 steel tested at --20 and --100~ On the fracture surface tested 
at --20~ the stable crack growth and stretch zone created prior to fast frac- 
ture is clearly observed, whereas on the fracture surface tested at --100~ a 
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little stretch zone with no stable crack is observed. The stable crack growth 
and stretch zone width measured at various temperatures for the A508 Class 3 
and Ni-Cr-Mo-V steels were plotted in Figs. 12 and 13, respectively. The 
uniformly developed stable crack and stretch zone width were measured on 
photographs taken at magnifications of 50 to 500, where the specimens were 
taken from the region of fracture origin or the center of the thickness. Under 
the scanning electron microscope, the specimen was inclined at an angle of 
30 ~ to the fatigue crack surface to obtain accurate length of stable crack and 
stretch zone, as the stable cracks also had angles similar to those of the stretch 
zone in the case of small crack extension. 

Figures 12 and 13 indicate that the majority of the specimens fractured in 
the transition region, having a wide scatter of the toughness, contain stable 
crack growth, and that the amount of the crack growth increases remarkably 
with increasing temperature. The temperature range where the slow crack ex- 
ceeds about 50 #m for 1T-CT specimens is located higher than --40~ for the 
A508 Class 3 steel and - 7 5 ~  for the Ni-Cr-Mo-V steel. Compared with the 
fracture toughness versus temperature curves in Figs. 5 and 6, it is found that 
these temperatures are close to the temperature where the lower shelf of the 
valid Kic curve starts. Note that even in the lower-shelf regime where stable 
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FIG. 12--Temperature dependence of stable crack growth and stretch zone width for A508 
Class 3 steel. 
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FIG. 13--Temperature dependence of stable crack growth and stretch zone width for A470 
Ni-Cr-Mo- V steel. 

crack growth is not observed, the Kj-values exhibit considerable scatter. The 
effect of specimen size on stable crack growth is seen in Fig. 12. The larger 
specimens have smaller crack extension; correspondingly, the larger 
specimens have smaller scatter of toughness. Figures 12 and 13 also show that 
the stretch zone width created at the tip of the crack increases with increasing 
temperature and reaches a plateau at the upper-shelf temperature. The effect 
of specimen size on stretch zone width cannot be observed. 

The sum of the stable crack and stretch zone, that is, the crack extension 
Aa defined by the E24 Task Group, and the stretch zone width itself for both 
steels were plotted as a function of J in Figs. 14 and 1S. The relationship be- 
tween crack extension Aa and its correspondingJ constructs an R-curve. This 
suggests that the fast brittle fracture occurs on an R-curve of the material, and 
that the scatter of the toughness is caused by the difference in crack extension 
contained in the specimen. The figures also indicate that the stretch zone 
width increases with increasing J even after the onset of stable crack growth, 
especially for the A508 Class 3 steel. This means that the stretch zone created 
before the crack initiation is continuously stretched during the following 
stable crack formation. The difference between the theoretical blunting line, 
J = 2 a y A a ,  recommended by the E24 Task Group, and the actual points is 
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FIG. 14--J versus crack extension and stretch zone width tested at 0 and --20~ for A508 
Class 3 steel. 

also observed. This makes it impossible to determine the JIc at the initiation of 
stable crack growth, even with an aid of the stretch zone width measurement. 

The investigation has led to a conclusion that the fracture behavior ob- 
served in the transition regime can be divided into two regions: (1) the region 
where fracture occurs on a blunting line (Region I) and (2) the region where 
fracture occurs on an R-curve (Region II), and that the scatter of the 
toughness of small specimens in each region is caused by the amount of crack 
extension contained in the specimens. Figure 16 presents a schema of these 
two regions. Toughness evaluation in the transition region should be exam- 
ined separately in each region. 

Toughness  Eva lua t ion  

Fracture toughness tests using 4T-CT specimens with crack length to width 
ratio, a / w  ----- 0.55, were performed to study the correlation between the con- 
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vetted toughness Kj and the KIr per Method E 399-78 obtained by one 
specimen. Test results obtained are listed in Table 3. Good coincidence be- 
tween the toughness evaluated by J-integral and the valid Kic is demonstrated. 
Here, in all 4T-CT specimens, stable crack growth was observed, of which ex- 
amples are shown in Fig. 17 and measured values are listed in Table 3. 

In Region II (Fig. 16), the stable crack is fully developed, and an R-curve 
can be constructed. However, as mentioned earlier, the use of crack extension 
Aa which includes stretch zone is inadequate to determine the Jtc at the inci- 
pient crack growth. Note that the crack extension which does not include the 
stretch zone, namely, the stable crack growth, can be easily measured by a 
scanning electron microscope. Therefore, if a J versus stable crack growth 
R-curve (modified R-curve) is constructed, the value of J at the initiation of 
stable crack growth can be obtained as an intersection of the R-curve and the 
ordinate. 
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FIG.  16--Schematic representation showing the fracture behavior in the transition region. 

TABLE 3--Compar~on between Klc and Krvalues measured with 4T-CT specimens. 

Temp- Stable 
erature, Kic , Kj, Crack, 

Material No. ~ B/(KQ/ays) 2 MPax/-m-m M P a ~ -  /zm 

ASTM 1 --20 2.2 108 116 56 
A508 Class 3 2 a --20 3.2 73 77 11 

ASTM 
A470 Class 6 

1 --30 4.5 119 120 89 
2 --45 6.7 98 99 50 
3 --60 3.7 145 144 82 
4 --60 4.3 125 125 55 
5 --60 5.6 118 120 49 
6 --75 5.3 114 114 38 

a25% side grooved. 
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Figures 18 and 19 show the J versus stable crack growth R-curves of 1T-CT 
specimens obtained at various temperatures for both steels. The data shown 
in parentheses are those of the specimens unloaded before fracture. In the 
measurement of stable crack initiated at only local areas, the measured 
lengths of the crack growth were averaged along the crack front of interest. 
The figures suggest that four or more specimens are required to develop an 
R-curve, and that one of them needs the crack growth more than about 50 
#m. Figures 18 and 19 also indicate that the slope of the R-curve increases 
with decreasing temperature. The modified R-curves obtained from various 
specimen sizes are shown in Figs. 20 and 21, where some of the 4T-CT speci- 
mens meet the size criterion of valid Kit required by E 399-78. Good coinci- 
dence of Jle among the specimen sizes is observed. In the Ni-Cr-Mo-V steel, the 
valid Kit-values give a higher toughness than the K]-value calculated from Jlc. 

In Region I, the modified R-curve method cannot be applied, because the 
stable crack growth to construct an R-curve is not observed. The fracture in 
Region I is mainly controlled by a Weibull-type size effect resulting from the 
metallurgical inhomogeneity of the material. Larger specimens are more 
likely to contain weak areas, leading to lower fracture toughness. Note that 
the minimum toughness of small specimens coincides well with that of large 
specimens. In a 4T-CT specimen, the crack tip leading edge contains four 
times the properties controlling near-tip volume compared with one 1T-CT 
specimen. Therefore, the following assumption could be given. If the number 
of small specimens is tested so that the total length of crack front is equivalent 
to that of a large Kit specimen, the minimum toughness of the Kj-values 
would be consistent with the valid Kie. Figure 22 is a schema to show this 
assumption. When the thickness of a small specimen is B and the number of 
small specimens is N, the crack front equivalent to a large Kic specimen can be 
expressed as NB. Using the foregoing assumption, the number of small 
specimens required to measure the fracture toughness equivalent to the valid 
Kic per the ASTM Method can be obtained. 

Figure 23 presents the results obtained with 0.5T-CT and 1T-CT specimens 
in Region I, plotted in terms of Kjm~,/KIc against the equivalent length of 
crack front NB normalized by JCmin/Oy. KJmin and its corresponding Jcmin 
values are the minimum toughness among N number of specimens. Ktc is the 
average value measured in Kz~ tests shown as a dotted line in Figs. 28 and 29, 
and oy is flow stress, the mean value of the yield and ultimate tensile 
strengths. The normalizing parameter Jcm;n/Or in the abscissa is an elastic- 
plastic fracture parameter representing the crack-tip opening displacement 
(CTOD) which is more reasonable than a linear-elastic fracture parameter 
(Kjmin/r 2, because the use of (Kjmin/Oys) 2 may require the specimen con- 
straint, that is, the proportional specimen size equivalent to the crack front 
length NB. In Fig. 23, the plots were conducted in the following manner. For 
example, when ten specimens were tested, for N ---=- 1, ten data points were 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



11-550 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



FI
G

. 
17

--
E

xa
m

pl
es

 o
f 

st
ab

le
 c

ra
ck

 g
ro

w
th

 o
bs

er
ve

d 
in

 t
he

 4
T

-C
T

 v
al

id
 K

tc
 s

pe
ci

m
en

s:
 (

a)
 A

50
8 

C
la

ss
 3

 s
te

el
, 

K
lc

=
 

73
 M

P
a~

Tm
, 

--
20

~ 
(b

)A
47

0N
i-

C
r-

M
o-

V
st

ee
l, 

K
lc

 =
 

11
8 

M
P

a~
m

, 
-6

0
~

 

m
 

m
 

t-
 

O
 

z -q
 

0 c G~
 

I Z m m I < ;l
J 6~

 
G

'l 
...

k 

C
op

yr
ig

ht
 b

y 
A

ST
M

 I
nt

'l 
(a

ll 
ri

gh
ts

 r
es

er
ve

d)
; W

ed
 D

ec
 2

3 
18

:0
2:

42
 E

ST
 2

01
5

D
ow

nl
oa

de
d/

pr
in

te
d 

by
U

ni
ve

rs
ity

 o
f 

W
as

hi
ng

to
n 

(U
ni

ve
rs

ity
 o

f 
W

as
hi

ng
to

n)
 p

ur
su

an
t t

o 
L

ic
en

se
 A

gr
ee

m
en

t. 
N

o 
fu

rt
he

r 
re

pr
od

uc
tio

ns
 a

ut
ho

ri
ze

d.



11-552 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

300 l" ~ ' ~ ~ / ~  
I A508 Cl 3 Steel 

/ 25O [ 

2~ ]50, 

-; IT-CT 

I / , ~  " -l~ 
5o r~i~ ~ -2~ 

�9 -40~C 

r ( ) Uaload 
0 I J 1 ~ I 

0 100 200 300 400 500 

Stable Crack Growth, /Jilt 
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FIG. 22--Schematic representation showing the number of small specimens required to ob- 
tain equivalent crack front length to that of a large specimen. 

plotted as Kjr~n or JCmin. For N = 3, ten data points were arranged in sampl- 
ing order and were divided into groups of three specimens each: first, No. 1 to 
No. 3, No. 4 to No. 6, and No. 7 to No. 9 specimens; second, No. 2 to No. 4, 
No. 5 to No. 7, and No. 8 to No. 10 specimens; and third, No. 3 to No. 5, and 
No. 6 to No. 8 specimens. Thus, eight minimum toughness specimens in each 
block were plotted as K j ~  or Jcmi n. This sequence is based upon the fact that 
when the preceding assumption is applied, the equivalent crack front length 
NB of small specimens should consist of each neighboring specimen (Fig. 22). 

Figure 23 shows that the scatter of KjmJKlc-values decreases dramatically 
as the value of NB/(Jcnain/ar) increases. If the NB/(Jcmin/a r) value of 3000 
(solid line) is chosen as the limit beyond which the scatter should be small, 
namely 

JCmin 
NB >- 3 0 0 0 - -  (3) 

O'y 
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FIG. 23--Relationship between KI.~/Ktc and NB/(Jcmi./o x) in Region L 
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then the toughness variation of Kj,.~/KIc ranges from 0.8 to 1.4. This limit 
corresponds to about four to five times the specimen size required for Ktc 
tests. Figure 23 also shows the much less scatter of 1T-CT specimens resulting 
in the limit smaller than 3000 Jcmin/Oy. This might be explained mainly by the 
fact that the effective crack front length, where plane-strain conditions exist, 
is larger in a 1T-CT specimen than in two 0.5T-CT specimens. The results ob- 
tained in Region II were also plotted in the same manner as in Fig. 23. Figure 
24 shows that the limit which has the same toughness variation as in Region I 
is 

NB >__ 1000 Jcmin (4) 
Oy 

This limit in Region II is close to that for 1T-CT specimens in Region I (solid 
symbols in Fig. 23). 

Figure 25 shows the scatter in valid Kit-values per ASTM E 399 obtained by 
this study and other investigators [8-10]. The figure suggests that the Kic- 
values can easily vary as much as -t-20 percent at any Kie level. Therefore the 
toughness variation in Kj~./KIc specified by Eqs 3 and 4 would be acceptable 
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FIG. 24--Relationship between Kjmi /Klc and NB/(Jcmin/o Y) in Region IL 

for the J test requirement. Figure 26 presents the relationship between the 
number of 1T-CT specimens required by Eq 3 and the fracture toughness Kit. 
ff the flow stress of the material is 500 MPa, the number of specimens re- 
quired to measure the Kic of 60 MPax/-m is more than four. When the lowest 
value of Jc among the four specimens meets the requirement of Eq 3, the 
minimum Jc-value, Jcmi,, may be defined as Jlc, but ff not, one more specimen 
is required. Using the requirements of Eq 3 or Eq 4, the valid Jic-values in 
Region II can also be obtained without developing an R-curve. However, the 
use of Eq 4 requires a judgment whether the test temperature is located in 
Region II by measuring the stable crack growth with a scanning electron 
microscope. 

Summarizing this study, the methods for JIc measurement in the entire 
temperature range are as follows; 

Transition Region: 
Region I: Statistical Method 

Requirement: N B  > 3000 JCmin 
g y  

C o p y r i g h t  b y  A S T M  I n t ' l  ( a l l  r i g h t s  r e s e r v e d ) ;  W e d  D e c  2 3  1 8 : 0 2 : 4 2  E S T  2 0 1 5
D o w n l o a d e d / p r i n t e d  b y
U n i v e r s i t y  o f  W a s h i n g t o n  ( U n i v e r s i t y  o f  W a s h i n g t o n )  p u r s u a n t  t o  L i c e n s e  A g r e e m e n t .  N o  f u r t h e r  r e p r o d u c t i o n s  a u t h o r i z e d .
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Region II: Modified R-Curve Method 

Statistical Method 

Requirement: N B  > 1000 Jcmin 
ay  

and stable crack growth 

larger than 50 tzm 

Statistical Method 

JCmin Requirement: N B  > 3 0 0 0 ~  
t Y y  

Upper-Shelf Region: 
R-Curve Method Recommended by ASTM E24 Task Group 

Figure 27 provides a schema of the methods of toughness measurement for 
J-integral tests. Figures 28 and 29 show the results obtained by these methods 
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FIG. 25--Scatter of valid Klc-values obtained in accordance with ASTM Method E 399. 
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FIG. 28--Comparison between KFvalues obtained by the proposed methods and the valid 
Kle-Values for A508 Class 3 steel. 

for the AS08 Class 3 and Ni-Cr-Mo-V steels. The Kj-values obtained by the pro- 
posed modified R-curve method coincide well with the lower bound of valid 
KIc, and the Kjmi,-values obtained by the proposed statistical method agree well 
with the average measured by Klc tests (dotted line). Considering the statistical 
fracture toughness behavior in the transition temperature region, the lower- 
bound toughness should be referred to as the fracture toughness of the 
materials, because the fracture of a structure may well be controlled by the 
statistical distribution of toughness properties of the materials. Therefore, in 
Region II the modified R-curve method is recommended, and in Regions I and 
II the lowest bound of gjmin-values obtained by the statistical method is more 
reliable for the toughness evaluation of structures. As a whole, the methods 
mentioned herein are proposed to measure the fracture toughness equivalent to 
the K1c-value per the ASTM Method. 

Conclusions 

To find the methods for measuring the elastic-plastic fracture toughness Jlc 
in the transition region, fracture toughness tests were conducted on an ASTM 
A508 Class 3 nuclear pressure vessel steel and an ASTM A470 Ni-Cr-Mo-V 
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FIG. 29--Comparsion between Kj-values obtained by the proposed methods and the valid 
Kit-values for A470 Ni-Cr-Mo- V steel. 

rotor steel using about 300 specimens. The results obtained in this study are 
summarized as follows: 

1. The Kj-values which are converted from Jc of the smaller specimens 
showed a great deal of scatter, ranging from below the Kit-value to much higher 
toughness. This behavior is explained in terms of the statistical model based on 
a Weihull distribution and in part on the loss of constraint. 

2. The majority of the specimens fractured in the transition region con- 
tained the stable crack growth. The fast brittle fracture behavior in the transi- 
tion regime can be divided into two regions: (1) the region were fracture occurs 
on a blunting line (Region I) and (2) the region where fracture occurs on an 
R-curve (Region II). The scatter of the Kj-values in each region is caused by the 
amount of crack extension contained in the specimens. 

3. In Region I, where the fracture occurs without stable crack growth, the 
lowest bound of Kj~,-values obtained using specimens that meet the require- 
ment NB >_ 3000 Jcr~n/or is recommended for measuring the fracture 
toughness of the materials. This method may also be used for toughness 
measurement in Region II. 
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4. In Region II, where the fracture occurs with stable crack growth, aJver- 
sus stable crack growth R-curve, that is, the modified R-curve, can be con- 
structed using a SEM technique. The modified R-curve makes it possible to 
determine Jic at the initiation of a stable crack as an intersection of the 
R-curve and the ordinate. Four or more specimens are required to develop an 
R-curve and one of them needs crack growth of more than about 50 gm. 
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Materials, 1983, pp. II-562-II-$81. 

ABSTRACT" This program involved the testing of compact specimens made from A508 
Class 2A tube plate material. The objective of the program was to study specimen size and 
plan view dimension effects on the upper-shelf [204~176 JR-Curve toughness behavior. 
Low upper-shelf Charpy toughness relative to typical reactor vessel materials was preferred. 

The basis material was a 330-em-diameter (130 in.) by 61-cm-thick (24 in.) slab of tube 
plate that had been rejected from service after ultrasonic inspection. There was some un- 
wanted variability in strength and toughness properties and a careful specimen sampling plan 
did not entirely eliminate material variability from the test matrix. Therefore, a dimensional 
analysis in the form of key curves was used to categorize the material before attempting to 
decipher specimen geometry effects on the JR-Curve behavior. It was then possible to show that 
specimens of all sizes from 1T to 10T that had equal conditions of constraint would develop 
the same JR-CUrve. The principal limitation on small specimens was that they simply lacked 
sufficient ligament size to sustain crack growth for full JR-Curve deve)opment. 

The omega (~0) criterion was evaluated with the hope of identifying when J--nap data 
from specimens with short ligaments could be expected to depart from the specimen-size- 
independent Jl~-curve. This was not successful herein from the standpoint that few speci- 
mens had sufficiently small ligaments to display this deviation. When deviation did in fact 
occur, it was not distinctly associated with a given value of r 

A comparison was made between the load-displacement behavior of two 1T compact 
specimens having equal Charpy (CVN) toughness and JR-CUrves but unequal strength 
properties (88 R B versus 99 RB). This was possible because of uniquely variable metallurgi- 
cal conditions, The high-hardness specimen showed 40 percent greater load-bearing ca- 
pacity. This was a good demonstration of why more than just JR-curve behavior should be 
used to judge the suitability of materials for given applications. Material strength proper- 
ties are contained in crack drive representations which are curves that are compared with 
JR-curves. From such comparisons it is possible to predict load versus displacement and 

1Senior engineer, advisory engineer, and senior engineer, respectively, Materials Engineering 
Department, Westinghouse R&D Center, Pittsburgh, Pa. 15235. 
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crack instability in untested configurations. Hence, part of the material flow property ef- 
fect is not considered when comparing just JR -curves. 

KEY WORDS: elastic-plastic fracture, JR-curve, ASOB steel 

Present American Society of Mechanical Engineers (ASME) code require- 
ments on nuclear vessel materials [1] 2 tend to focus attention on the transition 
region of fracture toughness behavior. Here linear-elastic KIe and rapid load 
Kid toughness behaviors tend to be the parameters of dominant interest. The 
data in support of this approach have been largely derived from the early 
phases of the Heavy Section Steel Technology (HSST) experimental testing 
program [2]. This perhaps represented the first significant effort to apply frac- 
ture mechanics to pressure vessel materials and a great deal was learned. Be- 
cause the tests were performed in the transition temperature range, the stable 
crack growth prior to brittle instability was not of any particular concern. A 
full range of compact specimen sizes from 1T to 12T was involved among vari- 
ous other specimen configurations of comparable sizes. At the time of this 
work, the need for upper-shelf toughness data and for crack growth measure- 
ment was not fully appreciated. In addition, it was considered that upper-shelf 
Kic was a measurable quantity provided that sufficiently large specimens were 
tested. Hence appropriate testing methods and a rational JR-CUrVe evaluation 
philosophy was not actually available for the critical early stages of the study. 

In recent years, the technology of upper-shelf fracture toughness character- 
ization has improved dramatically. The development of the J-integral to handle 
elastic-plastic conditions has been the major breakthrough [3, 4]. In addition, 
the development and verification for the use of J has been strongly aided by the 
very powerful computer-related tool of numerical analysis. The conditions 
which ensure J-controlled crack growth are presently known qualitatively, and 
the framework has been established through analytical and numerical methods 
[5]. The experimental information in support of these concepts is extremely 
sparse, however, and one objective of the present project was to help to satisfy 
this shortcoming. 

More recently, the JR-CUrVe characterization of the behavior of materials 
has developed as a focal point of elastic-plastic toughness studies. A major 
need for exploration was to demonstrate, for given specimen geometries, the 
conditions where geometry independence of JR-curve behavior tends to break 
down. This not only applies to detection of a breakdown in conditions for 
J-controlled growth, but it also involves evaluation of the influence of variable 
constraint and consequent fracture toughness level changes. 

The present project was initiated to provide experimental evidence in sup- 
port of analytical concepts and to test the geometry independence aspects of 

ZThe italic numbers in brackets refer to the list of references appended to this paper. 
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JR-curve theory. The material chosen was A508, Class 2A, which is a material 
of interest to nuclear applications. Specimen design in the present report was 
confined to the standard compact geometry and this ranged in size from IT 
[W = 5 cm (2 in.)] to 10T [W = 51 cm (20 in.)]. This program, therefore, 
represents something of a revisit to the HSST scope of specimen size study, 
except as was implied by the foregoing, all tests were made on the upper shelf 
of toughness behavior. 

Material and Specimens 

A rejected steam generator tube plate of AS08-2A was selected for this study. 
It was a 3.4-m-diameter (136 in.) by 0.58-m-thick (24 in.) plate which had been 
rejected from possible service because of greater than allowable ultrasonic flaw 
indications within a central 1.5-m-diameter (58-in.) zone. Prior to the obtaining 
of specimens for a test matrix, the plate was subjected to an extensive material 
property survey [6] and, as might have been expected for such a large piece, 
there was high-strength-hardness properties in the skin [to about 12.7-cm (5 in.) 
depth] and in the rim zone [to about 51 cm (20 in.)]. The microstructures typical 
of this variability are shown in Fig. 1. Fracture toughness was measured using 
both Charpy V-notched specimens and standard 1T compact specimens. An 
unusual feature was that the material had high toughness at two levels of hard- 
hess which represent skin and midthickness microstructures. See Fig. 2. Above 
95 RB hardness, the extra-tough microstructure resulted from the high skin 
quench rate. The center slab positions are represented by 85 to 90 RB and the im- 
proved toughness was due principally to reduced strength in spite of the less un- 
favorable ferrite-pearlite microstructure. This trend in toughness with location 
was also supported by JR-Curve data, as shown in Fig. 3. Values of nominal 
strength were calculated and these appear with the JR-curves. The calculation 
was based on strength ratio, R~, from the ASTM Test for Plane-Strain Fracture 
Toughness of Metallic Materials (E 399-78a): 

o = R ~ ' o y ~  

(1) 
2P (2W + a) 

B ( W -  a) 2 

where 

a : crack size updated for stable growth, 
B = thickness, 
P ---: load, 

W = specimen width, and 
~y~ : yield strength. 

Once maximum load is attained, ON tends to plateau with continued testing 
and the values shown were calculated for the latter stages of the test. Although 
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FIG. 1--Surface and center microstructure at the 51-cm (20 in./position on 330-cm-diameter 
(130 in. ) by 58-cm-thick (23 in.)A508-2A tube plate. Source: Westinghou,*e Electric Corp. 

the trend in JR-curve toughness appears to be consistent with that of CVN 
toughness in Fig. 2, a caution is that strength level identification by hardness is 
not necessarily an optimum mechanism for precise characterization. 

For the specimen plan view study, all specimens were taken where the hard- 
ness was nominally 85 to 90 R B and the cracks were oriented in the C-R direction 
of the forged piece (see ASTM Method E 399). The crack tips were positioned 
within an imaginary cylindrical shell zone about 66 cm (26 in.) in radially from 
the rim and at midthickness + 12.7 cm (5 in.) off of the midthickness plane. 
Representative properties for this position are listed in Table 1. 

A matrix showing the various specimen sizes and dimensions is presented in 
Table 2. The standard E 399 compact design specimen with all dimensions 
scaled proportionally is represented by a diagonal through the table from up- 
per left to lower right. All specimens were 20 percent side-grooved (10 percent 
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TABLE 1--Tensile and Charpy properties of ASOS-2A at the mid-slab location where 
specimens were taken. 

Yield Tensile 
Strength Strength Reduction CVN a FA'I~ b 

% Elon- of 
ksi MPa ksi MPa gat ion Area, % R n ft-lb J ~ K 

SS (380) 80 (550) 30 63 87 1 IS (157) 110 (3%) 

aCVN = Charpy V-notch. 
bFATT --- fracture appearance transition temperature. 

TABLE 2--Test matrix: elastic-plastic methodology to establish JR-curves. 

Ligament Size, in. 
Thickness, in., 

Gross/Net 1/2 1 2 4 10 

0.5/0.4 W = 2  W = 2  W = 4  . . . . . .  
W = 2  W = 2  

1.o/o.8 v ' =  8 w ' 8 w "  8 w = 20 
2.0/1.6 W' " 4 W = 4 . . . . . .  

. . .  w " 8  w = a  . . .  . . .  

4.0/3.2 .. .  W = 8 .. .  W = 8 
1 0 / 8  . . . . . . . . . . . .  W'--' 20 

each side) after fatigue precracking. Figure 4 is a photograph of broken speci- 
men halves also arranged in a matrix array. The smallest specimens shown 
(1/2T and IXWOL)  are not discussed in the present report (see Ref 7). 

Experimental Conditions and Calculations 

All specimens were tested at 477 K (400~ which had been established be- 
forehand as a temperature that  is safely on the upper-shelf behavior for all 
possible specimen sizes. Crack growth was measured using unloading compli- 
ance and the details of the testing procedure have been covered in a companion 
paper [7]. In all cases, deformation theory J was obtained through crack growth 
correction using the following equation [8] 

.//+, = [ ~ +  / n "~ Ai~+,] 
\ ' b / i ' - ~ N  J [ l - ( b )  i ( a i + l - a i ) ]  (2) 

where 

)1 = 2 + O . 5 2 2 ( b / W )  i, 

2 / =  1 + 0 . 7 6 ( b / W ) i ,  

C o p y r i g h t  b y  A S T M  I n t ' l  ( a l l  r i g h t s  r e s e r v e d ) ;  W e d  D e c  2 3  1 8 : 0 2 : 4 2  E S T  2 0 1 5
D o w n l o a d e d / p r i n t e d  b y
U n i v e r s i t y  o f  W a s h i n g t o n  ( U n i v e r s i t y  o f  W a s h i n g t o n )  p u r s u a n t  t o  L i c e n s e  A g r e e m e n t .  N o  f u r t h e r  r e p r o d u c t i o n s  a u t h o r i z e d .
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Ai,i+ 1 = work done on specimen between Steps i and i + 1, and 
Bs  = net thickness. 

Crack growth was predicted using differential compliance from the follow- 
ing relationships 

d a -  
( W - -  ao) dC 1 + ~2 

2 C l + a  

ai 

Aap = ~ da (3) 
ao 

The terms o~ and C (compliance slope) are updated at each increment for 
crack growth as the test proceeds. It is possible to compare materials on the 

FIG. 4--Specimen sizes tested in R-curve effects study. 
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basis of nominal strength or key curve analysis [19], both of which are similar 
and can be equally effective in practice. The nominal strength can be calcu- 
lated by Eq 1 and if the crack size dimension a is continuously updated for 
crack growth, an upper plateau value of oN is reached at about the onset of 
limit-load deformation. To be perfectly accurate, this value will sometimes rise 
modestly with extensive continued fully plastic deformation. 

The key-curve concept is derived from dimensional analysis which defines 
calibration load-displacement behavior through a separation of material and 
dimensional variables. 

For the compact specimen of unit thickness, the following describes a rela- 
tionship of the acting variables 

P =  - ~  F 1 - ~  p, (4) 

Separation of variables gives 

~ -  - - t  ~ p  .g (S) 

The function F(8,/W) corresponds to the material property part of load ver- 
sus plastic displacement behavior and the function g(a/W) in concert with b 2 
will handle specimen geometry effects. Ernst has determined the g(a/W) -- ~1 
relationship [8] and thus for compact specimens 

g ( w )  = exp(O.522b/W) (6) 

Introducing thickness and assuming that initial slope is a key to both elastic 
and plastic properties in response to side-grooving, we determine effective 
thickness, Be 

(7) 

Hence when load is normalized according to the left side of Eq 7 and plotted 
against normalized plastic displacement, 8p/W, all specimen sizes and initial 
crack sizes should converge to a common "key curve." Again, as with Eq 1, the 
dimension b in Eqs 6 and 7 is updated for crack growth. Therefore, if the key 
curves indicate a difference between certain specimen comparisons, the impli- 
cation is that the material flow properties are fundamentally different and a 
difference in toughness development should be expected. 
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JrCurve Results 

In all, there were about 35 specimens tested for JR-CUrve. Most were a priori 
expected to have sufficient remaining ligament sizes for valid J-controlled 
stable crack growth. The specimens with square to short-of-square ligaments 
were expected to have full plane-strain constraint and hence they would also 
tend to have the same Jmcurve. Figure 5 shows some representative JR-CUrves 
and it is obvious that the results did not come out with the consistency that had 
been expected. To verify the accuracy of the JR-CUrve data, the last data points 
shown on each set are duplicated (connected points) with one being crack 
growth from compliance indicated measurement and the other from 9-point 
heat tint measurement [ASTM Determination of Jxc, A Measure of Fracture 
Toughness (E 813-81)]. To evaluate the validity of J, we can look at three pro- 
posed criteria, all of which are ligament size, b0, related requirements, and 
ostensibly formulated to maintain conditions of J-controlled growth. 

1. A limitation on crack growth to ensure deformation theory J [5] 

Aar/bo < 0.06 (8) 

2. A limitation on the ratio of proportional strain increments compared 
with local nonproportional strain increments (omega [10]) 

b o dJ 
6o-- j da (9) 

3. M-parameter; a limitation on crack-opening displacement relative to 
specimen ligament [10] 

Mb = b0oy/J (10) 

Table 3 lists calculated values of 6o and Mb for the two conditions of (1) onset 
of crack growth and (2) the final values corresponding to the termination of JR" 
curve development. Conservative provisional requirements have been pro- 
posed based upon the best judgment from numerical methods 

t0>10 

Mb > 20 (11) 

Aap/b o < 0.06 

For crack initiation conditions, all specimen sizes met the requirements for 
J-controlled growth as stipulated in Eq 11. For the final data values, ~of, (Mb)f, 
and Aap/bo, almost all specimens violated two of the three conditions. Viola- 
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11-572 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

TABLE 3- -  Values of to, M b. and A ap/b at onset of growth (Subscript O) and final data point 
(Subscript f ), 

Code Size b O, in. to o (Mb) o tof (Mb) f Aap/b 0 

1 10T 8.22 79 478 5.6 b 92 b &10 b 
2 10T 8.38 73 5,50 7.4 b 91 b 0.09 b 
3 10T 6.40 282 826 5.0 34 0.13 
4 10T 8.95 113 664 5.4 h 61 h 0. I 1 t, 
5 4T 3.86 181 360 1.6 35 0.19 
6 4T 3.92 100 30,3 1. I b 36h 0.22 h 
7 4"1" 3.85 169 490 4.5 45 0.09 
8 4T 3.89 160 495 4.2 44 0. I0 
9 4T 1.92 24 128 1.1 25 0.25 

11 4T 1.93 48 225 1.0 27 0.27 
12 4T 0.95 57 148 3.4 20 0.15 
13 4"1" 0.89 20 83 1.9 20 0.23 
14 4T 0.93 12 47 4.9 23 0.0q 
15 4T 0.96 39 84 3.0 22 0.12 
16 4T 0.93 14 81 2.5 19 0.25 
17 4T 0.92 45 128 2.0 19 0.25 
18 2T 1.89 39 147 0.5 31 0.32 
19 2T 1.96 109 183 0.5 25 0.27 
20 2T 0.37 10 58 2.4 18 0.18 
21 2T 0.45 16 31 5.7 16 0.07 
23 2T 2.00 71 232 1.8 22 0.27 
24 IT 0.97 13 68 3.3 18 0.28 
25 IT 0.96 14 73 3.6 20 0.19 
26 IT 0.98 19 62 0.4 14 0.27 
27 1T 0.97 23 73 1.1 13 0.23 
28 1T 0.45 18 58 0.8 13 0.22 
29 IT 0.48 15 48 0.8 12 0.25 
30 IT 0.48 32 56 0.9 7 0.28 
31 1T 0.48 26 46 0 8 0.28 

al in. = 25.4 mm. 
bNot final but intermediate at 
M > 25.0 
t o >  10. 

about 1 in. (25.4 mm) of crack growth. 

tion of the latter crack growth limit is arbitrary, at the discretion of the investiga- 
tor. However, error in deformation theory J is presumably eliminated through 
the use of Eq 2. 

The omega (co) criterion of Eq 10 is obviously violated in almost all cases at the 
end of JR-Curve determination. Omega, however, is not a parameter that is 
amenable to the assignment of absolute values. Material work-hardening char- 
acteristics affect proportional-nonproportional strain relationships and hence 
an appropriate o: for one material may not necessarily be appropriate for 
another material. In addition to this, Eq 9 represents only a rather general 
mathematical confirmation that J-controlled conditions can in fact exist with 
crack growth. To set an acceptable level of omega (Eq 10 for example) is roughly 
equivalent to the setting of an acceptable upper limit for error in JR-Curve 
slope. Ernst [12] has shown that in approximate terms, the slope error is 
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M C C A B E  ET AL ON FRACTURE T O U G H N E S S  11-573 

roughly (l/w • 100) in percent. Since slope change is a very subtle effect, this 
makes the task of detecting departure from Jr,-curve due to o: violation subjec- 
tive and difficult to separate from the usual J~ experimental data scatter. 

The Mb factor evaluation which is employed in a proposed plane-strain JR- 
curve test method was set at 20 and this is not only used on minimum ligament 
size, but it is also used for minimum net section thickness to develop plane- 
strain J~-eurve conditions. The comparison in Table 3 is for the remaining lig- 
ament, and all but a few IT specimens were satisfactory by Mh at the end of the 
JR-curve test. 

To draw a conclusion from the foregoing considerations, the variability seen 
in JR-CUrve behavior in Fig. 5 was not attributable to crack growth measure- 
ment inaccuracy or due to strongly definable violations of J-controlled growth 
conditions. 

All specimen results were compared on the basis of their key-curve behavior, 
that is, Eq 7, plotting normalized load versus normalized plastic displace- 
ment, and five levels were identified. These along with the corresponding JR" 
curves are plotted in Figs. 6 through 10. The nominal strengths at l.S percent 

5OO0 

N E 
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"T 3000 

Z000 

1000 

0 

25 

I0 
�9 I 

(ram) 
20 30 

I I 

�9 10T- 1" Thick 0.7 1~:~(I 
o 4T-  l"Thick 0.5 IJZ 
o 4T-4" lh i ck  0.875 139 
a 4 T - 2 " T h i c k  0.875 136 

I T - 112" Thick 0.75 L33 

~ I l I l 
0.'2 0.4 0.6 0.8 1.0 1.2 
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I | I 1 1 I 
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, ~ ' ' ~ P o i n t  of o N Compare 
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FIG. 6--J  R-curves for  material in the 830 to 965-MPa (120 to 140 ksi) nominal strength category. 
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F I G .  7--JR-Curves for  material in the 900 to I035-MPa (130 to 150 ksi) nominal strength category. 

plastic displacement (relative to W) are also indicated. It is evident from these 
comparisons that the JR-Curve variability in Fig. 5 was principally due to vari- 
ability in material properties. 

The comparison between the JR-curves of Figs. 9 and 10 follows the Charpy 
toughness versus material hardness trend indicated in Fig. 2 and JR-curve 
trend from 1T specimens in Fig. 3. The overall JR-Curve and key-curve behav- 
iors are summarized in Fig. 11. 

The JR-CUrve data of Fig. 8 has the indication of greatest significance to the 
original objectives of this study. Here data from 25.4-cm-thick (10 in.) 10T 
specimens and 2.54-cm-thick (1 in.) 1T specimens have about the same flow 
properties, as indicated by key curve, and it can be seen that the JR-CUrve 
toughness is also comparable. In this case, the extent of JR-CUrve data develop- 
ment in small specimens appears to be truncated due to exhaustion of remain- 
ing ligament and loss in load-carrying capability of the specimen. 

Table 4 lists hardnesses and nominal strengths (@ 0.015 5p/W) in the 
specimen geometry matrix format. Again, the standard E 399 geometry ap- 
pears on a diagonal from top left to bottom right. Specimens to the lower left 
have less-than-square remaining ligaments and everything to the upper right 
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FIG. 8---JR-curves for material in the 1035 to I 170-MPa (150 to 170 ksi) nominal strength category. 

represents long thin ligaments. Despite the hardness variability problem, it is 
possible to detect some loss of constraint effects in specimens to the right of the 
diagonal. At about 88 RB hardness, the nominal strength should be about 
1102 MPa (160 ksi) with full plane-strain constraint. A loss of constraint is also 
evident from observing specimen thickness reductions as compared in Fig. 12 
for matched broken halves of 4T plane-view specimens. Side-grooving 20 per- 
cent throughout the text matrix undoubtedly had promoted conditions of 
plane-strain constraint but the effectiveness was definitely limited as Fig. 12 
illustrates. 

The Mb equation referred to earlier could be calculated on the basis of 
thickness instead of ligament, which was used with regard to validation of 
J-controlled growth. This of course, is an entirely different value and the pro- 
posed ASTM JR-curve method [I1] currently recommends M B  > 20 for plane- 
strain JR-CUrVes where 

M B = B N a y / J  (12) 
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FIG. 9--JR-curves for material in the 1240 to 1310-MPa (180 to 190 ksi) nominal strength category. 

Table 5 lists thickness-based MB for the various specimens at the end of JR-Curve 
development. The results here tend to support the proposition that plane-strain 
JR-conditions exist at MB greater than or equal to 20. 

The material property screening part of this program that was discussed ear- 
lier had provided an interesting opportunity to compare the A508 material at 
contrasting strength levels (88 RB and 99 RB), both having good toughness by 
Charpy V evaluation (see Fig. 2). Two such specimens were found and their JR" 
curves are compared in Fig. 13 (lower part). They were non-side-grooved 1T 
specimens with initial crack sizes of 31.597 and 31.699 mm (1.244 and 1.248 
in.), so specimen dimensions are no factor in this comparison. The fracture 
toughness by JR-Curve appears to suggest that there is no difference. However, if 
we examine the test specimen behavior in terms of load versus displacement, 
there is a highly significant difference. The maximum load of the high-strength 
specimen was greater by about 40 percent, despite the identical JR-CUrves. The 
onset of crack growth had developed much earlier on in the test. This result 
clearly emphasizes the importance of material strength and the fact that JR- 
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FIG. lO~JR-Curves for  material in the 1450 to 1585-MPa (210 to 230 ksi] nominal strength category. 

curves in the J-Aap format do not necessarily completely describe inservice per- 
formance of materials. In other words, materials are not necessarily properly 
selected on the basis of JR-Curve comparisons alone. Material flow property dif- 
ferences appear in crack drive and this in concert with JR-Curve behavior dictates 
the resulting load-versus-displacement behavior. 

Conclusions 

JR-Curves tended to be independent of specimen geometry effects when the 
results were categorized according to their key-curve behaviors. This separa- 
tion encompasses not only differences according to metallurgical strength 
causes, but also differences in constraint conditions. 

Side-grooving of specimens is an aid to promotion of plane-strain con- 
straint. However, the 20 percent used here was most effective on square cross 
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FIG. l l--JR-curve and key-curve summary. 

TABLE 4--Hardness, HR B, and nominal strength, ksi. 

• Remaining 
~ L i g a m e n t  

Gross ~ 1/2 in, 1 in. 
Thickness ~ (125 mm) (25.4 ram) 

1 

1/2 in. 84186 86186 
(12.5 mm) 133/133 143/143 

1 in. 85/88 83/88/90 
(25.4 ram) 150/150 135/160/168 

2 in. 92/98 81/87 
(50.8 mm) 186/214 136/160 

4 in. 81/89 
(101.6 mm) "'" 135/152 

10in. 
(254 mm) . . . . . .  

2 in. 
(50.8 mm) 

88 
143 
90 

148 
88192198 

148/188/233 

4 in. 
(101.6 ram) 

87/87 
133/132 

85/88 
152/170 

10 in. 
(254 ram) 

84/86 
120/132 

1 ~ / 1 ~  

C o p y r i g h t  b y  A S T M  I n t ' l  ( a l l  r i g h t s  r e s e r v e d ) ;  W e d  D e c  2 3  1 8 : 0 2 : 4 2  E S T  2 0 1 5
D o w n l o a d e d / p r i n t e d  b y
U n i v e r s i t y  o f  W a s h i n g t o n  ( U n i v e r s i t y  o f  W a s h i n g t o n )  p u r s u a n t  t o  L i c e n s e  A g r e e m e n t .  N o  f u r t h e r  r e p r o d u c t i o n s  a u t h o r i z e d .
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FIG. 12--Variable-ligament-size 4T specimens, 2.54 cm H in.) thick. 

TABLE 5- -  Values of M b for thickness and plane-strain control 

~ b ~  1/2 in. 1 in. 2 in. 4 in. 10 in. 

0.4 in. 9 7.5 6 
0.8 in. 30 20 15 "6.5 5.0 
1.6 in. 75 42 30 . . .  
a . 2  in . . . .  85  . . .  - - a s  
8 in . . . . . . . . . . . . .  80 

I in. = 25.4 mm. 
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Z000 
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Z0 
I -~0 

40 

ca .  

20 

10 

I I I 1 I i I I i 

0 .Ol .02 .03 .04 .05 .06 .07 .08 .09 1. 
Norm. Plastic Oispl., 8p/W, in. 

0.5 1.0 1.5 Z0 2.5 
I I I I I 

o h T  
/ o #9 99 

/ o N 160 ksi 208 ksi 

i~ Pm~x z.n Kips. 10. 5 Kips 
Solid Data Points - H e a t  I i n t .  

I I I l I I I I l l 

0 .01 .02 .03 .04 .05 .Of} .01 .08 .{Y} 1.0 
Aa inches 

P 

600 

F I G .  13--Comparison of R-curve and test record behavior. 

400t.xl 
E 

-4 

section or less-than-square cross section ligaments. The side-grooving of long 
and thin ligaments is not totally effective in promoting plane-strain constraint. 
A thickness-based MB-value criterion of 20 appeared to assure plane-strain JR- 
curve conditions for 20 percent side-grooved specimens. 

JR-Curve behavior was shown to be almost completely dominated by strength- 
toughness interactions and remaining ligament conditions relating to condi- 
tions of J-controlled growth did not appear to be a factor in these tests. After 
substantial crack growth, the calculated w-values tended toward unity but this 
was only weakly related to JR-curve results. Since this proportional-to-nonpro- 
portional strain condition indicator was so weak, the ~-criterion does not pres- 
ently appear to be usable in experimental J-validation. The parameter Mh ap- 
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pears to be a more sturdy evaluation method and better suited to test method 
applications. 

Observation of load-displacement behavior of identical specimens with 
identical JR-Curves but having different strength levels has demonstrated the 
importance of crack drive considerations. Material strength in relatively ductile 
materials increases the load-bearing capability of components and this informa- 
tion is contained in crack drive relationships. Therefore, selection of materials 
for given applications should not be based on JR-curve comparisons alone. 
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ABSTRACT: An evaluation of the ductile fracture toughness and JI-R curve properties of 
HY-130 and ASTM A533B-HSST-03 steels in response to systematic variations of thick- 
ness and crack length in the side-grooved compact specimen geometry was carried out. A 
.series of 2T compact specimens was produced to varying thicknesses, and with various 
fatigue crack lengths. Elastic compliance JvR curve tests were performed, and analyses 
of J k, the slope of the J r  R curve, the accuracy of the Ernst-Paris-Landes approximation 
for Jl, and an assessment of the t.0 criterion for J-controlled crack growth were carried 
out. Results showed that Jk  of both steels was geometry independent when validity 
criteria were met. Both steels displayed a clear dependence of the slope of the JI-R curve 
as related to thickness/ligament ratio and degree of crack extension. A limiting thickness/ 
ligament ratio of 1 is necessary to ensure a conservative JvR curve slope over the full 
range of crack growth. The Ernst-Paris-Landes expression was shown to accurately de- 
scribe "/I tO crack extension values of 0.4 b 0 for HY-130 steel. Limited evidence suggests 
that a minimum value of ~0 to guarantee J-controlled crack growth with compact speci- 
mens in HY-130 steel is 2. 

KEY WORDS: elastic-plastic fracture, compact specimen geometry, JrR curve, Jk ,  
tearing modulus, J-controlled crack growth 

Characterization of ductile fracture properties of materials using J-integral 
concepts has been shown to be valid and widely applicable [1]. 2 Development 
and application of single-specimen J-integral test methods [2,3] accelerated 
interest in the J-integral crack growth resistance curve. Hutchinson and Paris 

tDavid W. Taylor Naval Ship R&D Center, Annapolis, Md. 21402. 
2The italic numbers in brackets refer to the list of references appended to this paper. 
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[4] discussed the theoretical foundation for utilizing the J-integral approach 
beyond crack initiation, and defined conditions for J-controlled crack growth. 
Subsequently, analyses of the stability of crack growth in the J-controlled re- 
gime were conducted by Paris and co-workers [5, 6]. These investigations in- 
eluded the development of tearing instability relationships under fully plastic 
conditions for several specimen geometry configurations, and the definition 
of the nondimensional tearing modulus parameter which incorporates the 
slope of the JrR curve [5]. 

Experimental validation of the tearing instability concept was performed 
initially by Paris and co-workers [6] using 3-point bend specimens, and sub- 
sequently by Joyee and Vassilaros [7] and Vassilaros and co-workers [8] using 
compact specimens. The results of 3-point bend specimen tests showed that 
the size of the remaining ligament affected the tearing instability behavior of 
the steel tested. Results of tests with compact specimens showed that in the 
case of very tough steels, the functional form of the JI-R curve had to be 
evaluated to accurately predict the point of instability [8]. These tearing in- 
stability validation experiments pointed to the importance of evaluating the 
sensitivity of the J-integral R-curve to specimen geometry for both materials 
characterization and structural analysis applications. 

Several recent investigations have been directed to evaluating effects of 
compact specimen geometry modifications on Jtc and the JI-R curve of steels 
[9-121. Andrews and Shih [9] evaluated J]c and the slope of the J]-R curve of 
ASTM A533B steel and concluded that side grooves machined to a total 
thickness reduction of 12.5 percent suppressed the shear lip formation. They 
also showed that the slope of the JI-R curve developed with 4T compact speci- 
mens was reduced in specimens with side grooves of 50 percent total section 
reduction. In tests performed with HY-130 steel, Gudas and co-workers [10] 
showed that while JIc was independent of specimen geometry, tearing modu- 
lus values were minimized by specimen side-grooving. They also indicated 
that tearing modulus values for side-grooved specimens with greater than 
12.5 percent total thickness reduction remained constant with increasing 
crack length, at the value coinciding with the lowest value measured for 
planar specimens. In their investigations of specimen geometry effects on JI-R 
curves for A533B steel, Vassilaros et al [11] and Gudas et al [12] indicated 
that 20 percent side grooves produced straight fronts for tearing, and re- 
sulted in lower JI-R curves, testing modulus values, and somewhat reduced 
Jlc-values than those obtained for planar specimens. These investigations 
also suggested that the tearing modulus was unaffected by variations in 
thickness-to-ligament ratios of 0.63 to 3.89 and was not sensitive to changes 
in slip mode from planar to cross slip. 

The objective of this investigation was to evaluate the ductile fracture 
toughness and JI-R curve properties of HY-130 and ASTM AS33B steels in 
response to .systematic variations of thickness and crack length to ligament 
length ratios in the side-grooved compact specimen geometry. Additionally, 
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the accuracy of the Ernst-Paris-Landes expression [13] for Jl was experimen- 
tally evaluated. A series of 2T compact specimens was produced to varying 
thicknesses and with various fatigue crack lengths. Elastic compliance Jr R 
curve tests were performed with both steels, and several analyses were em- 
ployed to assess the variation in the ductile fracture parameters. 

Experimental Procedure 

ASTM A533B (HSST-03) and HY-130 structural steels were utilized in 
this investigation. Chemical compositions and mechanical properties for 
these steels are shown in Table 1. 

All ductile fracture experiments utilized 2T compact specimens (Fig. I) 
with maximum thicknesses of 12.5, 25.0, and 50.0 mm (0.5, 1.0 and 2.0 in.). 
Specimens were fatigue precracked according to the ASTM Test for Plane- 
Strain Fracture Toughness of Metallic Materials (E 399-78a) criteria to crack 
depths of approximately 0.55, 0.65, 0.75, and 0.85 a / W ,  where a is the crack 
length and W the specimen width. These combinations of specimen thick- 
ness and crack length provided the wide range of specimen thickness/liga- 
ment ratios ( B / b )  shown schematically in Fig. 2. Side grooves were machined 
into all specimens, after precracking, along the nominal crack plane to a 
total section reduction of 20 percent. Tests of AS33B steel were conducted at 
150~ (302~ while HY-130 steel specimens were tested at room tempera- 
ture, approximately 25~ (77~ 

JrR curve tests in this investigation were conducted using the computer- 
interactive unloading compliance test procedure of Joyce and Gudas [3]. The 
J-integral tests were undertaken by performing a series of approximately 10 
percent unloadings during the course of a normal fracture mechanics type 
test. For all tests, the values of crack length and changes in crack length were 
calculated from compliance measurements using the expression suggested by 
Saxena and Hudak [14]. Ji was calculated according to the expression [13] 

, ,+=b+(:) ,  [, , 
where 

7/ = 
W =  
3' = 

b i = 

B N  = 
a i = 

ai. i+ 1 ~- 

2 + (0.522) b / W  for compact specimens, 
specimen width, 
1 + (0.76) b / W ,  

instantaneous length of remaining ligament, 
minimum specimen thickness, 
instantaneous crack length, 
area under load versus load-line displacement record between 
lines of constant displacement at Points i and i + 1. 
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x 

x = 0.5, 1.0 OR 2.0 INCHES 

NOTI SIDE GROOVE DEPTH IS 
0.1X ON EACH SIDE OF 
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FIG. 1 - -2T  compact specimens tested in this investigation (25.4 mm = 1.0 in.]. 

( ( 

i! ! | . . . . .  = . . . . . .  

~ =~;~ I ~ A ; ~ : S  / / 
. / /  . " THICKNESS 

0.5"" 1.0'" 2.0"" THICKNESS 

(A) A S T M  A533B HSST-03 STEEL {B) HY-130 STEEL 

FIG.  2 - - T h i c k n e s s / l i g a m e n t  ratios for  2T  compact specimens tested in this investigation (25.4 
mm = 1.Oin,). 
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At the conclusion of testing, specimens were heat-tinted at 380~ (716~ 
for 30 min to mark the extent of crack growth. After breaking open at liquid 
nitrogen temperature, the crack length and crack extension were measured 
at nine equally spaced points across the crack front, including the two sur- 
faces. An average value of the two surface measurements was used as a single 
point in computing crack dimension and crack growth. 

For the 2T compact specimens tested in this investigation, Jxc-values were 
computed according to the ASTM Determination of J1c, A Measure of Frac- 
ture Toughness (E 813-81) that is, from the intersection of the crack-opening 
stretch line with the least-squares fit of data points, which fell at least 0.15 
mm (0.006 in.) beyond the blunting line, and did not exceed 1.5 mm (0.06 
in.) in crack growth from that blunting line. The tearing moduli were 
calculated using the following expression [61 

E dJl 
T = ~ - -  (2) %2 da 

where 

T = tearing modulus, 
dJl/da = slope of JI versus crack extension curve, 

E = elastic modulus, and 
(yield strength + ultimate tensile strength). 

oy = flow stress = -  
2 

The dJ1/da-values in this investigation were calculated using two methods, 
including the least-squares linear regression fit of J1 crack extension data 
within the ASTM E 813-81 exclusion region, and the least-squares linear fit 
of J1 crack extension data which fell at least 0.15 mm (0.006 in.) beyond the 
blunting line to 50.0 mm (0.200 in.) of crack growth. 

Results and Discussion 

The purpose of the first segment of the investigation was to determine the 
effects of varying specimen thickness and remaining ligament on the ductile 
fracture properties of HY-130 and A533B steels. As part of the data analysis, 
each specimen test was examined for validity using criteria established in 
Standard E 813-81. The first of these criteria requires that specimen thick- 
ness and remaining ligament be greater than or equal to 15 J/o.v, where J and 
remaining ligament relate to a specific amount of crack extension. This crite- 
rion was considered satisfied for both JIc and tearing modulus evaluations if 
it was met at 1.5 mm (0.060 in.) of crack extension. For evaluations of tear- 
ing modulus data determined over 5.0 mm (0.20 in.) (far field) of crack ex- 
tension, results were considered valid if the 15 J/t~y criterion was satisfied at 
S.0 mm (0.20 in.) of crack extension. Secondly, E 813-81 requires that thick- 
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ness and the remaining initial ligament be greater than 25 Jicloy. Test results 
in this investigation were considered for the data analysis only if they met 
both validity criteria. Parameters necessary to determine these validity limits 
for HY-130 steel are presented in Table 2, and for AS33B steel in Table 3. 

Test results from this investigation are presented in Table 4 for HY-130 
steel, while results of A533B steel tests are given in Table 5. These tables in- 
clude specimen identification, Jic (according to E 813), dJi/da, thickness/ 
ligament ratio, tearing moduli measured at 1.5 mm (0.06 in.) and 5.0 mm 

TABLE 2--  Validity criterion parameters for H Y- 130 steel compact specimens. 

Specimen Thickness 

a /W Data 12.5 mm (0.5 in.) 25 mm (1.0 in.) 51 mm (2.0in.) 

0.55 Specimen ID FST-21B FST-10 FST-5 
ao/W 0.56 0.56 0.60 
B N, mm (in.) 10.4 (0.41) 18.5 (0.73) 40.4 (1.59) 
b 0, mm (in.) 44.5 (1.75) 43.9 (1.73) 40.7 (1.60) 
J lo KJ/m 2 (in.-lb/in. 2) 115 (655) 109 (621) 129 (738) 
25Jlc/Oy, mm (in.) 3.0 (0.12) 2.8 (0.11) 3.3 (0.13) 
Aa, b i lSJ/oy, mm (in.) >5.0 (0.200) >5.0 (0.200) >5.0 (0.200) 
Aa, B N 15J/ay, mm (in.) >5.0 (0.200) >5.0 (0.200) >5.0 (0.200) 
Aa, valid by 15J/ov, mrn (in.) >5.0 (0.200) >5.0 (0.200) >5.0 (0.200) 

0.65 Specimen ID FST-17M FST-I1 FST-8 
ao/W 0.67 0.66 0.67 
B,v, mm (in.) 10.4 (0.41) 17.3 (0.68) 40.7 (1.60) 
b 0, mm (in.) 33.5 (1.32) 34.3 (1.35) 34.0 (1.34) 
Jte, KJ/m2(in--lb/in-2) 101 (578) 118 (674) 129 (735) 
2~Jlc/Oy, m m  (in.) 2.5 (0.10) 3.0 (0.12) 3.3 (0.13) 
Aa, b i 15J/Cty, mm (in.) >5.0 (0.200) >5.0 (0.200) >5.0 (0.200) 
Aa, B N 15J/oy, mm (in.) >5.0 (0.200) >5.0 (0.200) >5.0 (0.200) 
Aa, valid by 15J/oy, mm (in.) >5.0 (0.200) >5.0 (0.200) >5.0 (0.200) 

0.75 Specimen ID FST-20M FST-15B FST-6 
ao/W 0.77 0.76 0.74 
B N, mm (in.) 10.4 (0.41) 17.0 (0.67) 39.6 (1.56) 
b 0, mm (in.) 23.6 (0.93) 24.2 (0.96) 26.4 (1.04) 
JIc, KJ/m2 (in.'lb/in.2) 138 (789) 109 (623) 140 (802) 
25Jlc/oy, mm (in.) 3.6 (0.14) 2.8 (0.11) 3.6 (0.14) 
Aa, b i 15J/oy, mm (in.) >5.0 (0.200) >5.0 (0.200) >5.0 (0.200) 
,~a, BN 15J/ay, mm (in.) >5.0 (0.200) >5.0 (0.200) >5.0 (0.200) 
Aa, valid by 15J/oy, mm (in.) >5.0 (0.200) >5.0 (0.200) >5.0 (0.200) 

0.85 Specimen ID FST-16T FST-14T FST-7 
ao/W 0.86 0.86 0.85 
B,v, mm (in.) 10.4 (0.41) 18.5 (0.73) 40.4 (1.59) 
b 0, mm (in.) 14.2 (0.56) 14.2 (0.56) 15.6 (0.62) 
Jlc, KJ/m2 (in.'lb/in.2) 124 (711) 129 (736) 138 (787) 
25Jlc/Oy, mm (in.) 3.3 (0.13) 3.3 (0.13) 3.6 (0.14) 
Aa, b i ISJ/oy, mm fin.) >5.0 (0.200) >5.0 (0.200) >5.0 (0.200) 
Aa, B N lSJ/oy, mm (in.) >5.0 (0.200) >5.0 (0.200) >5.0 (0.200) 
Aa, valid by ISJ/qv, mm (in.) >5.0  (0.200) >5.0 (0.200) >5.0 (0.200) 
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11-590 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

TABLE 4--JtR curve test results for HY-130 steel compact specimens. 

Specimen Thickness 

a /W Data 12.5 mm (0.5 in.) 25 mm (1.0 in.) 51 mm (2.0 in.) 

0.55 Specimen ID FST-21B FST-10 FST-5 
BN/b o 0.24 0.42 0.99 
ao/ W 0,56 0.,.56 0.60 
Jic, KJ/m2 (in.-lb/in.2) 115 (655) 109 (621) 129 (738) 
dJi/da, KJ/m3(in.-Ib/in. 3) 7510 (10900) 8750 (12700) 5010 (7270) 
T at 1.5 mm (0.06 in.)Aa 16.1 18.8 10.8 
T at 5.0 mm (0.20 in.)Aa 6.8 7.2 5.4 
Estimated Aa, mm (in.) 25.68 (1.011) 26.18 (1.031) 30.33 (1.194) 
Measured Aa, mm (in.) 26.77 (1.054) 25.55 (1.006) 30.66 (1.207) 

0.65 Specimen ID FST-17M FST-I 1 FST-8 
BN/b o 0.31 0.50 1.19 
ao/W 0.67 0.66 0.67 
JIc, KJ/m2(in--lb/in2) 101 (578) 118 (674) 129 (735) 
dJt/da. KJ/m3(in.-lb/in. 3) 7780 (11300) 11480 (16660) 4410 (6400) 
T at 1.5 mm (0.06 in.)Aa 16.7 24.6 9.5 
T at 5.0 mm (0.20 in.)Aa 6.9 9.9 5.7 
Estimated Aa, mm (in.) 24.69 (0.972) 26.64 (1.049) 25.45 (1.002) 
Measured Aa, mm (in.) 24.92 (0.981) 26.92 (1.060) 25.55 (1.006) 

0.75 Specimen ID FST-20M FST-15B FST-6 
BN/b o 0.44 0.70 1.50 
ao/W 0.77 0.76 0.74 
Jrc, KJ/m2(in.-lb/in. 2) 138 (789) 109 (623) 140 (802) 
d~ll/da, KJ/m3(in.-Ib/in. 3) 7260 (10400) 8740 (12520) 4140 (6020) 
T at 1.5 mm (0.06 in.)Aa 15.4 18.5 8.2 
T at 5.0 mm (0.20 in.)Aa 7.1 7.8 5.4 
Estimated Aa, mm (in.) 5.21 (0.205) 19.02 (0.749) 19.18 (0.755) 
Measured Aa, mm (in.) 5.64 (0.222) 19.41 (0.764) 19.63 (0.773) 

0.85 Specimen ID FST-16T FST-14T FST-7 
B,v/b o 0.74 1.31 2.58 
ao/ W 0.86 0.86 0.85 
JIe, KJ/m2(in.-Ib/in.2) 124 (711) 129 (736) 138 (787) 
dJt/da, KJ/m3(in.-lb/in. 3) 7950 (11550) 6070 (8810) 4730 (6870) 
T at 1.5 mm (0.06 in.)~a 17.1 13.0 10,2 
T at 5.0 mm (0.20 in.)Aa 6.1 6.3 5.5 
Estimated Aa, mm (in.) 9.86 (0.388) 9.42 (0.371) 11.00 (0.433) 
Measured Aa, mm (in.) 9.93 (0.391) 9.91 (0.390) 11.35 (0.447) 

(0.200 in.) of crack extension, and measured and estimated crack extension 
values. 

Prior to evaluating the effects of thickness/ligament ratio on the JrR curve 
characteristics of HY-130 steel, it is important to comment on the effects of 
the 20 percent side grooves machined after precracking. These side grooves 
acted to eliminate tunneling and provide straight crack fronts, as shown in 
Fig. 3, in the HY-130 steel compact specimens. This straight crack front ge- 
ometry provided excellent correlation between estimated and measured crack 
extension values, where the difference was less than 5 percent. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.
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FIG. 3--Fracture surfaces of  tested 2 T  compact specimens of  HY-130 steel with various 
thickness~ligament ratios (25. 4 mm = I. 0 in.). 

Examination of the JI-R curves for HY-130 steel tests, as shown in Fig. 4 
[12.5 mm (0.5 in.) thick], Fig. 5 [25 mm (1.0 in.) thick], and Fig. 6 [51 mm 
(2.0 in.) thick], indicates that these data show minimal scatter among the 
specimens tested. Additionally, data in Table 2 indicate that all HY-130 steel 
compact specimens are valid by the requirements previously established, up 
to 5.0 mm (0.200 in.) of crack extension. 

The plot of Jic versus net thickness/ligament ratio for HY-130 steel is pre- 
sented in Fig. 7. These resutls indicate that, with a single exception, Jic-val- 
ues exhibit minimal variation with increase in thickness/ligament ratio. This 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



J 
IN

-L
B

S/
IN

 
2 

~ 
! 

! 
~ 

~'
~'

~ 
J 

IN
-L

B
S/

IN
2 

--
o 

~ 
I 

I 
I 

I 

n 
p~

 
.~

 

~
 

N
 

-t
 

0 
o 

01
~ 01
~ 

~
>

 

0 
o 

~>
 

-o
~

 
~

 
x 

-4
 

.~
 

$ 
_~

 
~ 

�9
 

b
z

 

%
 

O
O

 

c~
 D
 

~ 
zQ

O
O

D
 

�9
 

m
;
;
;
;
 

, 
, 

~
,"

 

~-
 

o 
~ 

O
0 

13
 

0 

13
 

J 
K

 J/
m

2
 

I 

g 

~
0
 
O
0
 ~
 
~
0
 

--
 

I~
 

ii 
ii 

II 
II 

, 
o 

.o
 .o

 .o
 

z 
-n

 
"n

 
"n

 

_
_

J
 

I 
o 

~ 

0 0
~
>
 

o I-
I 

0
0
 C>

 

~
 

J 

J 
K

J/
m

 2
 

I 
I 

o
 

c~
 

"i
n 

)>
 

c~
 

o
 

m
 x m z 0 z 

o
3
 3 

o
 

3>
 

< m
 3>

 
r-

 O
 

z G
) -o
 

rn
 

C)
 

E m
 z G
) 

m
 O
 

E m
 --
4 

~O
 

-<
 

m "1
1 

-'
n 

m 0 -
M 

O~
 

i "T
- 

C
ll 

CO
 

GO
 

Co
py

rig
ht 

by
 A

ST
M

 In
t'l (

all 
rig

hts
 re

ser
ve

d);
 W

ed
 D

ec 
23

 18
:02

:42
 ES

T 2
01

5
Do

wn
loa

de
d/p

rin
ted

 by
Un

ive
rsit

y o
f W

ash
ing

ton
 (U

niv
ers

ity
 of

 W
ash

ing
ton

) p
urs

ua
nt 

to 
Lic

en
se 

Ag
ree

me
nt.

 N
o f

urt
he

r re
pro

du
ctio

ns 
au

tho
riz

ed
.



11-594 E L A S T I C - P L A S T I C  F R A C T U R E :  S E C O N D  S Y M P O S I U M  
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FIG. 6 - - J  z versus crack extension data for 51-mm-thick (2.0 in.) 2T compact specimens of 
HY-130 steel. 
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FIG. 7--Jlc versus thickness/ligament ratio data for 2T compact specimens of HY-130 steel. 

result is similar to that seen in previous investigations in which the effects of 
side-groove depth and ligament length were evaluated with HY-130 steel 1T 
compact specimens [I0,12]. The Jic-value for one specimen, a 12.5 mm thick 
(0.5 in.) compact with a/w = 0.75, was moderately higher than the re- 
mainder of the data. Examination of the fracture surface of that specimen 
showed that it tends toward cross slip, which would act to force the Jl-values 
up and produce a higher apparent J1c for this specimen. 
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DAVIS ET AL ON SPECIMEN GEOMETRY EFFECTS 11-595 

Tearing modulus data determined from the linear fit of J rR curve data to 
1.5 mm (0.06 in.) of crack extension are shown in Fig. 8. These data exhibit a 
decreasing trend before apparently leveling off at a thickness/ligament ratio 
approximately equal to 1. The minimum tearing modulus values were ob- 
served in the specimens with the largest nominal thickness and net 
thickness/ligament ratios. Tearing modulus results from the linear fit of the 
JI-R curve over an extended range of crack extension [5.0 mm (0.200 in.)] are 
plotted in Fig. 9. The data scatter has collapsed, and the tearing modulus 
values have reduced to a minimum band which is independent of the 
thickness~ligament ratio. It can be observed that the compact configuration 
with the largest specimen thickness and thickness/ligament ratio showed the 
smallest decrease in tearing modulus value when calculated over the ex- 
tended range of crack extension. 

After analyzing these tearing modulus data determined from the linear fit 
of Jt-R curve data, it was necessary to attempt to establish whether the trends 
and results produced in evaluating J rR curve data over 1.5-mm (0.06 in.) 
craek extension were actually a function of the varying specimen geometry, 
or merely a function of the technique used for the analysis. To this end, the 
J rR curve slope, dJ/da, and consequently the tearing modulus were 
reevaluated utilizing the power-law fit described by Carlson and Williams 
[15] where 

J = A~ (Aa) A2 (3) 

This fit was applied to the unloading compliance J rR curves and differen- 
tiated to give the following expression: 

and then 

dJl 
da 

-- (AI "A2)Aa ('42-J) (4) 

E dJi EAIA2 . A a ( A 2 _ I )  
TMAT = = ~ (5) Oy 2 da ay 2 

in terms of the coefficients A 1 and A 2. Tearing modulus values were then de- 
termined at several increments of crack extension, including 0.51 mm (0.02 
in.), 1.27 mm (0.05 in.), 1.78 mm (0.07 in.), 2.54 mm (0.10 in.), 3.81 mm 
(0.15 in.), and 5.08 mm (0.20 in.) from the blunting line. Figure 10 is a plot 
of the various sets of calculated tearing modulus values against the net 
thickness/ligament ratios. The tearing modulus data developed in this analy- 
sis support results obtained using the linear fits of this data. For cases of 
limited crack extension of less than 1.3 mm (0.05 in.), the tearing modulus 
shows a decreasing trend with increasing specimen net thickness/ligament 
ratio. For cases of crack extension approaching 5.0 mm (0.20 in.), the in- 
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of  HY-130 steel with T determined over 1.5 mm (0. 06 in.) of  crack extension. 
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F I G .  9--Tearing modulus (T)  versus thickness/ligament ratio data for  2 T  compact specimens 
of  HY-130 steel with T determined over 5.0 mm (0.200 in.) of  crack extension. 

stantaneous slopes of the JI-R curves decreased, and showed little or no de- 
pendence on net thickness/ligament ratio in the limit. This suggests that as 
the mode of crack extension changes from blunting to tearing, effects of this 
transition do cause a real elevation of the JI-R curve under certain constraint 
conditions. In Fig. 10, it can be seen that sensitivity of the tearing modulus 
measurement is minimized where the net thickness/ligament ratio exceeds 1, 
for any amount of crack extension. The crack front geometries achieved 
where B/b > 1 tend toward those expected under plane-strain constraint 
conditions, where negligible tunneling and cross slip were observed. This 
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ratio of net thickness/ligament is apparently sufficient to maximize con- 
straint, as suggested by Hertzberg [16], and assure plane-strain constraint. 
Importantly, for the cases of limited crack growth, the decreasing trend in 
tearing modulus values suggests that even though side grooves have produced 
planar crack growth, plane-strain constraint conditions do not necessarily 
exist. 

Figure l la  shows fracture surfaces for several 2T compact specimens of 
ASTM A533B (HSST-03) steel with 20 percent side grooves. The crack fronts 
of these specimens are typical of those tested in this investigation, and indi- 
cate that tunneling was reduced and crack fronts were substantially 
straighter than those previously produced in non-side-grooved compact spec- 
imens of AS33B steel, as shown in Fig. l lb ,  tested by Vassilaros et al [8] and 
also by Andrews and Shih [9]. However, the crack fronts were not as straight 
as those for the HY-130 steel compact specimens. This is reflected in the fact 
that the measured and estimated crack extension values (Table 5) for the 
A533B differ by up to 31 percent. Additionally, not all 2T compact speci- 
mens of the AS33B met the previously established validity criterion. As iden- 
tiffed in Table 3, these invalid test specimens will be included in all data plots 
for AS33B (Figs. 16, 17, and 18) but will be denoted by "closed" symbols. 

The J]-R curves for ASTM A533B steel tests are presented in Fig. 12 [12.5 
mm (0.5 in.) thick], Fig. 13 [25 mm (1.0 in.) thick], and Fig. 14 [51 mm (2.0 
in.) thick], Fig. 13 [25 mm (1.0 in.) thick], and Fig. 14 [51 mm (2.0 in.) 
thick]. These curves exhibit significant data scatter with varying thicknesses 
and net thickness/ligament ratios. As previously mentioned, several AS33B 
specimens did not meet the specified validity criterion. It should be reiterated 
that specimen tests satisfying the criterion of Bjv, b > 15 J/~y at 1.5 mm 
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(0.06 in.) of crack growth were considered valid for Jic and near-field tearing 
moduli analyses. Additionally, two 25-mm-thick (1.0 in.) compact specimens 
(FSH-807 and FSH:806) which met those validity criteria displayed severe 
lateral contraction in the test section, indicating non-plane-strain fracture 
behavior. The lateral contraction was measured to be 3 and 5 percent of the 
net section reduction on these specimens. The JI-R curves for the six remain- 
ing A533B compact specimens are shown in Fig. 15. Considering the ex- 
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F I G .  1 5 - - J  I versus crack extension data for 2T compact specimens of ASTM A533B steel 
valid according to criteria established in ASTM E 813 with negligible test section lateral contrac- 
tion (25.4 m m :  1.0 in.). 

pected material scatter, as previously observed by Vassilaros [11] and Gudas 
et al [12] in J[-R curve investigations on A533B steel, these "valid" JI-R 
curves display similar agreement to that seen with HY-130 steel. 

The Jic-values versus net thickness/ligament ratio for AS33B 2T compact 
specimens are presented in Fig. 16. It can be seen that Jic data for this mate- 
rial exhibits considerable scatter which is similar to that noted by Gudas et al 
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FIG. 16--Jlc versus thickness/ligament ratio data for 2T compact specimens of ASTM 
A533B steel. 

[12] in previous tests of AS33B steel. Also, it can be seen that the most scatter 
occurs in the 12.S-ram-thick (1.0 in.) specimens, where Jrvalues were 
elevated, but where specimen tests were invalidated by the previously estab- 
lished criteria. When considering only valid data, as denoted by open sym- 
bols in Fig. 16, these results indicate a relative specimen geometry indepen- 
dence for Jic with increasing net thickness/ligament ratio. This supports the 
behavior previously observed for the HY-130 steel 2T compact specimens 
tested with 20 percent side grooves. 

Tearing modulus values determined from linear regression fits of JI-R 
curve data up to 1.5 mm (0.06 in.) of crack extension for AS33B steel are 
plotted against the 2T compact specimen thickness/ligament ratio in Figure 
17. Although there is substantial scatter, there is an initially decreasing trend 
of tearing modulus with increasing net thickness/ligament ratio. In the case 
of this steel, this trend is associated with lateral contraction observed in 
25-mm-thick (1.0 in.) specimens. As the net thickness/ligament ratio in- 
creased further, the tearing modulus values began to increase, as previously 
observed by Vassilaros [11] and Gudas et al [12]. This trend is particularly 
evident with the nonvalid, deeply cracked 2T compact specimen ( B / b =  
3.00). Analysis of AS33B test data with respect to the validity criterion estab- 
lished in ASTM E 813 indicated that only three specimens satisfied the BN, 
b > 15J/ay (Table 3) criteria at 5.0 mm (0.20 in.) of crack extension. With 
this limited far-field tearing modulus data available for analysis, such an 
evaluation was not undertaken for AS33B steel specimens. 

The results of these experiments to evaluate Jic and the slope of the JI-R 
curve in response to systematic variations in crack length and thickness in 
side-grooved 2T compact specimens point to several conclusions. First, the 
geometry independence of fracture toughness, J1o has been demonstrated for 
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FIG. 17--Tearing modulus IT) versus thickness/ligament ratio data for 2T compact speci- 
mens of A S T M  A533B steel with T determined over 1.5 mm (0.06 in.) of crack extension. 

HY-130 steel and supported by data for AS33B steels where the validity cri- 
terion established in ASTM E 813 were met. HY-130 steel showed less scatter 
than AS33B steel as previously reported by other investigators, but both 
steels were insensitive to substantially changing constraint conditions when 
JIr was evaluated. Secondly, clear dependence of the slope of the J-integral 
R-curve was seen in both steels as related to the net thickness/ligament ratio, 
and the degree of crack extension. In the case of the HY-130 steel, the slope 
of the ] r R  curve was elevated in the regime of short crack extension, par- 
ticularly where the net thickness/ligament ratio was less than approximately 
1. Limited evidence of cross slip was also noted in this regime, even though 
the side grooves caused substantially planar crack growth. This dependence 
of the J rR  curve slope upon constraint conditions diminshed with crack ex- 
tension. In the case of A533B steel, the slope of the J rR curve also showed a 
decreasing trend for side-grooved 2T compact specimens in the regime where 
B/b was less than 1. The trend was complicated by the occurrence of lateral 
contraction in several specimens, which again pointed to the lack of full 
plane-strain constraint. Additionally, it is suggested that due to the signifi- 
cant effect lateral contraction exhibited on the J rR  curves, a validity 
criterion limiting this contraction should be considered for materials such as 
A533B steel. ASTM AS33B steel tests also showed an increase in the tearing 
modulus calculated for the near-field Jr  R curve [crack extension up to 1.5 
mm (0.06 in.)] as crack length was increased, where a/W > 0.75, to produce 
net thickness/ligament ratios greater than 1. This increase was not seen in 
tests for HY-130 steel but was noted in previous investigations with AS33B 
steel [11,12]. Those investigators suggested that this increasing tearing mod- 
ulus trend observed for A533B steel could possibly be attributed to back-wall 
effects in deeply cracked compact specimens. 
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One of the initial goals of this investigation was to evaluate the Ernst- 
Paris-Landes expression [13] for calculating Jrvalues from load-displacement 
records. This approximation was developed because the expressions formu- 
lated by Rice [17] and Merkle and Corten [18] to calculate Jr-values for com- 
pact specimens did not consider the contribution of crack extension. Hutch- 
inson and Paris [4] proposed a method to calculate Jl considering the effect 
of crack growth. 

Although analytically exact, these techniques required a large amount of 
numerical manipulation to analyze a load-displacement record. The expres- 
sion developed by Ernst [13] et al emphasized the strict deformation theory 
interpretation of Jt as a function of two variables, in this case crack length 
and deflection, and the value of J is independent of the particular path 
chosen to the point of interest. This method is applicable to the single- 
specimen test and makes full use of the load-displacement test record. The 
Ernst-Paris-Landes expression for crack-growth-corrected Jl was previously 
given in Eq 1. 

To initiate evaluation of this expression, several JI-R curves (Figs. 18. 19. 
and 20) for previously tested HY-130 steel 2T compact specimens with maxi- 
mum crack extensions approaching 25 mm (1.0 in.) were examined. Jrvalues 
were observed to reach a maximum at crack extensions equal to approxi- 
mately 40 percent of the original remaining ligament (b0). Beyond that point, 
Jrvalues exhibited a decreasing trend up to the maximum crack extension 
obtained for each test. The approach employed in this phase was to deter- 
mine Jrvalues for J rR curve points on the increasing slope portion, at a point 
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approximately equal to the maximum Ji-value, and at points on the decreas- 
ing slope portion of specific JI-R curves for comparison with crack-growth- 
corrected Ji-values. The experimental procedure employed was to determine 
the actual crack lengths corresponding to the specific crack extension points 
of interest on 2T compact specimens which had undergone elastic compli- 
ance tests. Blunt notches, with root radii of 1.6 mm (0.625 in.), were machin- 
ed in similar 2T compact specimens to depths corresponding to those specific 
crack lengths. After determining the load-line crack-opening displacements 
(COD) taken from the elastic compliance load-displacement record that cor- 
responded to the specific crack extensions of interest, the blunt-notch 
specimens were loaded to those specific COD values. Ji was then calculated 
at that point, using Eq 1, where the crack extension term was zero. To con- 
firm that no crack extension existed after test, specimens were broken open 
in liquid nitrogen after heat tinting and the crack length was measured as per 
ASTM E 813. No crack extension was observed on any test specimens. 

The Jl-values determined from this series of blunt-notch tests are plotted 
on the original JI-R curves, shown in Figs. 18, 19, and 20, developed using 
the Ernst-Paris-Landes expression. These results suggest that up to the point 
of maximum Jl, where crack extension is approximately equal to 0.40 b0, the 
Ernst-Paris-Landes expression accurately corrects Ji for crack extension. In 
the range of crack extension beyond 0.40 b0, this expression apparently over- 
corrects JI in 2T compact specimens of HY-130 steel. This suggests that this 
expression is limited in its ability to accurately correct Jrvalues for cases of 
extended crack growth, at least for the cases of elastic-perfectly plastic 
materials like HY-130 steel. However, the range of accuracy demonstrated by 
this expression is well beyond the limits of crack extension suggested for 
J-controlled crack growth, which are on the order of 6 percent bo I19]. It was 
also observed that while Jrvalues produced from these tests where not crack 
growth occurred did not exhibit the decreasing trend noted in the Ernst- 
Paris-Landes approximation, they did not continue to elevate with increasing 
crack extension as would be expected with an energy-related parameter. This 
suggests that although J-controlled crack growth, as described by Hutchin- 
son and Paris [4], may extend beyond previously established limits, its 
dominance is clearly not applicable for cases of extensive crack growth 
(>0.40 b0). 

The J r R  curves shown in Figs. 18-20 were the results of attempts to pro- 
duce crack extensions beyond the region of J-controlled crack growth. A pa- 
rameter developed to indicate the existence of the necessary conditions for 
J-controlled crack growth is ~ = (b/J) (dJi/da) as defined by Hutchinson 
and Paris [4]. Originally it was postulated that an ~-value much greater than 
1 was necessary to assure J-controlled crack growth. This minimum value has 
not been ascertained, however, and values from o~ : 40 [4] to ~ = 5 [20] 
have been suggested. 

All of the J-integral R-curves produced in this investigation were analyzed 
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to evaluate resultant co-values achieved during each test. The values were cal- 
culated at closely spaced intervals of 0.12 mm (0.005 in.) of crack extension 
along each J r R  curve using the instantaneous value of b, J, and dJ/da deter- 
mined from the power-law fit approximation, as described earlier, generated 
for each J r R  curve, up to the maximum crack extension obtained or 5.0 mm 
(0.200 in.) of crack extension, whichever value was lower. Tables 6 and 7 pre- 
sent tabulations of the crack extensions corresponding to co-values of 20, 10, 
5, 2, and 1 for each specimen of HY-130 steel and A533B steel, respectively. 

For the HY-130 steel compact specimens tested in this investigation, the 
application of a minimum co-criterion of 20 would restrict crack extension to 
0.18 to 0.81 mm (0.007 to 0.032 in.), whereas a minimum co-value of 5 would 
limit crack extension to 0.71 to 3.07 mm (0.028 to 0.121-in.) as shown in Ta- 
ble 6. Similarly, considering valid data as outlined in Table 3 and noted in 
Table 7 for A533B steel, a minimum co-value of 20 would limit crack exten- 
sion to 0.23 to 1.4 mm (0.009 to 0.45 in.), and an co-value of 5 would limit 
crack extension to 0.94 to 2.54 mm (0.037 to 0.100 in.). For both steels, the 
amount of crack extension allowed under various c0-value limitations de- 
creases with increasing crack length as expected. The order of this decrease 
places the limits of apparent J-controlled crack growth within the exclusion 
bands set forth in ASTM Method E 813. However, the similarity of all 
HY-130 J r R  curves shown in Figs. 4-6 and several of the AS33B steel J rR  
curves presented in Fig. 15 suggests that restrictive values of co are not sup- 
ported. For all HY-130 steel specimens there are no apparent perturbations 
of the J rR  curves over the full range of crack extension to 5 mm (0.2 in.). In 
Table 6, it can be seen that co-values at or near this point of crack extension 
ranged from 2.8 to 0.5. 

Previously, several J r R  curves for HY-130 steel compact specimens with 
extended crack growth were presented, including J1 data produced from sev- 
eral blunt-notch specimen tests, as shown in Figs. 18-20. Examination of 
these figures shows that each J r R  curve undergoes a definite change in slope 
wherein the strong dependency of the J-integral value with crack extension is 
reduced. These figures also include the crack extension points where 
c0-values of 2 and l occur. For all three specimens shown, the apparent 
change in J r R  curve behavior occurs at or near the point where co = 1. If this 
change in the slope of the J r R  curve is interpreted to be loss of J-controlled 
crack growth, then a conservative limiting w-value of 2 would appear to be 
appropriate. However, additional testing of larger specimens, various geome- 
tries, and materials with work-hardening characteristics different than 
HY-130 is necessary to validate this point. 

Conclusions 

The objective of this investigation was to evaluate the ductile fracture 
toughness and J r R  curve properties of HY-130 and ASTM A533B steels in 
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response to systematic variations of thickness and crack length in the side- 
grooved compact specimen geometry. The following conclusions are sug- 
gested from the analyses of the elastic-compliance JI-R curve test results 
developed herein: 

I. The fracture toughness, Jtr of both steels was shown to be geometry 
independent when validity criteria for thickness and remaining ligament are 
met. 

2. Both steels displayed a clear dependence of the slope of the JI-R curve 
as related to the net thickness/ligament ratio and degree of crack extension. 

3. For HY-130 steel, in cases of limited crack extension, a net thickness/ 
ligament ratio of 1 is necessary to ensure conservative J rR curve slopes and to 
preclude compact specimen geometry dependence. 

4. For ASTM AS33B steel, the tearing modulus values were apparently 
dependent on compact specimen geometry over the range of net thickness/ 
ligament ratios evaluated. 

S. The Ernst-Paris-Landes expression for Jl accurately describes this pa- 
rameter in the compact specimen to crack extension values of approximately 
0.4 b0 for HY-130 steel. 

6. Limited evidence suggests that a minimum value of ~0 to guarantee 
J-controlled crack growth in HY-130 steel is 2. 
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An Elastic-Plastic Fracture 
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Fracture Resistance Curves and Engineering Applications. ASTM STP 803, C. F. Shih and 
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ABSTRACT: An experimental study of crack initiation in solution-treated 316 stainless 
steel was undertaken to test the validity of the elastic-plastic fracture mechanics parame- 
ters, J and crack opening displacement (COD), in the presence of extensive yield. Mea- 
surements of the J-integral are obtained for 6.4 to 25-ram-thick compact specimens using 
the proposed ASTM equation. The latter is shown to give results within 2 percent of those 
obtained using the original calibration method of Begley and Landes. However. deviations 
from the proposed crack blunting line, J = 2ofAa a~ found for this high work-hardening 
material. Midsection COD is also determined using a rubber infiltration technique. Criti- 
cal values of the J-integral and COD at crack initiation are shown to be constant indepen- 
dent of plate thickness under plane-strain and non-plane-strain crack-tip conditions a~s 
defined by B : 25 to SO (Ji/o/) and B = 25 COD/. These results are supported by mea- 
surements of the surface crack-tip contraction. 

KEY WORDS: elastic-plastic fracture, 316 stainless steel, ]-integral, crack opening dis- 
placement, compact specimen, crack initiation, thickness effects 

Linear  elastic fracture mechanics  (LEFM) has been found to give reliable esti- 

ma tes  of defec t  to le rance  in e las t ic  and  small-scale  yie lding s i tuat ions.  W h e n  

there  is extensive plasticity at t he  c rack  t ip,  the  assumpt ions  of  l inear  elasticity 

b e c o m e  inval id and  a l te rna t ive  m e t h o d s  of  analysis mus t  be  used.  Both the  

J-integral  [1] 2 and  the crack open ing  d i sp lacement  ( C O D )  [2] have been  pro- 

posed as mater ia l  toughness  p a r a m e t e r s  for the  elast ic-plast ic  s i tuat ion.  

T h e  energy  line in tegral ,  J ,  de f ined  by Rice  [1], is app l icab le  to d e f o n n a -  
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P. H. Hodkinson, senior research fellow, Materials Branch, Department of Civil Engineering, 
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tion-type elastic-plastic materials. J can be interpreted as the potential energy 
difference between two identically loaded bodies of thickness, B, having 
neighboring crack sizes a and a + Aa [1] 

OU ' "  J -  B 

where U is the absorbed strain energy under fixed displacement, u. Under 
linear elastic conditions, J then reduces to the fracture mechanics parameter 
G, the elastic strain energy release rate. 

Alternatively, Wells [2] suggested that the amount by which the crack 
opens is a measure of work done in extending the crack and this opening, 
termed COD, was shown to be compatible with K and G used in LEFM 

K 2 Cr 
C O D = c - - G  = C ~  - -  < 0 . 7  

ay E% % 
(2) 

where C is a constant. 
From Eqs 1 and 2 the relation between J and COD is of the general form 

J -- M% COD (3) 

where M is a constraint factor. Experimental evidence indicates that under 
plane-strain crack-tip conditions, variations in M are predominantly due to 
differences in the plastic flow properties of the material [3.4]. 

The aim of the present work has been to determine the validity of such 
parameters as J and COD in the presence of extensive yield and under non- 
plane-strain crack-tip conditions. A 316 stainless steel was selected having a 
high fracture toughness to yield strength ratio at room temperature, simulat- 
ing many structural steels used in the upper-shelf region at higher temper- 
atures. The results are supported by measurements of the surface crack-tip 
contraction to determine the extent of through-thickness yielding. 

M a ~ d ~  

The wrought 316 stainless steel was supplied as 32-mm-thick plate in the 
solution-annealed condition. Chemical analysis revealed a particularly low 
carbon content, Table 1. After machining, all specimens underwent a 1/2 h 
solution treatment at 1050~ in vacuo followed by a nitrogen quench to re- 
move the work-hardened surface layer. Mechanical properties in the longitudi- 
nal or rolling direction were determined at a crosshead speed of 1 mm/min-J ,  
Table 2. Fracture occurred by dimpled rupture with considerable stretching. 
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TABLE l--Chemical Composition in weight % of Type 316 stainless steel, a 

C Si Mn S P Cr Mo Ni 

Sample 1 0.01 0.2 1.6 < 0.005 0.026 16.9 2.4 11.9 
Sample 2 0.025 0.24 1.61 0.008 0.028 16.65 2.46 12.39 

aMaterials Quality Assurance Directorate, Bragg Laboratory, Sheffield, U.K. 

TABLE 2--Room-temperature mechanical properties of 
solution-treated Type 316 stainless steel, a 

Static Young's modulus 191 X 103 N �9 mm -2 
Poisson's ratio 0.30 (manufactured) 
0.2% offset yield stress 198 N- mm -2 
Ultimate tensile strength 563 N - mm-2 
Elongation 82 % 
Reduction of area 81% 
True strain at onset of necking 0.4.58 

"Three round uniaxial test specimens, gage length = 25 ram, cross- 
sectional area = 25 mm 2, tensile axis in longitudinal direction. 

Exper imenta l  Procedure  

Three  series of compac t  specimens of thicknesses 2.5.4 mm (1-1 -~ 1-7), 
12.7 m m  (2-1 --* 2-6), and 6.3S m m  (4-1 -~ 4-6) were tested.  All in-plane 
dimensions were identical ( W  = 50.8 m m ,  ~ = a / W  - 0.6, L-T orientation), 
the only variable being thickness.  Measurements  of J for crack init iation were 
made using the American Society for Testing and Materials (ASTM) proposed 
method for a deeply cracked compac t  specimen [5]. For  comparison,  Ji for 
the 6.3S-ram-thick specimens was also de te rmined  by direct  evaluation of the  
cal ibrat ion funct ion --(I/B)/(OU/Oa), using a series of notched specimens 
(4-7 ~ 4-12) having a notch size range ~ - 0.S to 0.8 [6]. One precracked 
specimen of each thickness  (1-2, 2-6, and  4-1) was left for de te rmina t ion  of 
the COD using a rubber  infiltration technique [7] as well as the surface crack- 
tip contract ion.  

Sur face  Preparat ion 

After  machining,  the  surfaces of each specimen were mechanical ly ground 
flat with fine silicon carbide  prior  to solution t rea tment .  Finally, each plate 
was polished down to 6-t~m d iamond  in the  region immediate ly  ahead  of the 
notch.  Part icular  care was taken  with specimens to he used for the surface 
crack- t ip  contract ion measurements ,  which were polished down to 1-t~m 
diamond.  

Fat igue precracking  was carr ied out  in accordance  with the ASTM Test  for 
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11-614 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

Plane-Strain Fracture Toughness of Metallic Materials (E 399-78a) using a 
maximum stress intensity for the fatigue cycle of 650 N. mm-3/2, that is, a 
maximum load later found to correspond to 0.27 of the limit load achieved in 
subsequent tests. 

Experimental Apparatus 

Testing was performed in an Instron 1250 static and dynamic testing ma- 
chine fitted with a 200-kN tensile load cell on I0 percent full transducer 
range. Use of a modified compact specimen enabled both the load-line and 
load-pin displacement to be monitored simultaneously, the latter being re- 
quired for determination of the real energy input of the system. One displace- 
ment gage was mounted at the front of the specimen along the load line and 
two additional displacement gages each side of the loading grips between at- 
tachable knife edges, the output of the latter being averaged to cancel any ef- 
fects of misalignment. 

J-Integral Tests 

In the first test series, notched specimens 4-7 - ,  4-12 were loaded at a cross- 
head speed of 1 mm- min-I  to just beyond a load maximum. The remaining 
sets of specimens of identical crack size (except 1-2, 2-6, and 4-1) were then 
used to determine the crack initiation point by the heat-tinting method. Each 
specimen was loaded to a different displacement at a crosshead speed of 
1 mm.  min- I  and unloaded. After heat-tinting in a furnace at 450~ for 2 h, 
specimens were broken open to reveal the extent of crack growth during 
monotonic loading. The initial fatigue crack length and average crack exten- 
sion were measured directly from the fracture surface. 

COD Measurements and Surface Crack-Tip Contraction 

Direct measurements of crack-tip COD were made using Specimens 1-2, 
2-6, and 4-1 by infiltrating the crack with a hardening silicone rubber [7]. 
Liquid rubber was placed in the notch and the specimen loaded to a known 
displacement. After 20 rain the rubber solidified and could be removed with 
tweezers after loading the specimen to a higher displacement. Replicas were 
examined under a microscope and a thin section cut from the rubber at the 
crack front midpoint. Measurements of COD at the original crack tip were 
then made to • ram. 

For Specimens 1-2, 2-6, and 4-1 the following testing procedure was 
adopted. After introducing liquid rubber at the crack tip, each specimen was 
loaded to a given displacement at a crosshead speed of 1 mm/min-J .  The 
maximum crack-tip contraction was measured in the loaded state using a 
pointed micrometer. After 15 to 20 rain, loading was continued to a higher 
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displacement and the hardened replica removed. This sequence was continued 
up to a load maximum. 

Results and Analysis o| Results 

Figure 1 shows typical load-displacement curves for the 316 stainless steel 
compact specimens loaded to different displacements, load maxima being 
achieved at extremely large displacements, 10 to 12 ram. After yield the dis- 
placement-time records showed a constant slope over the linear range of the 
gages, 0 to 7 mm +__0.025 mm, so that displacements greater than 7 mm were 
obtained by extrapolation. 

Fracture surfaces of the different thickness specimens are shown in Fig. 2,  
from which the crack growth extension areas are easily identified. Scanning 
electron microscopy revealed the characteristic dimples of a fibrous fracture 
in all cases with no significant change in fracture mode with plate thickness. 
Measurements of stretch zone width at 0 deg to the fracture surface showed 
no significant variation for the three different-thickness plates, widths between 
0.42 and 0.60 mm being obtained for all specimens at the midthickness. 

Figure 3 is a summary of results given in the form of a failure analysis dia- 
gram [8]. The load is plotted as P~ = P/0.4142 o~ W B  where the denominator 

25-  

20-  

15- 

~0- 

5-  

1 "6 I -5  i -g  1-I 1-3 I-7 

o.o 2.s s'.o r'.s fo .o t2.5 
u l g . m m  

FIG. 1--Experimental load-load line displacement curves for 25.4-ram-thick type 316 siam- 
less steel compact specimens, 
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is a normalizing factor equal to the plane-stress ultimate collapse load for an 
uncracked compact specimen. P~-versus-a curves for the three sets of speci- 
mens all showed an initially steep slope with little stable crack growth except 
close to the plastic instability load. The experimental load maximum for the 
6.3S-mm-thick specimen was within 3 percent of the plane-stress limit analysis 
solution. However, load maxima for the thicker specimens were up to 20 per- 
cent higher, results for the 25.4-mm-thick specimens being within 9 percent 
of the plane-strain solution [9]. Results for the 6.35-mm-thick notched speci- 
mens also deviated from the plane-stress solution especially at longer crack 
lengths, presumably due to the suppression of through-thickness yield and 
slow crack growth by the presence of the notch. 

Jr- Integral 
The J-integral for crack initiation was determined using the recommended 

interpolation procedure [5]. J corresponding to a given crack extension was 
calculated from the estimation equation of Clarke and Landes [10] after 
measuring the area under the appropriate load-load line displacement record 
with a planimeter 

(1 + ~ ' )  Un 
J = 2 a _> 0.5 (4) 

(1 + a ,2)  (1 - a)WB 

and 

I( ~ o r ' = 2  W--a + (  W----a)+'~ W---a 

Equation 4 is a simplified version of an original formulation by Merkle and 
Corten [11] which accounts for the small tension component of the compact 
specimen. 

From Fig. 4 the results for all three thickness specimens appear to define a 
single curve for small crack extensions. A least-squares fit was performed on 
the first six data points and the last seven data points, the intersection of the 
former crack blunting line and the latter crack extension line defining crack 
initiation. The results are summarized in Table 3, where a provisional JQ of 
690 N �9 m m -  t was obtained at the intersection point. 

For the 6.35-mm-thick specimens Ji was also determined by evaluation of 
the calibration function --(1/B)/(OU/cga), from load-load pin displacement 
records of notched specimens 4-7 --* 4-12 following the method of Begley and 
Landes [6] (see Appendix). From a calibration plot of --(1/B)/(OU/aa). as 
a function of displacement at u = 0.62 the J-value associated with increments 
of crack extension for each 6.35-mm-thick precracked specimen was obtained 
directly according to the final load-pin displacement. The results are pre- 
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FIG. 4--Determinat ion of  Ji for  crack initiation for  t y p e  316  stainless steel  compact  speci -  
m e n s  using an estimation equation. 

sented in Fig. 5, being very similar to Fig. 4 obtained for all three thickness 
specimens. In fact J determined by the estimation equation was within 2 per- 
cent of the value obtained from the calibration function for four out of five 
specimens. 

An identical interpolation procedure was carried out as before to give a 
provisional JQ at crack initiation of 590 N �9 mm -1 on the basis of four data 
points, Table 3, that is, 14 percent less than that calculated for all three sets 
of different-thickness specimens, 690 N �9 mm -z ,  Equation 4 has been shown 
to yield an excellent estimate of J so that the difference between the two sets 
of results must be due solely to the number of data points in the interpolation 
procedure, the intersection point JQ being particularly sensitive to the slope 
of the crack extension line, d J / d a .  In the proposed ASTM method [5] a min- 
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FIG. 5--Determination of Ji f o r  crack initiation for  6.35-ram-thick type 316 stainless steel 
compact specimens using the calibration function -- (1 /B )/( OU/Oa ) u. 

imum number of four measurements of real crack extension are suggested to 
define the crack extension line. To ensure a reasonable spread of data points 
it is also suggested that these values lie between the limits of two offset lines 
constructed parallel to the crack blunting line at 0.15- and 1.5-mm crack ex- 
tension, Figs. 4 and 5. These criteria were met in the case of all three sets of 
specimens taken together but not the 6.35-mm-thick specimens alone. For 
determination of accurate values of dJ/da and hence Jo the use of thicker 
specimens covering a greater crack extension range up to a load maximum 
would appear preferable. In view of this the results of Fig. 4 for all three 
thickness specimens were considered more representative of material behavior 
and will be used in further discussion. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



11-622 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

More important, the crack blunting line for 316 stainless steel differed 
markedly from that recommended 

J = 2o! Aa (5) 

where of is a flow stress taken as the average of the yield and ultimate tensile 
stress. 

According to the proposed method [5], Eq 5 appears to be in good agree- 
ment with experimental results for most structural steels and aluminum alloys 
but not some austenitic stainless steels. For 316 stainless steel a factor of 3.8 
was obtained from the results of six different specimens, Table 3, this value 
being in good agreement with the factor of 4 determined recently by Mills [12] 
for 304 stainless steel. This appears to reflect the higher work-hardening rate 
encountered with austenitic stainless steel resulting in higher apparent values 
for the flow stress. 

Equation 5 was derived by assuming that as the crack tip opens and blunts 
during loading, deformation occurs along 45-deg sliplines so that the appar- 
ent crack extension is given by COD/2. For an apparent crack extension up 
to crack initiation of 0.48 mm, Fig. 4, and a COD i of 1.56 mm, Fig. 6, the re- 
lation between these two parameters for 316 stainless steel is 

Aa i : 0.31 CODi (6) 

Thus, the slipline field ahead of the crack tip differed markedly from the 
45-deg sliplines assumed in Eq 5, slip being produced at approximately 58 
deg to the x-axis in 316 stainless steel. It should be noted that the stretch 
zone width measurements at 0 deg to the fracture surface of 0.42 to 0.60 mm 
were in good agreement with an apparent crack extension up to crack initia- 
tion of 0.48 mm. 

The proposed validity requirement for plane-strain crack initiation [5] (B, 
W -- a > 25 to 5 0 J o / o :  > 45 to 91 ram) was not met for any of the specimens. 
However, the J-Aa blunting lines and initial part of the resistance curves were 
in good agreement for all three specimen thicknesses, indicating that J may 
be useful as a material characteristic in the plane-stress regime. This sup- 
ports similar results by Hickerson [13]. For this reason the symbol JQ will be 
dropped and Ji used to denote a valid measurement of J at crack initiation 
under non-plane-strain conditions. 

A valid plane-strain measurement, Jle, of 169 N. ram-1 was obtained by 
Chipperfield [3] using 10 to 50-mm-thick three-point-bend specimens of an an- 
nealed 316 stainless steel (T-L orientation). In comparison, Tobler et al [14] re- 
port a nonvalid JQ of 597 N- mm -1 using 38-mm-thick compact specimens of a 
solution-annealed 316 stainless steel (T-L orientation). Finally, Bamford and 
Bush [15] obtained valid measurements of Jl~ of over 700 N. mm -J using 50.8- 
ram-thick compact three-point-bend and center-cracked plate specimens of 
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FIG. 6--Experimental curve of the J-integral versus crack opening displacement for type 
316 stainless steel compact specimens. 

annealed 316 stainless steel (axial and circumferential orientation). Unfortu- 
nately, the latter assumed the proposed ASTM crack blunting line, Eq 5, to 
determine a crack initiation point so that these results are probably nonconser- 
vative. However, it appears that the value of Ji of 690 N.  mm -1 obtained here 
for solution-annealed 316 stainless steel is of the order of some valid measure- 
ments of Jtc using thicker specimens of the same material. 

Relationship Between J-Integral and COD 

The experimental relationship between the J-integral and midsection COD 
is shown in Fig. 6, where J was calculated using the estimation Eq 4 [10]. 
Again the results from all three thickness plates were in excellent agreement, 
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the relationship linear over a significant range. A least-squares analysis was 
carried out up to crack initiation (Ji ----- 690 N.  r am- l ) ,  giving the equation 

J : 454 COD -- 15.2 N . m m  - 1 R  = 0.999 

that is 

J = 454 COD (0.15 m m <  COD < 1.56 mm) (7) 

o r  

J = 2 . 3 o y C O D  

where 1.56 mm is the limiting value of C O D / a t  crack initiation. A typical 
rubber casting of the crack in 316 stainless steel is shown in Fig. 7, where the 
section was taken from the midthickness of Specimen 1-2 loaded to a load- 
line displacement of 7.1 ram. The measurement position of the COD is indi- 
cated, all COD measurements being made at the position of the original 

FIG. 7- -Rubber  casting of  crack in type 316 stainless steel at crack initiation, section at 
midthickness ( X 14). 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



DAVIES ON CRACK INITIATION IN 316 STAINLESS STEEL 11-625 

crack tip in the loaded state. The onset of ductile tearing from the crack tip is 
apparent at a COD of 1.50 mm, in good agreement with the interpolated 
CODi of 1.56 mm. 

During the 15 to 20 min curing of the rubber, the load relaxed 5 to 10 per- 
cent at constant displacement. However, this was not believed to have influ- 
enced the COD values obtained to any extent since the results were extremely 
reproducible. Also, no significant difference was found in the load-displace- 
ment curves obtained by superimposing the incremental loadings compared 
with the previous monotonic tests, limit loads of 27.1, 13.5, and 7. l0 kN be- 
ing obtained for Specimens 1-2, 2-6, and 4-1, respectively, compared with 
27.2, 13.7, and 7.16 kN for Specimens 1-7, 2-2, and 4-6, respectively. 

Thus, CODi for the 316 stainless steel was found to be a constant 1.56 mm 
independent of plate thickness over the range 6.35 to 25.4 mm although the 
latter was below the suggested minimum thickness requirements [3,16-18] 
(B _> 25 COD/ _> 39 mm). Constant values of COD/of  0.38 mm have been 
obtained by Chipperfield [3]. However, as with the previous J measurements 
this value of CODi is considerably lower than that measured in the present 
tests. As discussed elsewhere [19], this difference is believed to be due to the 
higher distribution of inclusions present in Chippeffield's sample of 316 
material. 

It is interesting to compare the experimental relation between the J-integral 
and COD, Eq 7, with Chipperfield's results 

Jk  : 445 COD/N" mm-1 

or (8) 

J = 1.6ay COD 

Thus the relation between J and COD for 316 stainless steel appears to be a 
constant independent of specimen configuration and thickness. The differ- 
ence in constraint factor, M, of 2.3 in the present tests and 1.6 from Chipper- 
field can, therefore, be accounted for solely on the basis of differences in yield 
stress reflecting a higher work-hardening capacity of the material tested here. 
These results support the suggestion of Chipperfield [3] that the presence of 
voids ahead of the crack tip in such material may well result in a reduction in 
constraint due to the interaction of these free surfaces with the near-tip stress 
field. Under such circumstances a value of M near l would probably be more 
appropriate so that any increase in constraint would then be due only to the 
influence of the work hardening of the material. 

Crack-Tip Contraction 

It has been suggested that a linear relation exists between crack-tip con- 
traction and COD [20,21]. Figure 8 presents a plot of on-load Wma~ versus 
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FIG. 8--Experimental curve of  on-load crack-tip contraction versus COD for  type 316 stain. 
less steel compact specimens. 

midsection COD for the three different-thickness specimens. The results de- 
viate markedly from a linear relation at low values of COD and especially at 
high values of COD after crack initiation, results for the 6.4 mm thick speci- 
mens lying below those for the thicker plates. However, a linear regression 
analysis was performed up to crack initiation. From this the maximum 
crack-tip contraction on one surface was approximately one half the COD, 
the factors being 0.58, 0.57, and 0.47 for the 25.4, 12.7, and 6.35-ram-thick 
plates, respectively. 

Under fully plane-stress conditions the COD may well be expected to equal 
the total crack-tip contraction, 2Wreak, assuming shear occurs preferentially 
on planes at 45 deg to the plate surface. However, deviations from such a 
model would be expected in the present case since yield has been shown to oc- 
cur at an angle of 58 deg to the x-axis for 316 stainless steel. In addition, 
none of the specimens tested exhibited free yielding through the thickness as 
shown by the proportion of square fracture, 82, 68, and 57 percent for the 
25.4, 12.7, and 6.35-mm-thick specimens, respectively. 

From Fig. 8 it was possible to construct a plot of average through-thickness 
strain, 2Wm~,/B, at crack initiation versus plate thickness, Fig. 9. This figure 
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includes results of measurements of ~-= made directly on the three sets of frac- 
ture specimens, the crack initiation point for ~-= being defined by an interpola- 
tion procedure analogous to that used in the J-integral test [19]. It can be seen 
that the average through-thickness strain for the thinnest specimens increased 
sharply with decreasing thickness in spite of the fact that the contraction of 
the thicker specimens was more than that of the thinner specimens. 

Discussion 

For a highly ductile material such as stainless steel it was anticipated that 
failure would occur under plane-stress conditions. This can he demonstrated 
by calculating the plane-stress plastic zone size at crack initiation, E G I c /  

C o p y r i g h t  b y  A S T M  I n t ' l  ( a l l  r i g h t s  r e s e r v e d ) ;  W e d  D e c  2 3  1 8 : 0 2 : 4 2  E S T  2 0 1 5
D o w n l o a d e d / p r i n t e d  b y
U n i v e r s i t y  o f  W a s h i n g t o n  ( U n i v e r s i t y  o f  W a s h i n g t o n )  p u r s u a n t  t o  L i c e n s e  A g r e e m e n t .  N o  f u r t h e r  r e p r o d u c t i o n s  a u t h o r i z e d .
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2-XOy 2. Using Chipperfield's value of 169 N. mm -1 for Jic = GIr an estimated 
plastic zone size of 131 mm is calculated, considerably in excess of the plate 
thickness used here. However, from Fig. 3 it is apparent that except for the 
6.35-mm-thick plates there were significant differences between the experi- 
mental and ultimate collapse loads as predicted by the plane-stress model, 
results for the thicker specimens deviating by up to 20 percent from the plane- 
stress solution. 

In view of this it may seem surprising that constant values of both the 
J-integral and COD were obtained at crack initiation for all three plate thick- 
nesses of 316 stainless steel. By definition, Ji represents the energy required 
for the production of the crack-tip stretch or process zone, that is, the region 
dominated by the crack-tip singularity. From scanning electron microscopy 
the fibrous fracture mode was essentially the same for the three different- 
thickness plates. Therefore, since Ji is an energy parameter it is quite possible 
that any reduction in crack-tip strain due to an increase in constraint may 
have been fully compensated by a corresponding increase in stress intensifi- 
cation at the crack tip as reflected by the failure analysis diagram. 

The constancy of CODi with plate thickness is more difficult to explain. It 
might be expected that the sharp increase in crack-tip strain for the thinner 
specimens as measured by ~-z, Fig. 9. would be reflected by higher values of 
COD at crack initiation. However, if the COD merely reflects midsection be- 
havior, then the constancy of COD/may be due to the overriding influence of 
voids ahead of the crack tip in the near-tip stress field as suggested by Chip- 
per'field [3]. 

Conclusions 

1. Static loading experiments on 6.35 to 25.4-mm-thick compact speci- 
mens of a solution-treated 316 stainless steel have shown that critical values 
of the J-integral and COD at crack initiation are constant independent of 
plate thickness under non-plane-strain crack-tip conditions, that is B < 25 
to 50 (Ji/of) and B < 25 COD/. 

2. The ASTM proposed modified equation for the determination of J from 
single compact specimens [5] can yield values within 2 percent of those deter- 
mined using the Begley and Landes calibration method. 

3. The crack blunting line for 316 stainless steel 

J = 3.8ofAa 

differed markedly from that recommended in the proposed ASTM method 
for Jtc [5]. The difference has been shown to be due not only to an apparent 
increase in flow stress as a result of the high work-hardening capacity of stain- 
less steel but also to the development of the slipline field ahead of the crack 
tip. 
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4. In order to determine accurate values of dJ/da and hence JQ at crack 
initiation, the use of thicker specimens covering as large a crack extension 
range as possible is recommended. 

5. The relationship between J and COD for stainless steel 

J - 454 COD N . m m  -1 (0.15 m m <  COD < 1.56 mm) 

was in excellent agreement with Chipperfield's results [3], indicating that the 
foregoing equation is independent of specimen configuration and thickness 
under both plane-strain and non-plane-strain crack-tip conditions. Alterna- 
tively, in terms of the yield stress and a constraint factor 

J = May COD 

J - 2 .3oyCOD(0 .15mm < COD < 1.56mm) 

Variations in M have been shown to be due primarily to variations in the 
work-hardening capacity of the material. 

6. An approximately linear relationship exists between crack-tip contrac- 
tion and midsection COD for 316 stainless steel up to crack initiation, this 
relationship depending upon the extent of through-thickness yield. 
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APPENDIX 

Using the method of cubic splines a computer program was developed to fit curves 
to the experimental results of strain energy, U~ WB, versus relative crack length, a, 
for each displacement and hence compute the first derivative, --(1/B)/(c)U/Oa) u, at 
a given crack size. With three equally spaced internal knot positions, negative values 
of the first derivative were obtained. Eventually, physically acceptable results were ob- 
tained using one internal knot at ~ =- 0.7. The curves resulting from this procedure 
are shown in Fig. 10 and the residual sum of the squares for each curve is as follows: 

Load-Pin 
Displacement, Residual Sum 

utp, mm of Squares 

2.0 0.00035 
4.0 0.00045 
6.0 O.OO110 
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8.0 0.00509 
10.0 0.00309 
11.0 0.00427 
12.0 0.00165 

References 

[1] Rice, J. R. in Fracture--An Advanced Treatise, Vol. 2, H. Liebowitz, Ed., Academic 
Press, New York, 1968, p. 191. 

[2] Wells, A. A. in Proceedings, Symposium on Crack Propagation, Cranfield, U.K., 1961, 
p. 210. 

[3] Chipperfield, C. G., International Journal of Fracture, Vol. 12, 1976, p. 873. 
[4] Robinson, J. N., International Journal of Fracture, Vol. 12, 1976, p. 723. 
[5] Clarke, G. A., Andrews, W. R., Begley, J. A., Donald, J. K., Embley, G. T., Landes, J. D., 

McCabe, D. E., and Underwood, J. H., Journal of Testing and Evaluation, Vol. 7, 1979, 
p. 49. 

[6] Begley, I. A. and Landes, J. D. in Fracture Toughness, ASTM STP 514, American Society 
for Testing and Materials, 1972, p. 1. 

{7] Robinson, J. N. and Tetelman, A. S. in Fracture Toughness and Slow-Stable Cracking. 
ASTM STP 559, American Society for Testing and Materials, 1974, p. 139. 

[8] Dowling, A. R. and Townley, C. H. A., International Journal of Pressure Vessels and Pip- 
ing, Vol. 3, 1975, p. 77. 

[9] Ewing, D. J. F. and Richards, C. E., CEGB Report RD/L/N237/72, Central Electricity 
Generating Board, Surrey, U.K., 1972. 

[10] Clarke, G. A. and Landes, J. D., Journal of Testing and Evaluation, Vol. 7, 1979, p. 264. 
[11] Merklr J. G. and Corten, H. T., Tran.wzt~ns, American Society of Mechanical Engineers, 

JournalofPressure Vessel Technology, 1974, Vol. 96, p. 286. 
[12] Mills, W. J., Journal of Testing and Evaluation, Vol. 9, 1981, p. 56. 
[13] Hickerson, ]. P., Jr., Engineering Fracture Mechanics, Vol. 9, 1977, p. 75. 
[14] Tobler, R. L., Mikesell, R. P., Durcholz, R. L., Fowlkes, C. W., and Reed, R. P., 

"Materials Research in Support of Super-conducting Machinery," NBSIR 74-359, National 
Bureau of Standards, Boulder Laboratories, Boulder, Colo., 1974, p. 296. 

[15] Bamford, W. H. and Bush, A. J. in Elastic-Plastic Fracture, ASTM STP 668, J. D. Landes, 
J. A. Begley, and G. A. Clarke, Eds., American Society for Testing and Materials, 1979, 
p. 553. 

[16] Knott, J. F., Fundamentala of Fracture Mechanics, Butterworths, London, 1973. 
[17] Green, G. and Knott, J. F., Journalo.fthe Mechanics and Physics o.fSolids, Vol. 23, 1975, 

p. 187. 
[18] Robinson, ]. N. and Tetelman, A. S., International Journal of Fracture, Vol. 11, 1975, 

p. 453. 
[19] Hodkinson, P. H., Royal Military College of Science Technical Note MAT/27, R.M.C.S., 

Shrivenham, Swindon, U.K., May 1980. 
[20] Robinson, J. N. and Teteiman, A. S., Engineering Fracture Mechanics, Vol. 8, 1976, p. 301. 
[21] Taira, S. and Tanaka, K., Engineering Fracture Mechanics, Vol. 11, 1979, p. 231. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



H. W. Liu, 1 Wan-liang Hu, 2 and Albert S. K u o  3 

Thickness Effects on the Choice 
of Fracture Criteria 

REFERENCE: Liu, H-W., Hu, Wan-liang, and Kuo, Albert S., ~q'hlelmem Effec ts  on  tim 
Chok~ of Fracture Crlteckh" Elastic-Plastic Fracture: Second Symposium. Volume ll--Frac- 
ture Resistance Curves and Engineering Applications, ASTM STP 803, C. F. Shih and J. P. 
Gudas, Eds., American Society for Testing and Materials, 1983, pp. II-632-II-656. 

ABSTRACT: The stresses and strains in a cracked solid are in a complicated three-di- 
mens/onal state. There are three two-dimensional limiting cases: plane strain, plane 
stress, and Dugdale's strip yielding case. The thickness of a plate relative to crack tip 
plastic zone size determines which one of these three limiting cases is predominant. The 
characteristics of the plane-stress and the Dugdale strip yielding crack-tip fields were in- 
vestigated with the moire method together with the finite-element calculations. The state 
of the crack-tip stress and strain fields approaches that of plane strain for very thick 
plates. For a very thin plate with a very large crack-tip plastic zone, the Dugdale strip 
yielding model is applicable, and the crack opening displacement, crack-tip opening dis- 
placement, and thickness contraction are related to K orJ  and they can be used for frac- 
ture toughness measurements. When a plate thickness is in between these two extremes, 
there exists a characteristic plane stress crack-tip field. The correspondence of the plane- 
stress crack-tip fields in small-scale yielding and in general yielding was established, and 
the J value of a small specimen in general yielding can be obtained from the established 
correspondence. The value of the applied J-field of a small specimen in general yielding 
can be measured in terms of the applied stress and the specimen elongation. 

KEY WORDS: nonlinear fracture mechanics, fracture toughness, small-scale yielding, 
general yielding, crack opening displacement, crack-tip opening displacement, thickness 
contraction, elastic-plastie fracture 

Gr i f f i th  [114 f o r m u l a t e d  the  energy  f r ac tu re  cr i ter ion for  br i t t le  solids. At  

t he  onset  of  f r ac tu re  ini t ia t ion,  t he  dr iv ing  force  ( that  is, the  rate  of change  of 

t he  elast ic strain energy  of a c r ack ing  solid) is equa l  to the  energy dissipat ion 

ra te  ( tha t  is, t h e  sur face  energy  of  a br i t t le  solid), which  is a cons tan t .  I rwin 

IProfessor of materials science, Syracuse University, Department of Chemical Engineering 
and Materials Science, Syracuse, N.Y. 13210. 

2Hanford Engineering Development Laboratory, Westinghouse Corp., 
3Fairchild Republic Co., 
4The italic numbers in brackets refer to the list of references appended to this paper. 
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[2] and Orowan [3] extended the Griffith energy criterion to metallic solids 
by assuming that the plastic energy dissipation rate for fracture initiation was 
a material constant. However, it can be shown that the plastic energy dissipa- 
tion rate of a cracking infinite plate in the condition of plane strain is linearly 
proportional to crack length, 2a. So is the rate of change of the elastic strain 
energy of the plate. The fracture criterion based on the global energy balance 
leads to a constant fracture stress for an infinite plate, and the fracture stress 
is independent of crack length. This conclusion contradicts the experimental 
evidence; therefore the criterion of the global energy balance for fracture ini- 
tiation without the consideration of the detailed fracture processes must be 
fortuitous [4]. 

Liu [4] has shown that the stress-intensity factor, K, characterizes crack-tip 
stresses and strains even within the crack-tip plastic zone, rp, if the condition 
of small-scale yielding (SSY) is satisfied. The very existence of this conclusion 
allows us to determine experimentally the minimum specimen size for valid 
fracture toughness measurements. But the condition of SSY is a sufficient, 
but not the necessary condition for the validity of the linear elastic fracture 
mechanics (LEFM). The necessary condition is that K should be able to 
characterize the crack-tip stress or strain responsible for the defined fracture 
process. When the applied stress or strain at the fracture process zone 
reaches the critical value, fracture will occur. 

If it is limited to the realm of the LEFM, with the restriction to the same 
fracture mode and the limitation to the same thickness, the concept of the 
K-characterization of the crack-tip field and the assumption of the constant 
dissipation rate of plastic deformation energy lead to the same results. How- 
ever, when it is extended beyond the realm of the LEFM, only the correct 
analysis will lead to the desired results. The concept of characterizing crack- 
tip stress and strain fields by the stress-intensity factor, K, forms a sound 
basis for the extension of the LEFM to nonlinear fracture mechanics. This 
paper ilustrates its applications. A detailed review of the global energy bal- 
ance fracture theory, the sharp notch fracture theory, and the concept of 
characterization of crack tip field by the stress-intensity factor are given in 
Ref 5a. 

The characteristic crack-tip stresses and strains are greatly affected by 
specimen thickness. When a small plastic zone at a crack tip is imbedded in 
a massive and thick plate, the constraint to thickness contraction induces a 
state of high triaxial stresses, and the state of the crack-tip field approaches 
that of plane strain. The maximum principal stress, Omax is nearly 2.45 • 
oao w, and the triaxial state of stresses restrains plastic deformation. On the 
other hand, a very large plastic zone in a thin plate causes crack-tip necking. 
In this instance, extensive plastic deformation is concentrated within a thin 
narrow strip. Within the strip, the plate thickness contracts considerably, 
and the deformation approaches the Dugdale strip yielding model [6]. When 
specimen thickness is intermediate between these two extremes, a character- 
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istic plane-stress crack-tip field exists. In this case, the maximum principal 
stress is nearly equal to anon. 

Fracture processes are controlled by the crack-tip stresses and strains 
which are greatly affected by plate thickness. Therefore the choice of the 
fracture criteria must  also be dependent on plate thickness. 

This paper summarizes and synthesizes the experimental and theoretical 
work at Syracuse University on the effects of thickness on crack-tip stresses 
and crack-tip deformation, and on the choice of the fracture criteria for non- 
linear fracture mechanics. Plate thicknesses less than that of plane strain 
were studied. The results are applicable to structures made of high-tough- 
ness materials which are less than 5 cm (2 in.) thick. 

Characteristic Plane-Stress Crack-Tip Field--Small-Scale Yielding and 
Large-Scale Yielding Correspondence 

Crack-tip strains, %y, were measured by Gavigan, Ke, and Liu [7] in 
double-edge-cracked (DEN) specimens made of three batches 2024-0 alumi- 
num alloy. Specimens 102 and 203 mm (4 or 8 in.) wide of three different 
thicknesses were tested. The measurements are shown in Fig. 1. The solid 
lines are plane-stress finite-element calculations. Away from the crack tip, in 
the region r > t, the measurements and the calculations agree very well; t is 
plate thickness. Close to the crack tip, r < t, the measured strains are less 
than the calculated values. These strains were measured on the specimen sur- 
face; however, the surface was not free to deform because the surface was 
coupled to the interior of the specimen, where "plane strain" constraint ex- 
isted. The constraint "stiffened" the crack-tip area and it reduced strains on 
the surface. The constraint is a localized three-dimensional phenomenon. 
Beyond the crack-tip stiffened zone, the measurements clearly indicate the 
existence of a characteristic plane-stress crack-tip field. Figure 2 shows the 
measured and the calculated load-displacement, P-A, curves. Again, the 
agreement of the measurements and the calculations is very good. 

Figure 3 schematically shows various regions of stress and strain fields. 
Region I extends from the crack tip to a distance approximately equal to half 
of the specimen thickness. In this region, the plane-strain stiffening effect ex- 
ists, and the three-dimensional effect is clearly shown. In Region II, the 
plane-stress condition prevails. The stress and strain fields approach the 
analytical results of Hutchinson [8] and Rice and Rosengren [9]. s Region III 
lies farther away from the crack tip where the material deforms elastically 
and the stresses and strains vary with r -~ The measurements shown in Fig. 1. 
were all made at general yielding. However, if a specimen is large enough, 
the characteristic elastic field may exist. Still farther away is Region IV, 
where the effects of specimen geometry and type of loading dominate the 

SThis will be discussed in detail later. 
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FIG. 1--Cornparison of calculated er~ versus experimental measurements, double-edge- 
notched plate, 2024-0 aluminum alloy. A : elongation of gage length, GL; E = 6. 9 • 104 MPa 
r 4 ksi): Ref 10. 

deformation characteristics. Note that, in general, not all of these four re- 
gions are present. For example, Region III diminishes with increasing load. 
For a very thick single-edge-cracked (SEN) specimen, only Regions I and IV 
may exist. 

The nature of the plane-strain stiffening effect in Region I has been dis- 
cussed previously [10]. It is the stresses and strains in the immediate vicinity 
of the crack tip within the stiffened zone that cause fracture initiation. The 
crack-tip stiffened zone is embedded within the plane-stress crack-tip field. 
It is reasonable that the stresses and strains in the stiffened zone should be 
characterized by the intensity of the plane-stress crack-tip field. In other 
words, the same intensity of the plane-stress crack tip field infers the same 
stresses and strains in the stiffened zone, even though the exact values of the 
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FIG. 3--Schematic plot of  stress and strabz distributions ahead of a crack in Iogarithmie scale. 

stresses and strains in the stiffened zone are unknown. Therefore, the inten- 
sity of the plane-stress crack-tip field also characterizes the condition for 
crack initiation. The degree of crack-tip strengthening is affected by plate 
thickness; therefore this conclusion is applicable only to specimens of the 
same thickness. We will focus our attention on Regions II and III. 

Crack-tip stresses, strains, and displacements in elastic solids can be ex- 
pressed in terms of the stress-intensity factor K. In a like manner, Hutchin- 
son [8] and Rice and Rosengren [9] have shown that crack-tip stresses, 
strains, and displacements can be expressed in terms of J 

J 1 Hn+D 
[o0,  oe] ---- go Ctooeol , , r  [8~(0, n), 6e(O, n)] 
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J ]n/(n4-1) 
eij = t~eO c~aOeOin r g~y(O, n) (1) 

_j ] n/(n+1) r 1/(n+l) Ui( O, n) 
U i - -  12i 0 ~ 01% OtOOeOIn 

for a material with a power-law stress-strain relation 

- -  = oe ( 2 )  
EO 

where ~0 is the flow stress at the strain e0. When o0 = Oy and e0 = ey ,  ~ = 1 

and n > 1. ar is the effective stress. #/j (0, n), ee (0, n), e- 0 (0, n), and ui (0, n) 
are functions of 0 and n. They define the distributions of their corresponding 
components in the 0-direction. I x ( n )  is a function of n 

f* ] I n = (Te (n+l) + ( ) dO 
-- Tr 

(3) 

The symbol ( ) represents the additional terms in the full expression, which 
is given in Ref 8. J is the well-known J-integral. It characterizes crack-tip 
stresses, strains, and displacements analogous to K for elastic solids. 

For a nonlinear elastic solid, J can also be considered as the rate of the 
change of the potential energy with respect to crack increment. In the case of 
SSY, 

K 2 
J = G -- (4) 

E 

where/~ ----- E for plane stress and E = E / ( 1  - -  v2) for plane strain, v is Pois- 
son's ratio. 

However, the characteristic crack-tip fields given by Eq 1 are not univer- 
sally valid in all the cases. Figure 4 shows the slipline fields of a double-edge- 

I 
PLANE 5TRAJN 

(2,--'I'k I j 

- - i t h  
INTERNAL 

CRACK 

FIG. 4--Sl ipl ine f ie lds  f o r  fu l ly  plastic tension mode; p lane strain. 
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notched specimen and a single-edged-notched specimen under fully plastic 
tensile loads. Because of the difference in in-plane constraint, the principal 
tensile stress is equal to (2 + r )k  in one case and 2k in the other; k is the 
yield stress in terms of shear. The characteristic flow fields and stress fields of 
these two cases are grossly different. In other words, for different types of 
specimen geometry, the characteristic fields might be different. The same 
J-value might indicate different crack-tip stresses, strains, and displace- 
ments. As a result, one would expect that specimens of different geometric 
types would fail at different J-values. Indeed, Hancock and Cowling [11] 

tested specimens of five different geometries. The lowest and the highest 
values of crack-tip opening displacements at fracture, 8c, differ by a factor of 
10.8 is related t o J  but the relation differs for different flow fields. Taking the 
difference of the flow fields into consideration, Hancock and Cowling [11] 

found the corresponding extreme values of Jc to be 570 and 147 k N m - l  (3.25 
and 0.839 ksi-in.), a difference of a factor of four. 

In order to measure fracture toughness as a material property, a reference 
state of crack-tip field must be established. The most meaningful one is that 
of the small-scale yielding. With this choice, the measured fracture tough- 
ness of a small specimen in general yielding (GY) will be able to predict the 
fracture strength of a large structure in small-scale yielding. 

Plane stress calculations are also made for the double-edge-cracked speci- 
men and the single-edge-cracked specimen in SSY, large-scale yielding 
(LSY), and GY. The characterization of the crack-tip fields, the correspon- 
dence between the crack-tip fields in the state of the SSY, LSY, and GY, and 
their relation to the applied stress and the imposed elongation are studied. 

The crack-tip stress and strain fields in specimens made of two batches of 
aluminum alloy in the state of SSY were studied using plane-stress finite- 
element analysis. A circular specimen with a crack along one of the radial 
lines and with boundary displacements given by the dominant terms of the lin- 
ear elastic solution, that is. ui  = ( K / 2 l z ) ( r / 2 r r  1/2 ~i(0), serves as the refer- 
ence state; see Fig. 5, t~ is shear modulus. The o -- e relations are prescribed 
b y o  = E e f o r o  < o r a n d a :  k~  N for  a > a r a n d  k = E N a r  ( l - ~ .  o r : 

69 MPa (10 ksi) and N = 0.22 for Batch B; and o r  = 50 MPa (7.26 ksi) and 
N ---- 0.315 for Batch C. The finite-element mesh is shown in Fig. 5. The 
details of the calculations are given in Ref 12. The crack line stresses and 
strains for Batch C aluminum are shown in the dimensionless plots in Fig. 6. 
The results of nine loading steps are shown. The value of Kt  ranges from 1.24 
to 4.4 MPawrm (1.13 to 4 ksi ix/~.). 

Within % ,  the y-direction strain and stress can be expressed as 

(:yy ~- ~)T(r=rp) 

= - -  (9a) 
3 ~ ~r, a v r  3 \ a y /  

C o p y r i g h t  b y  A S T M  I n t ' l  ( a l l  r i g h t s  r e s e r v e d ) ;  W e d  D e c  2 3  1 8 : 0 2 : 4 2  E S T  2 0 1 5
D o w n l o a d e d / p r i n t e d  b y
U n i v e r s i t y  o f  W a s h i n g t o n  ( U n i v e r s i t y  o f  W a s h i n g t o n )  p u r s u a n t  t o  L i c e n s e  A g r e e m e n t .  N o  f u r t h e r  r e p r o d u c t i o n s  a u t h o r i z e d .



LIU ET AL ON THICKNESS EFFECTS 11-639 

m- 

OF( J )ra' ~2m'(__~)m' 
__ __ O y  ( K I (9b) 

"~; 3" eroy  r -~7 \ o----y/ 

where rp = 7(K1/ar )  2 = 3"J/erOy. The value of 3, B ', and 3' are, respec- 
tively, 1.41, 0.98, and 0.243 for Batch C aluminum, and 1.35, 0.92, and 
0.281 for Batch B aluminum. 

The form of Eq 9 is similar to that given by Hutchinson [8] and Rice and Ros- 
engran [9], Eq 1. Combining Eqs 1 and 9, with (m + m ') = 1, one obtains 

In(n)/Oyy(O, n)~'yr(0, n) = ~ '/3' (10) 

Table 1 lists the values of (B~ '/3') obtained from the finite-element calculation 
and the values of ( I , , / 0 ~ )  obtained from Hutchinson's results. These two 
sets of values are very close to each other. The values of 0yy (0, n) and 
gyy (0, n) are obtained by the linear interpolation between #yr (0, 3) = 1.1 
and #yy (0, 13) = 1.2; and (yy (0.3) = 0.7 and gyy (0.13) = 0.8; the values of 
1, (n) are from the linear interpolation between I ,  (3) = 3.86 and 1, (5) = 
3.41. 

The results for Oyy, eyy, ~, and ~'P along the radial lines of 45, 60, and 90 
deg away from the crack line are shown in Fig. 7 as solid curves. ~ is effective 
stress; ~P is effective plastic strain. Similar relations as Eq 9 can also be ob- 
tained for these stresses and strains. 

The state of the crack-tip stress and strain-fields in SSY serves as a refer- 
ence to be compared with the crack-tip fields of specimens in LSY and GY. 

DEN and SEN specimens were studied. The calculated oyy, eyy, ~, and ~ '  
are shown in Figs. 7 and 8. For comparison, the results of the SSY calcula- 

I 

FIG. 5--Element layout for small-scale yielding calculations. 
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TABLE 1--Characteristic crack-tip field parameters, 

N n ~ :~' ~ ~ ' / ~  I.("~/~y~(O, n)~(O, n) 

Batch B 0,22 4.5 1.35 0.92 0.28 4.4 4.4 
Batch C 0.32 3.2 1.41 0,98 0.24 5.7 5.0 

l " o I ' I~111 I l T V W r Y q l  V l " l v , ' ,  I 1 ' V I V W W  1 1 t , , , I F -  �9 , v , , t , r ,  , , ' , , , , ~  
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FIG. 7a--Correlations of 5 and -~P between the small-scale yielding and double-edge-notched 
specimen loaded in general yieMing. 
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FIG. 7b--Correlations of oyy and r between the small-scale yielding and double-edge-notched 
specimen loaded in general yielding. 

tions (solid curves) are also shown. The values of rp for the specimens in LSY 
and GY are obtained by the linear extrapolation of effective stress, ~, to yield 
stress o r in a logarithmic plot of ~ versus r. The solid lines of the SSY coin- 
cide with the data of GY. The same scaling factor rp is applicable to all stress 
and strain components. Therefore, these stresses and strains can be ex- 
pressed in terms of a single parameter, rp. Since rp is related to K or J in 
SSY, these stresses and strains can also be written in terms of K orJ .  In other 
words, these stresses and strains in LSY and GY are also characterized by K 
or J. Therefore the values of the K or J of the small specimens in GY can be 
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obtained by the direct correspondence of the crack-tip fields. The values of J 
have also been evaluated by calculating the contour integral as defined by 
Rice. The values of the contour integral differ less than 10 percent from the 
values of J obtained by the method of direct correspondence. 

The fact that the data of SSY and GY fall onto the same line means that a 
crack-tip field in GY does correspond uniquely to a crack-tip field in SSY. 
Consequently, one will be able to use a small specimen in GY to reach the 
crack-tip field of a large specimen in SSY at the equivalent K-value. The 
fracture process is controlled by the crack tip stresses and strains within the 
stiffened zone, and the crack tip stiffened zone is imbedded within the plane- 
stress zone. Thus, the stresses and strains within the stiffened zone will be the 
same if the intensity of the surrounding plane-stress crack-tip field is the 
same. Or, to state the conclusion more simply, the K or J of the plane-stress 
crack-tip field characterizes the stresses and strains within the stiffened zone, 
even though the stresses and strains within the stiffened zone are unknown. 
Therefore, if a small specimen in GY fractures at a K-value so defined, a very 
large specimen, made of the same material in SSY, will fracture at the same 
K-value, because the crack-tip stresses and strains are identical in both spec- 
imens. Since crack-tip stresses and strains in the stiffened zone are affected 
by plate thickness, this conclusion is valied only for specimens of the same 
thickness. 

The near-tip stresses and strains correlate with K or J. In order to use the 
correlation for convenient fracture toughness measurements, the near-tip 
field must be related to the applied stress o~ and the imposed elongation A. 
Figure 9 shows the correlation of the product oyy eyy at a certain distance r 
ahead of a crack tip with the product a=A for the DEN specimen. The prod- 
uct o~ v c~, is linearly proportional to J. Therefore, we have 

K 2 
=J----  13.4 o~A (Batch C aluminum) 

E 

K 2 
- -  J --- 13.7 o~ A (Batch B aluminum) 

E 

(11) 

These relations can be used to measure the fracture toughnesses of the DEN 
specimens made of these two materials. 

In a cracked elastic solid, an area exists near the crack tip bounded by r e 
within which the singular terms of the characteristic crack-tip stress and 
strain fields are valid approximations. For metallic specimens it can be 
shown that if the size of r e >> r r,  K will characterize crack-tip stresses and 
strains even within rp  { 4 , 5 ] .  The very existence of this conclusion serves as the 
basis for the empirical determination of the minimum specimen size for valid 
fracture toughness measurements. The condition of re >> r r is known as the 
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condition of small-scale yielding. Wilson has found that the size of r e is quite 
small [13] when compared with other specimen dimensions. However, re is 
linearly proportional to specimen size; so, in principle, the condition of SSY 
can always be satisfied by using a large enough specimen. 

The condition of re >> rp could be unduly restrictive in terms of specimen 
size requirements. The condition of r e >> rp is a sufficient condition. The 
necessary condition for the validity of LEFM is that K would be able to char- 
acterize the crack-tip stress or strain component at the location of the defined 
fracture process. 

Figure 10 shows the relation between the applied stress and the equivalent 
K-value of a DEN specimen, both in LEFM region and in the nonlinear 
region. The linear elastic solution is capable of characterizing the crack tip 
field up to o~0 ~or = 0.6, which gives a crack line plastic zone size rp(o=O) ~-- 
6.35 mm (0.254 in.) in comparison with the crack length a = 20.3 mm (0.812 
in.). In this case, the condition of re >> rp is obviously more restrictive than 
necessary. 

It can be concluded that the plane-stress crack-tip field of a DEN or SEN 
specimen in GY correlates well with the crack-tip field in SSY, and that the 
crack-tip field of a small specimen in GY can be expressed in terms of K or J. 
The correlation is substantiated by the experimental strain measurements 
and the measured load-elongation curve as well as by its agreement with the 
analytical results of Hutchinson and Rice and Rosengren. The characteristic 
plane-stress crack-tip field is related to the product of the applied stress and 
the imposed elongation. The relation can be used to measure fracture tough- 
nesses of small specimens in GY. The size of the crack-tip stiffened zone is 
approximately equal to the plate thickness. In order to use the characteristic 
plane stress field, the plastic zone perhaps should be more than twice the 
plate thickness; that is, 0.25 ( K e / o r )  2 >_ 2t. For a tough material, with Kc = 
352 MPa~fm (320 ksix/~.),Oy = 552 MPa (80 ksi), t could be up to 5 cm (2 in.). 

Crack-Tlp Opening Displacement as a Fracture Criterion 

It is well known that a tensile bar necks down, when the applied strain is 
beyond a certain value. In a power-law material, necking takes place when 
the applied strain exceeds the strain-hardening exponent. Beyond the point 
of plasticity instability, the stress in the neck increases while the stress out- 
side of the neck decreases. 

When a very large crack-tip plastic zone takes place in a thin plate, a strip 
necking zone will be formed by the same kind of localized plasticity instabil- 
ity. The well known "strip yielding zone" is not a physical reality. It is a good 
approximation to the strip necking zone as shown by the moire pattern in 
Fig. 11. The strip necking zone is imbedded in the "diffused" plastic zone in 
the thin steel plate. Plastic deformation took place ahead of the strip necking 
zone forming the diffused plastic zone. As the strip necking zone grew into 
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FIG. lO--Calculated stress-intensity factor at various loading levels. 

6 0  

the diffused plastic zone, the plastic deformation in the diffused zone, 
behind the crack tip, remained "constant," and the further plastic deforma- 
tion is concentrated within the strip necking zone, and the plate thickness is 
greatly reduced within the strip. A strip necking zone is shown imbedded in a 
diffused plastic zone in Fig. 12. 

Schaeffer et al [14] have measured crack opening displacements as well as 
the relative "opening displacements" between the upper and the lower bound- 
aries of the strip necking zone. Their measurements agree very well with the 
calculated values according to the Dugdale strip yielding model. The Dugdale 
strip yielding model will be applicable when the strain and displacement in 
the strip overshadow the strain and displacement outside of the strip, and 
when the length of the strip necking zone is several times the thickness of the 
plate. The length of the strip necking zone, relative to plate thickness, t, is 
given by the parameter 7 /=  (K/or)2/t. For the specimens tested by Schaeffer 
et al, y? = 48. Furthermore, they have found that the crack opening displace- 
ments (COD's) within the strip necking zone equal the thickness contraction. 

As K increases, and crack grows slowly toward a point ahead of the crack 
tip, the relative opening displacement at the point in the strip necking zone 
increases while the thickness is reduced. Once the crack tip passes the point, 
the plate thickness at the point stops changing. After a specimen is broken, 
the thickness at a point along the fracture path is the same thickness as when 
the crack tip first reached the point. The thickness contraction, At, at the 
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CRACK 

, /  
ELASTIC 

FIG. 12--Schematic diagram of crack-tip necking. 

point equals the crack tip opening displacement (CTOD), and CTOD is di- 
rectly related to the applied K. According to the Dugdale model [15] 

CTOD = K2/Eor  (12) 

for small-scale yielding. Therefore the K-values during stable crack growth 
can be obtained by plate thickness measurements along the fracture surface 
of a broken specimen. Indeed, Liu and Kuo [16] have measured the fracture 
resistance curve as well as Kc from thickness measurements in such a man- 
ner. The thickness contraction fracture toughness measurements can be used 
economically for screening tests. 

When strip necking takes place, CTOD is the result of the stretch of the 
materials within the strip necking zone. In this case, the crack-tip opening 
displacement is a "tangible" physical quantity that can be measured directly. 

Experimental observations showed that crack-tip necking began to form at 
equal to about 18 [17]. For specimens in which ~/is between 18 and 48, the 

strip necking zone is not large enough to warrant the use of the thickness 
contraction as a fracture toughness measurement. 

Using the moire method [17,18], COD's were measured in specimens 
made of 2024-0, 2024-T3, and 2024-T351 aluminum alloys with tensile yield 
strengths, 54, 310, and 383 MN/m 2 (7.8, 45, and 55.5 ksi), respectively. All 
specimens were 101.6-mm-wide (4.064 in.) center-cracked panels with a 
nominal crack length of 17.8 mm (0.712 in.). The applied stresses were about 
one-half the yield strengths for all of the specimens. The density of the moire 
grille is 528 lines/mm (13 400 lines/in.), and is capable of measuring COD 
of about 2.5 X 10 - 4  m m  (10 -s  in.), using the rotational mismatch tech- 
nique [19]. Figure 13 shows the measured COD. The dashed lines are 
calculated from the Dugdale model and the solid lines from the elastic model. 
Figure 13a shows two specimens at the same K-value. Specimen 1 is much 
thinner than Specimen 2. The thinner specimen (7/ = 17.5 ) agrees very well 
with the Dugdale model, and the thicker one (7 = 1.12) agrees with the elas- 
tic model. Approaching the crack tip, the difference in COD is more than a 
factor of two. It is not likely that the crack-tip opening displacement of Spec- 
imen 2 will be equal to that given by the Dugdale model. Similar data are 
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F I G .  13--Thickness effects on COD. Dashed l ine  = Dugdale model: solid l ine  = elastic model. 

shown in Fig. 13b. It can be concluded that when 77 is close to 18, the mea- 
sured COD's agree exceedingly well with the Dugdale model. When ~/is close 
to one or less, the measured COD's agree well with the elastic calculations. 
When the COD measurements agree with the Dugdale model, the measured 
COD can be used to infer a CTOD according to the Dugdale model and the 
inferred CTOD relates to K by Eq 12. The inferred CTOD characterizes 
crack-tip deformation and crack-tip stresses. Therefore it is a suitable choice 
as a fracture criterion. It should be emphasized that no strip necking zone was 
observed in the thin specimens despite the fact that the COD's in these speci- 
mens agreed well with the Dugdale model, which assumes a strip yield zone. 

The agreement in COD between the measurements and the Dugdale 
model was observed for aluminum specimens in small-scale yielding or prior 
to general yielding. Figure 14 shows the COD measurements in a magnesium 
specimen by Kobayashi et al [20]. All curves are beyond general yielding. 
The points shown in the figure were calculated in this investigation with the 
Dugdale model for Curve Mg-I-IY, which was at the incipience of general 
yielding. The measurements agree well with the Dugdale model even in the 
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general yielding condition. The agreement of the measured and the calcu- 
lated COD both in SSY and in GY supports the Dugdale model for fracture 
toughness measurements. Figure 14 also shows that crack opening profiles 
are parallel once beyond general yielding. When the upper and the lower 
crack surfaces move apart like two rigid surfaces, the area ahead of the crack 
tip is stretched, and the added stretch gives more opening displacement at 
the crack tip. During the process of crack-tip opening stretching, the crack 
profile maintains its original shape, corresponding to that at the incipience of 
general yielding. Let t~COD(r) be the difference between the crack opening 
displacement at r, COD(r), and the crack-tip opening displacement at the 
incipience of general yielding. Once beyond general yielding, the ~COD(r) 
remains unchanged. The total COD(r) beyond general yielding is the sum of 
~COD(r) and CTOD, that is 

COD(r) = 8COD(r) + CTOD 

or (13) 

CTOD = COD(r) - fiCOD(r) 

6COD(r) can be calculated by the finite-element method. CTOD can be ob- 
tained from the measured COD(r) and the calculated 6COD(r). CTOD is 
related to K by Eq 12. 

Equation 13 is applicable to center-cracked panels. For the compact- 
tension specimens, an additional term should be added to account for the 
rigid-body rotation about a "plastic hinge." The rotational effects remain to 
be investigated. 

The finite-element method, based on the Dugdale model, can be used to 
calculate 6COD(r) for plates of arbitrary shape. Hayes and William [21] 
have used the finite-element method to calculate COD and CTOD for the 
central-crack, double-edge-crack, single-edge-crack, and circumferential- 
crack specimens under various load levels up to general yielding. Basically, 
the Hayes and Williams method balances the stress-intensity factors con- 
tributed from the remote applied stress and the stresses in the strip yielding 
zone. 

Equation 12 has been indiscriminantly used to relate CTOD to K without 
consideration of the thickness effect. The equation is applicable when T/ > 
18. For specimens of lower ~-values, Eq 12 needs to be modified by a param- 
eter which is thickness dependent. 

There exist several methods to measure CTOD, such as the load-line 
mouth opening and plastic hinge method, the linear extrapolation of a crack 
opening profile from an optical photograph, and rubber infiltration. None of 
these methods can avoid some degree of arbitrariness, either in the relation 
between the far-field measurement and the near-tip deformation behavior or 
in the relation between the measured quantity and the inferred K-value. 
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Perhaps some of the earlier difficulties in applying CTOD to fracture tough- 
ness measurements arise from such arbitrariness. The method and the pro- 
cedure outlined in this study will help to avoid these difficulties. 

Summary and Conclusions 

1. The stresses and strains in a cracked solid are in a complicated three- 
dimensional state. There are three two-dimensional limiting cases: plane 
strain, plane stress, and the Dugdale strip yielding case. The parameter r/ -- 
( K / a r ) 2 / t  determines which one of these three limiting cases is predominant. 
The characteristic crack-tip fields of these three cases differ vastly. 

2. The fracture process is controlled by the stresses and strains at the crack 
tip. Because of the difference in the characteristics of the crack tip field, 
there exist various regimes of fracture correlations between a small labora- 
tory specimen in general yielding and a large engineering structure in small- 
scale yielding. 

3. Crack tip strip necking has been observed, when ~ -- 48. At rl = 48, the 
measured relative opening displacements between the upper and the lower 
boundaries of the strip necking zone, including that at the crack tip, agree 
well with the calculated values according to the Dugdale strip yielding model. 
Furthermore, the relative opening displacement in the strip necking zone is 
equal to the thickness contraction. According to the Dugdale model 

K = ( E o y C T O D )  1/2 = ( E a r A t )  I n  

where At is the thickness contraction. 
4. When r/ = 18, a crack-tip necking zone begins to form, and the mea- 

sured crack opening displacements agree extremely well with the calculations 
based on the Dugdale strip yielding model. Once general yielding is reached, 
the upper and the lower crack surfaces move apart as two rigid surfaces. The 
difference between the crack opening displacement at a distance r, CTOD(r), 
and crack-tip opening displacement, CTOD, remains unchanged once be- 
yond general yielding 

6COD(r) --- COD(r) -- CTOD 

6COD(r) can be calculated by the finite-element method. CTOD can be ob- 
tained from the calculated 6COD(r) and the measured COD(r); and CTOD 
is related to K. Thus for r/between 18 and 48, we have 

K = ( E o v  CTOD) 1/2 

= [ E a  r [COD(r) - 6COD(r)] J 1/2 
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5. When rp is several times larger than the plate thickness but it is not 
large enough to form the crack-tip necking zone, a characteristic plane-stress 
crack-tip field exists. For double-edge-notched and single-edge-notched 
specimens, there is a unique correspondence between the crack-tip field in a 
small specimen in general yielding and the crack-tip field in a very large spec- 
imen in small-scale yielding. Therefore the equivalent K-value of such a 
small specimen in GY can be established. Furthermore, the near-tip stresses 
and strains are related to the applied stress and the imposed elongation. 
Therefore the fracture toughnesses of such small specimens can be measured 
conveniently for ~/between 10 and 18. 

In summary, as shown in Fig. 15, when r/is more than 48, thickness con- 
traction can be used to measure K; when r/is between 18 and 48, the COD 
can be used to measure equivalent K; and when rl is between 10 and 18, the 
correspondence between the crack-tip fields in small-scale yielding and in 
general yielding can be used to measure the fracture toughness of a ductile 
and tough material. However, the demarcations between the various regions 
are tentative. Additional studies are needed to establish them firmly. 
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Ian  M i l n e  t 

Experimental Validation of 
Resistance Curve Analysis 

REFERENCE: Milne, I., "Expertn~ntal Validation of Resistance Curve Analysis," 
Elastic-Plastic Fracture: Second Symposium, Volume ll--Fracture Resistance Curves 
and Engineering Applications. ASTM STP 803, C. F. Shih and J. P. Gudas, Eds., Amer- 
ican Society for Testing and Materials, 1983, pp. 11-657-II-685. 

ABSTRACT: The experimental evidence which supports the existence of stable ductile 
crack extension in metallic specimens and structures is reviewed and compared with 
modern failure assessment procedures. The evidence includes data from the following: 

1. Materials--two aluminium alloys, mild steel, two nickel-chromium-molybdenum- 
vanadium forging steels, AS33B and A508 pressure vessel steels, a quenched-and-tem- 
pered steel, austenitic steels, and HY-130. 

2. Geometries--3-point bend specimens of various sizes, compact tension specimens 
plane and side-grooved, single-edge-notched tension specimens, double-edge-notched 
tension specimens, center-cracked tension panels, wide plate specimens, pressurized pipe 
geometries, and pressurized nozzle geometries with the crack located in the crotch corner, 

3. Section sizes--thicknesses ranged from 2 to 700 mm in specimen geometries with 
crack sizes between 0.1 and 0.9 of the section. 

It is concluded that for materials with a low to moderate capacity for strain hardening, 
an adequate engineering assessment can be obtained using a simple form of assessment 
such as the Central Electricity Generating Board's procedures, R6. However, for materials 
with a high capacity for strain hardening, total elastic plastic behavior can be predicted 
only by a procedure which allows for this strain hardening capacity explicitly. Neverthe- 
less, the load capacity of such materials appears to be satisfactorily predicted using a flow 
stress criterion. 

KEY WORDS: ductile crack extension. JR-Curves, ferritic steels, austenitic steels, alu- 
minium alloys, flow stress, strain hardening capacity, load capacity, test specimens, pres- 
sure vessels, crotch comers, elastic-plastic fracture 

W h e n  a s t r u c t u r e  is f a i l ing  b y  duc t i l e  c r a c k i n g  m e c h a n i s m s ,  t h e  r e s i s t ance  

to  f r a c t u r e  can ,  w i t h i n  l imits ,  b e  r e p r e s e n t e d  by  t h e  J - in tegra l .  W h e n  J is ex- 

p ressed  as a f u n c t i o n  of c rack  ex tens ion ,  over  t he  first few mi l l imet res  of c r ack  

g rowth ,  A a ,  it gene ra l ly  inc reases  wi th  A a .  T h u s  a J - r e s i s t a n c e  cu rve  or  

1Research officer, Central Electricity Research Laboratories, Central Electricity Generating 
Board, Kelvin Avenue, Leatherhead, Surrey, U.K. 
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JR-curve is obtained, and under these conditions structures are normally ex- 
tremely tolerant of crack-life defects. 

The procedures which have been developed to evaluate this defect tolerance 
fall into two distinct groups. The first group attempts as far as possible to 
evaluate a precise estimate of J applied to the structure and to compare this 
with the JR-curve. The critical condition of the structure is then obtained by 
solving the equations 

JApp : JR (la) 

dJApp _ dJR 

da da 
( lb) 

with stability being assured when dJApp/da < dJR/da. Procedures which 
fall into this group include any procedure which uses t'mite-element techniques 
to evaluate JApp; the estimation scheme of Kumar, German, and Shih [112; 
the tearing modulus concept developed by Paris et al [2]; and, in the limit of 
small amounts of crack extension, the instability criterion defined by Turner 
[3]. The second group of procedures can be thought of as using approximate 
estimates of the applied J to solve Eq la and lb.  These are generally pre- 
sented in terms of an assessment or design line which is universally applicable 
to all problems regardless of geometry. Examples of these procedures include 
the J design line proposed by Turner [4] and the Central Electricity Generat- 
ing Board (CEGB) procedures, colloquially known as R6, proposed by Hard- 
son, Loosemore, Milne, and Dowling [5]. The crack-opening displacement 
design line of Burdekin and Dawes [6] also falls into this category, although 
in this case the resistance criterion is expressed in terms of crack-opening dis- 
placement rather than J. All of these procedures have been reviewed by Chell 
and Milne [7]. 

The following attempts to provide an experimental validation of the basic 
concepts inherent in any form of resistance curve analysis. This validation 
will be based upon the R6 procedures after first establishing that for all prac- 
tical purposes these procedures will give results which are comparable to 
those obtained from an explicit J analysis. The validation will be carded out 
in three stages: first by demonstrating the validity of the R6 assessment dia- 
gram using data obtained from specimen test geometries, second by discuss- 
ing the influence of geometry on the results, and third by using the procedures 
to predict load-crack extension behavior in pressurized structures. The mate- 
dais involved in this study fall into two categories: those, like ferritic steels 
and some aluminium alloys, with a moderate capacity for strain hardening, 
and those with a high capacity for strain hardening, like austenitic stainless 
steels. These two classes of material will be treated separately. 

2The italic numbers in brackets refer to the list of references appended to this paper. 
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Materials wlth a Moderate Capacity for Strain Hardening 

The R6 Diagram and J-Estimates 

The R6 procedures differ from a J analysis in three important respects: 

1. The explicit use of a plastic collapse load: In a J  analysis the plastic col- 
lapse load is normally implied from the load at which J increases rapidly. 

2. The use of a flow stress criterion to define this plastic collapse load rather 
than a strain-hardening law. 

3. The concept that, for all practical purposes, elastic-plastic effects of 
any geometry can be represented by a form of the infinite-plate solution of 
the strip yielding model normalized by the plastic collapse limit of the cracked 
geometry. 

Despite these differences between the R6 procedures and typical methods 
of estimating J, for materials with a moderate capacity for strain hardening, 
for example, ferritic steels and some aluminium alloys, it has often been 
demonstrated that failure assessments made using the R6 approach will be in 
good agreement with those obtained using a J analysis [8-11]. This is demon- 
strated in Figs. la to lc ,  where failure assessments lines derived from J solu- 
tions for a number of geometries have been plotted on the R6 axes using the 
scheme first outlined by Chell [8]. Here, if G is the elastic strain energy re- 
lease rate at the applied load P, and P1 is the plastic collapse load, the J as- 
sessment line is obtained by plotting Gx/-G~J against P/Pl.  

The J solutions plotted in Figs. la ,  lb ,  and lc were obtained from the fol- 
lowing sources 

1. Center-cracked panel, Curve 3; three-point bend, Curve S; single-edged 
cracked tension, Curve 8; and double-edged cracked tension, Curve 9, were 
all obtained for plane strain using the J estimation scheme of Kumar et al [1] 
for an A533B steel [10,12]. P1 was derived from the general equation 

P1 = m'~BW (2) 

where 3 is the flow stress given by the arithmetic mean of the yield and ulti- 
mate tensile stresses, I/2(oy + o,),  and B and W are the thickness and width 
of the specimen, respectively. The value of m was chosen to give a plane-strain 
solution and is given in terms of the crack length, a, as follows [13] 

Center-cracked panel: m = 1.15(1 -- a/w) 
Three-point bend of span S: m = 1.456(1 -- a/w)2W/S 
Single-edged cracked tension: (1 -- a/w) = 1.26(m + m 2 )  1/2 - -  m 

( 1 - -a /2w~ 
Double-edged cracked tension: m = (1 -- a/w) 1 + en I -- a/w / 
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2. Crack close to hole in plate, Curve 12, from Sumpter and Turner [14], 
with PI derived from the stress at which J increases rapidly. 

3. Penny-shaped crack, Curve 10, from the analytical solution of Keer and 
Mura [15], following Chell [8]. This solution was expressed in terms of a ref- 
erence stress, a I , which was taken as the collapse stress. 

4. Center-cracked panel, Curves 1 and 2. and the crack from a hole, 
Curve 11, from Sumpter [I6]; three-point bend, Curves 6 and 7, from Sump- 
ter and Turner [14]; and three-point bend, Curve 4, from Hayes and Turner 
[17] were all plotted following Chell [8] with Pl derived from the load or stress 
at which J increased rapidly. 

Of the twelve J solutions plotted in Figs. la to lc ,  two geometries were 
duplicated, the center-cracked panel with a/w = 0.5 and three-point bend 
with a/w : 0.5 (Curves 1 and 3 and 4 and 5, respectively). The J solutions 
for each of these geometries were obtained from different sources [1,16,17] 
but were nominally for the same material. There is clearly a considerable vari- 
ation in the different J estimates for a given geometry, a factor that has been 
previously exposed by the round-robin exercises coordinated by Wilson and 
Osias [18} and Larsson [19]. These variations demonstrate an incompatibility 
between different J-estimates to a degree that makes them unreliable except 
where they have been fully validated experimentally or where rigorous exter- 
nal checks are applied [7]. 

The dashed lines plotted in Figs. la- lc  have been drawn corresponding to 
loads 10 percent above and below the load required to define the R6 assess- 
ment line. Since in general the twelve J solutions fall within the dashed lines, 
the loads derived using the R6 procedures will be within 10 percent of the 
loads derived using these particular J solutions. Thus allowing for possible 
inaccuracies in the J-estimates and for the uncertainties in material properties 
which will be far in excess of +__ 10 percent, it is clear that the R6 procedures 
will give as good an approximation to a J analysis as is normally needed for 
any real problem. 

Principles of R6 Resistance Curve Analysis 

When using the R6 procedures, it is necessary only to evaluate two basic 
parameters, S, and K, .  For a resistance curve analysis, these parameters are 
evaluated as a function of postulated crack extension, Aa, under the appro- 
priate loading conditions [20]. 

For example, under a constant applied load P 

P 
S,(Aa) = 

Pj(Aa) 

where P1 is the plastic collapse load defined formerly. The parameter K, can 
be defined in terms of stress-intensity factors or J as 
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11-662 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

K1(Aa) 

where K1 is the applied stress-intensity factor at load P and crack size a, 
a + Aa, etc., and Kn(Aa) is the resistance toughness derived from the 
JR-Curve. Assessment points with coordinates (S r, K,.) are then plotted as a 
function of Aa, the locus of which typically has a form shown in Fig. 2. The 
load required to raise each point on this locus to the assessment line defines 
the load required to produce the relevant crack extension. 

In the example shown in Fig. 2, the locus at P is well within the stable re- 
gion of the diagram, so that at this load the structure would be stable. By 
raising the load to P~ the crack is on the point of growing, but the structure is 
still stable because the locus at p1 falls within the stable part of the diagram. 
Increasing the load to p2 causes the crack to grow to a2, the structure again 
remaining stable. On application of p3 the locus becomes tangential to the 
assessment line at a-crack length of a 3. This is the graphical solution to Eq 1 
in terms of R6 [21] and defines the load tolerance of the structure. 

p3 

pzll~ 

p J i I~ 

, 

P/a, I I / 

I I / /  

V" 
Sr 

APPLIED LOAD = P 
I 

INITIATION LOAD = p . O ~  
OP 

LOAD TOLERANCE = P-OPA 
OP 

FIG. 2--Principles of resistance curve analysis using R6. 
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MILNE ON RESISTANCE CURVE 11-663 

The parameters S, and K,  are linear in applied load so that the graphical 
solution can be performed by simply scaling the load linearly up the appro- 
priate radius. Alternatively, this scaling factor, F, can be evaluated analyti- 
cally from the equation [21] 

2 7r 2 Sr 2 
F =  ~ c o s - l e x p  8 K,  2 (3) 

The maximum load is defined where F is a maximum and is given by the 
product of P ~ x. Note that this equation can be used only for a mechani- 
cally loaded structure where all load paths go through the origin. In the pres- 
ence of residual or thermal stresses. F must be evaluated graphically or by 
iteration to separate the effects of the residual or thermal stresses from the 
mechanical stresses [22]. 

Validation Using Test Specimen Geometries 

In the first paper which developed the method of performing a growth anal- 
ysis [20] an attempt was made to predict the maximum loads obtained from a 
number of three-point bend and compact tension specimen (CTS) tests for a 
variety of steels using as far as possible the JR data developed from each set of 
specimens. Since these JR data were obtained using the Merkle-Corten or some 
similar form of equations, good agreement between the predicted and mea- 
sured maximum loads would indicate that the R6 procedure was a satisfactory 
approximation to these equations. In fact, as can be seen from Table 1, the 
predicted maximum loads were generally within 10 or 15 percent of those mea- 
sured, although for one three-point bend specimen the prediction was as much 
as 20 percent low. At the time, this seemed to be a satisfactory level of agree- 
ment especially since, in the original data, some of the initial crack sizes had 
not been precisely listed. Errors of 1 mm in crack size can have a large effect on 
the plastic collapse loads predicted for 12.7-mm-thick bend specimens, and it 
was in a specimen of this type that the 20 percent discrepancy occurred. It was 
noted that in all cases the maximum load was close to the plastic collapse load, 
so that accurate assessments of the plastic collapse loads were necessary. This 
was demonstrated by Bloom [23] when he improved the accuracy of the pre- 
dictions for the four-inch (101.6 mm) side-grooved compact tension specimens 
of AS33B by using more exact plastic collapse solutions for this geometry. 

For the two nickel-chromium-molybdenum-vanadium (NiCrMoV) steels, 
and the A533B steel listed in Table 1, a second set of predictions was also 
made [20] using a Jn-curve drawn as a linear lower bound to the experimental 
JR for these steels. These results were almost identical to those obtained using 
the specific test specimen data, suggesting that the fine detail of the Ja-curve is 
not very important in determining maximum loads. This conclusion was sub- 
stantiated by the predictions for the quenched-and-tempered low-alloy steel, 
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11-664 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

TABLE l--Comparison of measured maximum loads with maximum kinds predicted using 
R6 [2Ol. 

Maximum Loads, kN 
Geometry 

Steel dimensions in mm Measured Predicted 

Quenched-and- 3-point bend 30 27.5 
tempered low B = 10 
alloy W = 40 

Quenched-and- 3-point bend 153 150 
tempered low B = 40 
alloy W : 82 

Quenched-and- 3-point bend 4.55 4.8 
tempered low B = 6 
alloy W = 12 

A533B CTS (side-grooved) 650 610 
B = I O 0  
a =118  

A533B CTS (side-grooved) 135 116 
B = IO0 
a = 162 

NiCrMoV 3-point bend 4,3 4,0 
rotor steel B = W : 12.7 

NiCrMoV 3-point bend 16 12.5 
rotor steel B = 12.7 

W =  25.4 
NiCrMoV CTS 60 51.3 

rotor steel B : 25.4 
NiCrMoV 3-point bend 13.6 13.5 

(different B = 12.7 
from above) W = 25.4 

where the JR da ta  were ob ta ined  from only one set of specimens,  the 10 by 
40-ram three-point  bend  specimens,  These JR da ta  were successful in predict-  
ing the  max imum loads not only of the 10 by 40-mm specimens bu t  also of 
the  6 by 12-ram and 40 by 82-mm specimens to within less than 5 percent ,  
despi te  there  being significant differences in the shapes of the growing crack 
from one geometry to another .  

For  Bloom's analysis [231, JR da t a  from the specific specimen of interest 
were used to predict not only maximum loads, but  total load crack extension be- 
havior in the four-inch (101.6 mm) side-grooved specimens of AS33B tested 
by Shih, de Lorenzi,  and Andrews [24], two plane-s ided compact  tension 

specimens of HY-130, and  a number  of compact  tension specimens of the  
a luminium alloy 2075-T651 included in the ASTM Task Group  E24.06.02 
predictive round-robin  exercise on fracture [25]. Bloom succeeded in pre- 
dict ing the load-crack extension behavior  of all of these specimens to within 
very small errors using the R6 procedures.  It was noticeable,  however, that  
the  accuracy of the predict ions beyond max imum load was reduced with in- 
creasing crack extension and as the  strain hardening  capaci ty  of the mater ial  
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MILNE ON RESISTANCE CURVE 11-665 

increased. The maximum loads predicted by Bloom are plotted against the 
measured maximum loads in Fig. 3. 

Also included in Fig. 3 are results for a second aluminium alloy, 2024-T3, 
using the experimental data of Schwalbe and Setz [26] and analyzed at the 
Central Electricity Research Laboratories (CERL). These specimens were 
2-mm-thick center-cracked panels whose width W varied from 30 to 300 mm 
with crack sizes varying from 0.1 to 0.9 of the widths. For these specimens, 
the collapse loads were defined by Eq 2 with m = (1 -- a/w), as the rather 
thin section was expected to deform in plane stress. Using this form of col- 
lapse solution, with ~ - - - -  1/2(6y "Jr Ou) , the maximum loads were predicted to 
he uniformly 5 or 6 percent below the measured maximum loads. However, 
using ~ = o, ,  the predicted maximum loads were a much closer match to the 
measured ones, and occurred over the correct crack-growth interval. These 
results are plotted in Fig. 3. The prediction of the correct crack-growth inter- 
val is highly important, since the crack extension at maximum load varied 
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from 0.527 to 27.15 mm depending on the specimen. The values of Sr at 
maximum load varied from 0.65 to 0.81, indicating that all the load maxima 
occurred in the elastic-plastic regime, so this was an excellent test of the 
validity of the R6 interpolation formula. 

There are three possible reasons as to why the plastic collapse expression for 
these specimens needed to be evaluated using ~ = o~ rather than l/2(oy + a,): 

1. The R6 curve may underestimate the J solutions appropriate for this 
geometry and material. 

2. The material may have deformed in plane strain rather than in plane 
stress. 

3. The material may have deformed as expected, in plane stress, but the 
specimens behaved like simple tension specimens so that the "flow stress" 
became ou. 

Reason 2 is highly unlikely since the specimens were only 2 mm thick. Rea- 
son l is a possibility, the 5 or 6 percent difference between the predictions us- 
ing ~ and a~ being well within the band of uncertainty obtained by superim- 
posing all the J solutions plotted in Figs. la- lc .  Indeed, in Fig. la ,  of the 
three J assessment lines derived for center-cracked panels, Curves I and 3 
were both for a/w = 0.5 but from two different sources. The lower of these, 
Curve 3, would result in maximum load predictions some 10 percent below 
the measured maximum loads using ~ to define the collapse load, while the 
upper one, Curve 1, would produce almost exact agreement. So, since both 
these curves were derived for a similar material with a modest capacity for 
strain hardening, this would suggest that these J solutions cannot be con- 
sidered to be particularly exact either. The most likely explanation for this 
result, however, lies in Reason 3. The tensile data would have been obtained 
from flat tension specimens which modeled exactly the thickness and state of 
strain of the cracked specimens. Thus the collapse stress for the tension speci- 
men (a,,) would be a good measure of the stress level which governs collapse 
in the cracked specimens. 

It is worth noting that the crack sizes evaluated in this series of tests varied 
from 0.1 to 0.9 of the specimen widths [26], yet the results were all predict- 
able to a high level of accuracy. This conflicts somewhat with what would be 
expected using the J estimates of Shih et al [I]. For this geometry, and also 
for the single-edged cracked tension geometry, these solutions show a syste- 
matic crack size dependence [11] when plotted on the R6 diagram, which in 
some circumstances implies that for shorter cracks R6 may be unconserva- 
tire. The experimental results showed no such systematic dependence on 
crack size. 

These results therefore demonstrate three things relevant to the analyses of 
structures made of material with a moderate capacity for strain hardening. 
First, the simplistic interpolation formula used in R6 provides a realistic basis 
for performing an elastic-plastic analysis for a wide variety of geometries, 
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and is consistent with the numerical, analytical, and experimental methods 
of estimating J for these geometries. Second, good precision can be obtained 
if the plastic collapse loads are accurately known. Third, there is no significant 
systematic effect of crack length on elastic-plastic behavior, other than that 
described by conventional plastic collapse expressions. 

Application to Structures 

In the foregoing section the R6 procedures were applied to test specimen 
geometries using JR data generated from the specific test specimen geometry 
of interest. This did little but confirm the general applicability of the R6 as- 
sessment line to the geometries evaluated. In performing an analysis of an 
engineering structure, JR data obtained from simple test specimens must be 
applied to more complicated structural geometries. This raises several ques- 
tions concerning the effects of geometry on JR, and assumptions involved in 
postulating changes in crack size (and possibly shape) in the structure. These 
questions will be addressed in this section by applying JR data obtained from 
standard fracture toughness test specimens, compact tension specimens, and 
three-point bend specimens to predict maximum loads in other geometric 
configurations. 

Uniaxially Loaded Structures 

Krageloh, Issler, and Zirn [27] tested four specimens cut from a thick plate 
of A533B steel: a 50-ram-thick compact tension specimen, a 200-mm-thick 
compact tension specimen, a 700-ram-thick single-edged-notched tension 
specimen, and a 560-mm-thick double-edged notched tension specimen. 
JR-Curves were produced from the compact tension geometries, and these fell 
on the same curve with 3 mm of growth for the 50-mm specimen and up to 
about 10 mm of growth for the 200-mm specimen (Issler, private communi- 
cation). These JR-Curves were used to produce the loci, plotted at the maxi- 
mum load measured, in Fig. 4. An exact prediction would be obtained if each 
locus was tengential to the assessment line. The load necessary to make each 
of these loci tangential to the assessment line has been evaluated, and is listed 
in Table 2 to compare with the measured maximum loads. Each of these 
specimens has been reanalyzed at CERL using the plastic collapse formulas 
following Eq 2, and these new predictions have also been included in Table 2. 
There are minor differences between the two sets of predictions, no doubt re- 
flecting different solutions used to evaluate the stress-intensity factors, as 
well as different plastic collapse solutions, but the results are in general com- 
patible and in reasonable agreement with the measured values. 

It is particularly interesting to see how these predictions vary with the as- 
sumptions used in the analysis. For example, for the double-edged-notched 
tension test specimen, Krageloh et al [27] used a plane-strain collapse solu- 
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TABLE 2--Comparison of  measured and predicted maximum loads using the data 
of  Krageloh et al [27]. 

Max Load Maximum Load Predicted, kN 
Measured, 

Specimen MN Krageloh et al [27] CERL 

DENT 17.9 19.87 20.82 using 
KS01AA 17.98 using Oy 

SENT 48.8 42 44.35 
KS01HC 

CT200 3.1 3.1 3.05 
KS01CT200 

CT50 0.21 0.206 0.221 
KS01CT50 
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tion similar to that defined for Eq 2. It was demonstrated, however, that the 
plastic collapse load was better defined by using the yield stress in this equa- 
tion rather than the flow stress. This is probably because of the very high con- 
straint in this deep double-edged-notched specimen limiting the development 
of plasticity and inhibiting strain hardening. The yield stress produced a very 
accurate prediction of the maximum load in the CERL analysis. 

The large single-edged-notched tension specimen exhibited another anom- 
aly. This is manifested in the predictions in Table 2 which suggest that R6 
provides a very conservative estimate of the load capacity of this specimen. It 
has been reported, however, that this specimen behaved more as if it were 
loaded in a constrained manner than if it were pin-loaded. Alternative analy- 
ses have been performed [ll.28] assuming the specimen to be one half of a 
center-cracked panel, and these produced much better agreement using 
either the R6 procedure or the J estimation scheme [1]. It is unlikely, how- 
ever, that this is the total explanation for the underestimate. Plasticity is 
relatively unconstrained in the single-edged-notched tension specimen, mak- 
ing conditions for J controlled growth difficult to achieve [29]. The JR data 
obtained from a compact tension specimen, in conditions of J controlled 
growth, will tend to underestimate the resistance to fracture in a tensile ge- 
ometry, and lead to underestimates of the load capacity. 

Clearly, as for the thin center-cracked tensile panels of aluminium alloy, 
these specimens of A533B did not deform precisely as expected and this was 
reflected in the results. No doubt this is partly because tensile data are nor- 
mally obtained from round-bar specimens, and are expected to be applicable 
to considerably different geometries. This is admissable only if the plastic 
collapse solutions have been generated to take this into account, so inevitably 
the results will depend upon how well these factors are matched. In general, 
however, these results do present evidence that JR data obtained from deeply 
cracked compact tension specimens is successful in predicting or underpre- 
dicting the load tolerance of other geometric configurations, with crack sizes 
of between 0.25 and 0.8 of the specimen width, even when the criteria for J 
controlled growth are violated. Again the results for the single-edged cracked 
tension specimen indicate that there is little in the elastic-plastic behavior of 
short cracked specimens which cannot be accommodated via the crack size 
dependence of the plastic collapse solutions. 

The foregoing examples were one-dimensional in the sense that the cracks 
were full through-thickness cracks, the crack fronts were mainly straight. 
and they did not change shape significantly as they extended. Because of this 
the JR-Curves obtained from the small compact tension specimens were directly 
applicable. More generally, cracks will only partially penetrate the section 
and crack extension will have to be considered as two-dimensional. Garwood 
demonstrated this in a wide-plate tension test containing a semi-elliptical 
surface flaw [30]. The patterns of crack growth are shown schematically in 
Fig. 5. Initial growth was entirely through the thickness, crack extension 
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FIG. 5--Stages of growth of semi-elliptical crack in an end-loaded wide-plate test. 

along the surface in the width direction being held up by plane-stress effects 
and shear-lip development. Once the crack had fully penetrated the liga- 
ment, it was free to extend along the width, but it did so in the tunneling fash- 
ion characteristic of thin-section behavior, despite the fact that the plate was 
110 mm thick. Similar patterns of growth have been observed from semi- 
elliptical surface cracks in pressurized cylinders [31]. In extreme cases in 
pressurized cylinders, crack extension along the surface is so difficult that 
once the ligament has been severed the subsequent instability has caused the 
cracked area of the pipe to butterfly open via circumferential cracks rather 
than to unzip along the axial direction [32]. Two-dimensional patterns of 
crack growth make the analysis more complicated since not only should the 
JR-curve used in the analysis reflect the loading configuration, but it should 
also take account of the changing shape of the crack. 

Fortunately there are several features about the preferred pattern of growth 
of a surface crack, in what is predominantly a tensile stress field, which favor 
a pessimistic assessment. First, the initial retardation of crack growth in the 
surface regions results from plane-stress deformation and unconstrained 
plasticity. This tends to increase the JR local to the surface and to cause shear 
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lips. Second, the changing aspect ratio of the crack as it grows through the 
thickness causes a progressive reduction in the crack driving force calibration 
factor and hence a higher load to maintain the crack driving force. This 
means that crack growth of this type is intrinsically stable. Third, since these 
geometries are loaded predominantly in tension, the JR-curves obtained from 
bend or compact tension specimens will tend to underestimate that for the 
structure. This latter point was indeed observed by Garwood [30] for the par- 
ticular A533B specimens involved. When these three features are combined 
with the conventional concept of JR expressed in terms of increases in crack 
length, any analysis which assumes that the crack grows with a uniform shape 
will be pessimistic. 

Pressurized Containers 

Although a large number of pressure vessels have been tested to failure, 
the material properties necessary for a resistance curve analysis have in gen- 
eral not been classified to the extent needed. Nevertheless the general features 
experienced by a pressure vessel as it fails by ductile cracking have been known 
for some time and are identical to those obtained in uniaxially loaded tests. 
For example, Fearnehough et al [33] monitored the extension of through- 
thickness axial cracks in thin-walled pressurized pipes, demonstrating that 
although the pressure to initiate cracking was low, the instability pressure 
was close to the plastic-collapse pressure evaluated at the final crack length. 
This is demonstrated in Fig. 6a. In Fig. 6b the results are presented of a re- 
sistance curve analysis using the R6 procedures and as far as possible the test 
data of Fearnehough et ai [33]. JR data for the material are unknown, so the 
sensitivity of the predictions to two different JR-Curves was assessed 

1. JR ----- 65 + 72Aa 
2. JR = 65 + 288Aa 

where JR is in kNm -1 and Aa is in mm. Both sets of predictions were reason- 
ably close to the observations of Fearnehough et al [33] despite one JR-Curve 
having four times the slope of the other. Note that the assumed level of JLc is 
rather low by the standards of present-day pressure vessel steels. However, it 
did compare with Jir derived from the crack-tip opening displacements that 
were measured at the initiation of cracking in the vessels, and the material 
was a carbon-manganese steel made in the 1960's, presumably of a quality 
which is lower than AS33B steel. It is clear from this that quite large differ- 
ences in JR data have only a small effect on the predicted load capacity of the 
structure. This point was demonstrated by Chell and Miine [21] when ana- 
lyzing part thickness defects in pressurized pipes. 

In the Heavy Section Steel Technology (HSST) intermediate vessel pro- 
gram, three tests are of particular interest. The first of these, V7, involved 
pressurizing a vessel containing a deep crack in its wall. This test was analyzed 
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by Zahoor et al [34] using the tearing modulus version of resistance curve 
analyses [2]. Although the resistance curve data had to be obtained from test 
work on A533B unrelated to the test vessel, it was possible to demonstrate 
why the crack growth was stable at the pressures applied. 

Vessels V5 and V9 are of more interest since these contained relatively 
shallow cracks in the crotch comer of nozzles which had been welded into the 
vessels. Details of the geometries and test data have been described by Merkle 
[35], although as for V7 appropriate JR data are unavailable. Nevertheless, 
in the Appendix a resistance curve analysis is performed on each of these ves- 
sels for three different assumed JR-Curves. 
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FIG. 6b--Prediction of pipe burst test behavior. 

Vessel V5 was tested at 88~ This vessel failed by leakage. In Fig. 7 three 
pressure crack extension curves are plotted for this vessel, as predicted from the 
analysis in the Appendix. As for the pressurized pipes analyzed in Figs. 6a and 
6b, all three curves demonstrate crack initiation at a low pressure, and final 
failure at a pressure close to the collapse pressure at the final crack length. 
The pressures predicted for crack initiation and failure are listed in Table 3, 
where it is shown that they compare favorably with the measured pressures 
for these events. Again, it is clear that the detail of the JR-CUrve has little in- 
fluence on the maximum predicted pressure. 

Vessel V9 was tested at 24~ This vessel failed by cleavage after 12.7 mm 
of ductile crack growth. When structures are loaded in the ductile-brittle 
transition temperature regime, the extent of ductile cracking prior to cleavage 
can be allowed for using the scheme outline by Milne and Curry [36]. Using 
this scheme, the maximum pressures for this vessel could be predicted. These 
are listed in Table 4, along with the predicted initiation pressure, and again 
they compare favorably with the measured pressures for these events. 

It must be admitted, of course, that the predictions obtained for these 
pressurized geometries were obtained using JR data which were not related to 
the test vessels in any precise way. Although this is an undoubted weakness in 
the analyses, the facts that the assumed JR data are representative of the ma- 
terials involved and that the maximum load predictions are relatively insensi- 
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TABLE 3--Comparison of measured and predicted data for HSST vessel 
5"5 [35,37,451. 

Measured 
Pressure, 

Predicted Pressure, MPa 

MPa Jr  (Eq 4) J r  (Eq 5) J r  (Eq 6) 

Crack initiation 124 134 134 134 
Leak age 183 193 190 184 

tive to large changes in the Jr  data mean that the analyses are on the whole 
satisfactory [37]. It is therefore reasonable to claim that these results do sup- 
port the basic assumption that JR data obtained from test specimen geometries 
can be used to predict the load capacities of structural geometries. 

Materials with a High Capacity for Strain Hardenlng 

For these materials the effects of the high strain hardening capacity cannot 
be adequately represented by a simple flow stress model [9,10]. To cater for 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



MILNE ON RESISTANCE CURVE 11-675 

TABLE 4--Comparison of measured and predicted data for HSST Vessel 
V9 [35-37,45]. 

Measured Predicted Pressure, MPa 
P r e s s u r e ,  

MPa JR (Eq 4) JR (Eq 5) JR (Eq 6) 

Crack initiation 145 134 134 134 
Failure 185 193 189 180 

such situations a strain-hardening modification to the R6 assessment line 
was developed [10]. The single R6 assessment line is replaced by a series of 
empirical assessment lines which depend upon the ratio of the ultimate to the 
yield stress, Fig. 8, according to the equations 

/ \ 

= - -  §  Kr'/2,C _ Sr 
% \Oy / 

K~ = ~ 8 en sec 
T 

where a is the applied stress. 
To perform an assessment, Kr and Sr are evaluated in the normal way, but 

Sr is referred to ay rather than ~, and the assessment points are judged by ref- 
erence to the particular assessment line defined by the appropriate ratio of 
0 , / %  It has been demonstrated that for o,/ay ~ 1.5 an analysis performed 

0.5 
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FIG. 8--The R6 strain-hardening assessment diagram proposed by Milne [10]. 
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using this diagram will produce a result within a few percent of that obtained 
using the conventional R6 diagram [10]. Consequently this form of the dia- 
gram is only of practical value for materials with a high capacity for strain 
hardening, especially austenitic steels. 

Again, as for the pressure vessel tests, most of the data available in the lit- 
erature are unsuitable for experimental validation of these curves. This prob- 
lem arises because of the nature of austenitic steel itself: It is a very tough 
steel with a high resistance to cracking, it is generally used in sections less 
than 50 mm thick, and it has a high capacity for strain hardening. Because of 
this, cracking is seldom extensive before maximum loads have been achieved 
and at this point the stress in the material remote from the crack has more of- 
ten than not exceeded yield. As a result the plasticity measured at the loading 
points contains a component which is unrelated to the cracking mechanism, 
causing an overestimation of the JR-Curve. Thus for austenitic materials, 
JR-Curves can be considered reliable only if the load displacement data are 
corrected for effects due to plasticity remote from the crack, or alternatively 
by using deeply cracked specimens so that the stress level in the uncracked 
body is always below yield. 

In the ASTM E24 predictive round-robin exercise [25] values of load and 
load-line displacements were tabulated for three compact tension specimens 
of 304 austenitic steel. The JR data were also presented, but there were linear 
with crack growth and passed through the origin. They were clearly unreli- 
able, suffering from some of the problems indicated in the preceding para- 
graph. Crack sizes were also tabulated as a function of load. From these 
tables, load-load line displacement curves were generated, one of which is 
shown in Fig. 9 along with its load-crack size curve. This shows that the 
crack did not grow until the maximum load had been reached. 

:20 
AUSTENITICSPEC SC21 

13 

30 

.tO 

31SPT . "rim 

13 

a .Ao,,,=...o 

T L , 
102 ;.06 

CRACK LENGTH. "nm 

FIG. 9--Load-load line displacement and load crack length curves for Specimen SC21, fol- 
lowing Newman [25]. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



MILNE ON RESISTANCE CURVE 1 1 - 6 7 7  

The ratio K r ---- ~ was calculated from these load-displacement curves 
as a function of applied load, P. Sr was calculated as the ratio of P/Py, where 
Py is given by Eq 2 with ~ = Oy, and m 2 + 2m(1 + a/w) = (1 -- a/w) 2, the 
plane-stress (Tresca) solution [13]. The resulting coordinates are shown 
plotted in Fig. 10 and compared with the assessment line derived for the ap- 
propriate ratio of ~,/Oy, 2.4. The elastic-plastic behavior of all three speci- 
mens analyzed is well represented by the assessment line shown. 

It should be emphasized that the data plotted in Fig. i0 are mainly pre- 
maximum load data, and that little if any crack growth had occurred prior to 
this in any of the specimens. The data for SC21 and SC81 fell close together 
and mainly below the line, while the data for SC83 fell predominantly above 
the line. Although all three specimens were 12.7 mm thick, SC83 was only 
50.8 mm wide. The other two specimens were twice and four times this 
width. Because of these differences in the shape of the crack plane, the defor- 
mation pattern in SC83 would be closer to plane strain than the other two, 
and this is consistent with their relative positions along the S~-axis. 

For some other specimens of this steel, Newman [25] listed maximum load 
data but not the complete load displacement data. If it is assumed that, as 
for the three specimens analyzed earlier, the crack extension prior to maxi- 
mum load is insignificant, the maximum loads of these specimens should be 
predictable from the collapse loads evaluated at the original crack length. 

Collapse loads were evaluated for all these specimens using first the forego- 
ing plane-stress solution and second the plane-strain solution given by Ref 13: 
(1 - -  a/w) = 1.26(2m + m2) 1/2 -- m, with ~ = %(ay + a,). The results are 
listed in Table 5 and compared with the experimental maximum loads. 
Clearly reasonable agreement (to within 5 percent) is obtained if it is assumed 
that, as was concluded from the data plotted in Fig. 10, the 203.2-ram-wide 
specimens deformed in plane stress, the 50.8-mm-wide specimens deformed 

1,0 __.__o �9 �9 I~ {3 AUSTENITIC CTS cr./cry = 2.4 

~ ' ~ o  o ~ SPEC. DATA o SC83 
~.,,jk D �9 SC 82 
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FIG. lO--Comparison of R6 strain-hardening diagram with test data from austenitic speci- 
mens, following Newman [25]. 
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TABLE S--Comparison of maximum loads measured on CT specimens of 304 
austenitic steel [25] with predicted plastic collapse loads. 

Maximum Loads, kN 

W, Predicted Predicted 
Specimen mm Measured Plane Strain Plane Stress 

SC23 50.8 27.3 32.0 23.0 
53 50.8 25.9 30.6 22.1 
83 50.8 26.8 31.7 22.7 
73 50.8 27.5 32.2 23.1 
33 50.8 26.9 31.0 22.4 

SC22 101.6 55.1 70.9 50.8 
52 101.6 50,8 67.4 48.5 
82 101.6 47.8 65.1 46.8 
32 101.6 51.8 67.3 49.0 
72 I01.6 50.62 64.6 46.5 

SC21 203.2 86.8 130.1 92.9 
S1 203.2 85.4 129.4 93.2 
81 203.2 85,3 130.4 93.1 
31 203.2 96,3 139.2 100.1 
71 203.2 96.1 135.4 97.5 

in plane strain, and the 101.6-mm-wide specimens deformed some way be- 
tween plane strain and plane stress. It therefore appears that although some 
form of strain-hardening solution is necessary to describe the total elastic- 
plastic behavior of these specimens of austenitic steel, the flow stress criterion 
is all that is required to describe the maximum loads. 

Other experimental data on austenitic steels have been presented by Kan- 
ninen et al [38] on 8-mm and 25-mm-thick three-point bend specimens and 
8-mm-thick center-cracked tension specimens. Although JR data were ob- 
tained from the three-point bend specimens, the outer fiber stress in these 
specimens exceeded yield, so again JR is likely to be overestimated. Neverthe- 
less, load-crack extension curves were produced for the center-cracked panels 
which were similar in form to those shown in Figs. 5a, 5b, and 7. In these 
cases the maximum loads were slightly greater than the plastic collapse loads 
evaluated from l/2(oy + o,) at the final crack size, but not by a large extent. 

Discussion 

The range of materials covered herein include two aluminium alloys, mild 
steel, two NiCrMoV forging steels, AS33B pressure vessel steel, A508 forging 
steel, austenitic steels, a quenched-and-tempered steel, and HYI30. The ge- 
ometries tested included small three-point bend specimens, compact tension 
specimens, single-edged-notched tension specimens, double-edged-notched 
specimens, center-cracked panels, wide plate specimens, pressurized pipe 
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geometries, and pressurized nozzle geometries with the crack located in the 
nozzle crotch comer. The section size used in the tests ranged from 2-mm- 
thick panels to 700-ram-thick single-edge-notched specimens and included a 
230-ram-thick section across the crotch comer of a pressure vessel with crack 
depths ranging from 0.1 to 0.9 of the width of the section. In all of the cases 
considered, there was no indication that either the resistance curve concept 
or the R6 procedures used for the analysis were inapplicable. 

There are, however, two points which should be emphasized. The first is 
that for all practical purposes, most structures will fail at their plastic col- 
lapse limit when loaded mechanically in the temperature regime where cracks 
grow by ductile mechanisms. This plastic collapse limit must be considered 
in terms of the load-bearing ligament in the vicinity of the flaw. For precise 
predictions, an accurate measure of the plastic collapse limit is needed. This 
is an area where further work is required not only to develop formal plastic 
collapse solutions for all conceivable geometries, but also to provide a better 
indication of what material properties are relevant. 

Plastic collapse solutions can be obtained from a number of sources, for 
example, slip-line field theory, J-estimates, or empirical solutions. In all 
cases, some judgment has to be made on the choice of material parameters. 
To date, a flow stress equal to 1/2(oy + o,) has proved to be adequate for 
most cases, even for structures made of austenitic steels if maximum loads 
are all that is required. It should be noted, however, that this choice will de- 
pend upon the geometry of the tension specimen and how closely it models 
the structure being analyzed. These factors should be taken into account by 
the collapse expression used. 

The total elastic-plastic behavior of materials like austenitics can be pre- 
dicted only using some form of strain-hardening solution. The R6 strain- 
hardening diagram proposed by Milne [I0] is just one possibility and has 
been validated only for compact tension specimens. Other solutions based 
upon J would naturally be equally applicable. However, if the strain harden- 
ing law chosen to evaluate J provides a poor representation of the materials 
stress-strain curve, the J-estimates can be seriously in error. This important 
aspect of analyzing austenitic structures is frequently unrecognized but can 
lead to severe overestimates of J at low stress levels [ 7, I0]. A further compli- 
cation arises in deciding whether to use plane-strain or plane-stress solutions. 
There are no clear-cut rules to follow, since the stress state depends not only 
upon thickness but also upon the width of the uncracked ligament. Plane- 
stress solutions will of course tend to err on the safe side. 

All of these problems are magnified when dealing with surface cracks of 
semi-elliptical shape where load shedding occurs in the uncracked ligament. 
Because of these complications--which are equally problematical for any 
other form of elastic-plastic analysis--the most successful form of plastic col- 
lapse solution is an empirical one. In cases where such solutions are accurate, 
the aforementioned procedures have been shown to be very precise in their 
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predictions. Of course in the absence of detailed plastic collapse formulas, 
the plastic limit load for any geometry can be easily underestimated, for ex- 
ample, by equating forces over the uncracked ligament to the flow properties 
of the material. Further pessimism will be generated if the flow stress is chosen 
to be equal to the yield stress, oy. Alternatively, solutions based upon J-esti- 
mates could be used, as proposed by Bloom [11], with Sr normalized via a 
reference load rather than a collapse load [1, 7,10]. For this approach, how- 
ever, different solutions have to be generated for different geometries. More- 
over, the variations between different J solutions for the same geometry are 
not trivial [18,19] and the possible inaccuracies resulting from these cannot 
be neglected. 

The second point is that the plastic collapse load is itself determined by the 
size of the extended crack. This is in turn determined by the original crack 
size and the crack growth resistance curve. Resistance curves should be gen- 
erated only from bend-type specimens (three-point bend or compact tension) 
and care should be taken that the specimens are large enough for the curves 
to be size-independent. This means that shear lips should be suppressed either 
by using large specimens, or by side-grooving. In an analysis it is prudent to 
determine the sensitivity of the results to large changes in the value of the re- 
sistance curve. Confidence is increased if it can be shown that the results are 
relatively insensitive to this [37]. 

There is, of course, always an argument for limiting any analysis to the 
regime of J-controlled growth. This limit is not required if the physical models 
for resistance curves [39-41] are used as the basis of the analysis rather than 
rigorous J-theory [42]. Use of these limits, however, does not restrict the 
analysis, but only how far up the load-crack growth locus the rigorous 
J-theory is applicable. In Fig. 7, Curve A2 uses JR data from Loss et al 143] 
and these were valid by the J-controlled growth criteria up to 1.5 mm of crack 
extension, that is, to within about 20 percent of the maximum predicted 
load. The valid range of these JR data would be doubled by doubling the 
specimen size, in which case the predictions would have been valid to within 
11 percent of the predicted maximum load. Clearly there is little penalty in- 
curred by restricting the applicability of the analysis to the J-controlled growth 
regime, provided the data are obtained from large enough specimens. 

The behavior of Vessel V9 highlights two further aspects of resistance-curve 
analysis. First, in the ductile-brittle transition regime, a ductile crack will 
grow following the JR-curve to the point where if it extends far enough it will 
change mode to a cleavage crack. The extent of the ductile crack growth prior 
to cleavage is determined by the temperature of the material relative to its 
ductile-brittle transition temperature 136]. The ductile-brittle transition tem- 
perature is sensitive to metallurgical hardening processes, such as strain ag- 
ing or irradiation embrittlement. So where there is a risk of hardening during 
service the degree of hardening and its effect on the ductile-brittle transition 
temperature should be carefully monitored. Second, despite the fact that the 
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final failure mode was brittle, and therefore catastrophic, the crack extension 
prior to the brittle failure required the pressure in the vessel to be raised to 
the collapse limit. 

Conclusions 

In this paper a considerable amount of experimental data on ductile crack 
extension have been analyzed covering a wide variety of materials, geometries, 
and section sizes. From the results of these analyses the following conclusions 
can be drawn. 

For materials with a low to moderate capacity for strain hardening: 

1. The techniques for extending the CEGB's failure assessment procedures 
beyond the point where ductile cracks initiate provided an adequate engi- 
neering assessment of all the geometries investigated to date. 

2. Resistance curves obtained from small specimens were successful in 
predicting the load capacity of large specimens. 

3. These resistance curves were also found to be capable of predicting 
load-crack extension curves for geometries other than the geometry of the 
specimen, including such structural geometries that occur at a pressure ves- 
sel nozzle crotch corner. 

4. Large differences in resistance curve detail, for example, a factor of 4 
in dJ /da ,  often produce only small differences in the load capacity of a 
structure. 

For materials with a high capacity for strain hardening: 

1. Prediction of total elastic plastic behavior requires a form of assessment 
procedure which caters explicitly for the strain-hardening capacity. 

2. Nevertheless the load capacity of structures of this material appears to 
be satisfactorily predicted using a flow stress criterion. 
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APPENDIX 

Analysis of HSST Intermediate Vessel Tests V5 and V9 

V5 at 88~ 

Details of this vessel are described in Ref 35, and a complete analysis is presented in 
Ref 37. 
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Crack growth initiated at a pressure of 124 MPa and failure occurred by leakage 
when the crack had grown across the nozzle-shell intersection. The failure pressure 
was 183 MPa. 

Calculation of Sr- -The  nozzle was designed by the area replacement method, which 
prevents gross yielding of the nozzle before gross yielding of the vessel. This led Merkle 
[35] to assume that gross yielding of the nozzle was coincident with gross yielding of 
the vessel, an assumption which was confirmed by the gages which were positioned to 
monitor strain at various points in the vessel, including the vessel wall and nozzle crotch 
comers [35]. The equation used by Merkle for gross yielding of a vessel, PGY = 1.04 
oy en Ro/Ri where Ro and R i are the outer and inner radius of the vessel, respectively, 
gave a value of PGY ---- 182 MPa for the yield stress assumed by Merkle [35]. This 
value is below the failure pressure, so for the present calculation the value was raised by 
10 percent to cover the difference between flow stress and yield stress. This value of PGY 
is of course appropriate for general yield of an uncracked nozzle. However, Sr must be 
evaluated by reference to the local plastic collapse load of the cracked nozzle. To cor- 
rect for the presence of the crack, Miine, Loosemore, and Harrison [44] suggested re- 
ducing the load-bearing area by the factor (1 -- c/w) with c/w = ~al/4t(l + t), where 
a is the depth of the crack, I its length, and t the thickness of the nozzle comer 15]. 
Hence 

P 
S r - 

200(I - c/w) 

where P is the applied pressure. 
Calculation of K , - - T h e  applied stress-intensity factor was obtained from Fig. 5.31 

of Merkle [45]. Crack growth resistance data for the A508 steel in question are un- 
available, so the data published in Fig. 5 of Loss et al [43} were used to derive three 
idealized JR-CUrves to test the sensitivity of the results to the JR input. The equations 
derived were 

JR(Aa) = 220 + 188(Aa) (4) 
JR(Aa) = 220 + 94(Aa) (5) 
JR(Aa) = 220 + 47(Aa) (6) 

where JR is expressed in K N m -  l and Aa in mm. 
Equation 5 is equivalent to the lower of the two curves published in Fig. 5 of Ref 43 

for Aa < 1.5 mm. 
The analysis was performed at an applied pressure P = 138 MPa as a function of 

crack extension by incrementing the crack 5.08 mm at a time, from the original crack 
size, with 

a0 = 30.5 mm 
1o = 61 mm 
t = 231.4 mm 
P = 138 MPa 

The crack shape was assumed to be constant with increasing Aa. Values of the load fac- 
tor F were obtained as a function of Aa for each of the J R equations, using the formula 

F(Aa)  = - -  2 s,21 c o s -  1 exp -- 
7rS r 8 Kr 2 
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TABLE 6--Analysis for HSST vessel V5 

a, KI, JR K r  F JR Kr F JR Kr F 
mm c /w  S r MPax/~ (Eq4) (Eq4) (Eq4) (Et l 5) (Eq5) (Eq5) (Eq6) (Eq6) (Eq6) 

30.5 0.022 0.699 200.7 220 0.908 0.973 220 0.908 0.973 220 0.908 0.973 
35.5 0.028 0.710 212.7 1160 0.419 1.382 690 0.543 1.299 455 0.669 1.183 
40.6 0.036 0.716 222.0 2119 0.323 1.395 1169 0.436 1.365 695 0.565 1.274 
45.7 0.044 0.722 231.2 3078 0 .279 1.385 1649 0.382 1.374 934 0.507 1.313 
50.8 0.053 0.728 239.9 4036 0.253 1.374 2128 0.349 1.369 1174 0.469 1.329 
55.9 0.062 0.736 248.7 4995 0.236 1.359 2608 0.327 1.357 1414 0.444 1.329 
60.9 0.071 0.743 256.7 5935 0.224 1.346 3078 0.310 1.345 1649 0.424 1.326 

The relevant data  are listed in Table 6. Pressure crack extension curves were then ob- 
tained from the product  of P ' F ( A a )  and these are plotted in Fig. 7. Also plotted in 
this figure is the plastic collapse locus defined by the formula Pt  = 200(I -- c /w) .  

The maximum predicted pressures depended upon the JR relationship but  they were 
all close to the measured failure pressure. These are listed in Table 3, together with 
the relevant initiation pressures. 

V9 at 24~ 

This vessel behaved in an identical fashion to V5, up to a maximum pressure, coin- 
ciding again with general yield of the vessel, of 185 MPa. However, at this pressure a 
brittle crack initiated. The amount  of ductile crack extension which occurred before 
the brittle fracture was 12.7 mm. 

The  analysis for this vessel was therefore identical to tha t  for V5, with the JR-curves 
being limited by the crack extension required to promote cleavage following the scheme 
outlined by Milne and  Curry [36]. 

Using this scheme, the pressure crack extension curves are identical to those for V5, 
but  are limited to 12.7 mm and this limit has been indicated in Fig. 7. For JR given by 
Eq 4, cleavage is predicted after the maximum pressure is reached so for this JR-CUrve 
the maximum pressure is as predicted for VS. For the other two JR-Curves cleavage oc- 
curred while the pressure was rising, so the maximum pressures in these cases were 
lower than  for VS. All maximum pressure predictions were comparable to the mea- 
sured failure pressure, and these together  with the  initiation pressures are listed in 
Table 4. 

Assumptions 

This  form of analysis is subject to many uncertainties as a result of the large n u m b e r  
of assumptions which are an inevitable feature of any analysis of a real problem. The 
significance of these assumptions is best evaluated by means of a sensitivity analysis. 
Such an analysis [37] has demonstra ted tha t  the two important  parameters  are the 
local plastic collapse pressure of the cracked nozzle and the resistance curve data.  The  
first of these determines the failure pressure of the structure and  the second the crack 
extension at failure. 
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ABSTRACT: Fatigue crack growth rate data are obtained for ASTM ASI6 Grade 70 steel 
subjected to elastic and elastic-plastic cyclic loading for both load-controlled and 
displacement-controlled test conditions. Cyclic J-integral values estimated from load ver- 
sus deflection hysteresis loops and crack closure estimates are correlated with growth rate 
data. The cyclic J-crack growth rate data agree well with that from the linear elastic tests. 
The J-integral parameter is shown to be better than the linear elastic parameter K in 
correlating fatigue crack growth, particularly so in ductile materials such as AS1 b steel and 
at high load levels. 

KEY WORDS: crack propagation, elastic and elastic-plastic fracture mechanics, 
J-integral, fatigue, elastic-plastic fracture 

The  stress-intensi ty pa rame te r ,  K,  is widely used for corre la t ion  of fa t igue 
crack growth rates .  As the  s t ress- intensi ty  concept  is based  on l inear  elast ic  
analysis,  its validi ty is res t r ic ted  to s i tuat ions  where the  size scale of the  plast ic-  
ity that  occurs is small  c o m p a r e d  with the  o ther  s ignif icant  d imensions .  How- 
ever, condi t ions may  exist in which large loads  and high t e m p e r a t u r e  lead 
to extensive c rack- t ip  plast ici ty.  Thus,  it is of prac t ica l  impor t ance  to deter-  
mine the rate  of growth of preexis t ing flaws under  such condi t ions .  Hence,  an 
elast ic-plast ic  p a r a m e t e r  is needed  to account  for the  effect of plast ic i ty  on fa- 
t igue crack growth rates .  The  J- integral  p a r a m e t e r  appea r s  to be a sui table  
candida te  in this  case. 
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A method to determine J for both load-controUed and deflection-controlled 
fatigue is discussed in this paper. Fatigue crack growth rate data are also 
obtained for compact tension specimens of A516 Grade 70 steel subjected to 
elastic and elastic-plastic cyclic loading. The present results are expected to 
play an important role in simplifying the assumptions to be employed in the 
elastic-plastic fracture mechanics analysis of complicated cracked compo- 
nents subjected to fatigue loading. 

Experimental Details 

Materials and Specimens 

The material tested is ASTM A516 Grade 70 steel. The chemical, mechani- 
cal, and cyclic properties of the material are given in detail in a previous report 
[1] 3 and are listed in Table 1. Compact tension (CT) specimens of various 
thicknesses were machined from two orientations, S-T and T-L, as outlined in 
Tables 2 and 3. Side grooves were provided for five specimens machined in the 
S-T orientation to ensure straight crack front shape. These orientations con- 
form with the ASTM Test for Plane-Strain Fracture Toughness of Metallic 
Materials (E 399-78a). CT specimens were selected for both tension- 
tension and tension-compression tests since well-established compliance cali- 
bration curves are available for this specimen geometry. 

Test Procedure 

All tests were conducted at room temperature on an MTS testing machine. 
The clevis and other loading fixtures were modified so that compressive loads 
could be applied during cycling. Tests were carried out under load control, 
deflection control, and deflection control to a sloping line. Displacement was 
measured in all tests at the loading line and for a few tests it was measured 
across the crack tip to determine crack opening load. Cyclic load displacement 
loops at the load line were monitored to estimate cyclic J-values. Under load 
control, elastic-plastic conditions cause the mean deflection to increase with 
cycling. This behavior is related to cyclic-dependent creep, or ratcheting. Un- 
stable deformation behavior under load control causes the crack growth rate to 
increase rapidly and high crack growth rate data can be obtained. Under de- 
flection control, the maximum load reduces toward zero and the crack growth 
rate decreases with cycling. Deflection control to a sloping line tests were 
achieved automatically by means of a microprocessor. The advantage of this 
type of test is that it avoids the difficulties associated with simple load and 
deflection control tests. It also provides variable cyclic load ratios during the 
same test and it can be employed to obtain constant J tests. 

aThe italic numbers in brackets refer to the list of references appended to this paper. 
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TABLE 1--Material properties of  A516 Gr70 steel. 

Physical Properties 

yield strength, Sy 315 MPa (45.6 ksi) 
tensile strength, S. 5106 MPa (73.3 ksi) 
elongation in 5 cm 30% 

Chemical Composition 

C Mn S P Si Cr 

0.26 1.02 0.02 0.007 0.22 0.12 

Cyclic Stress-Strain Curve Constants 

&el2 = ~ - 
Ao  ~- ( A o y / s  

2E \ 2A / 

Room Temperature 

MULTIPLE-SPECIMEN TESTS 

Cycle 2 Cycle 10 Half Life Before Load Drop 

S 0.26 0.23 0.236 0.22 
A, MPa (ksi) 1158 (168) 1128 (164) 1247~(181) 1200 (174) 

INCREMENTAL STEP TEsx 

S 0.16 
A, MPa (ksi) 861 (125) 

Crack lengths were measured visually with a traveling microscope with an 
accuracy of +0.01 mm. They were also estimated based on the unloading 
compliance technique described in detail in Ref 2. Accurate estimates of the 
unloading compliance indicated by Line 1 shown in Fig. 1 were achieved by 
amplifying the load and displacement voltages of the initial unloading part of 
the unloading cycle. Signal resolution for displacement was + 1 part in 400 of 
the transducer signal range and the pen displacement was 1600 times load-line 
displacement. Signal resolution for the load transducer was + 1 in 400 of the 
transducer signal range. 

The sensitivity of the load signal was such that it produced approximately 
8 cm of linear pen travel on each unloading. With this technique it was possible 
to measure crack lengths with an accuracy of +0.01 cm. Figure 2 shows an 
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T A B L E  2 - - L o a d  control  tests s umma r y .  

Specimen 
Specimen Thickness, Pmax,, Prnin, 

No. cm kN b kN Nf Orientation 

1 2.541 45 1 0- 8585 S-T 
4 a2 .376 35 1 0- 7074 S-T 
7 a2.374 33 1 0-10484  S-T 
8 2 .538  40 .5  1 0 -10207  S -T 
9 2 .394  23 1 0- 271 S-T 

26 1 272- 958  S-T 
28 1 959- 1968 S-T 

13 a2.354 33 I 0- 9575 S-T 
14 a2.382 35 1 0- 8193 S-T 
18 42.372 34 1 0- 2397 S -T  

H D 3  1.269 11.75 - 11.75 0-13831 T-L  
�9 . . 7 .62 - - 7 . 5 0  13832-15210 . . . 

4 .56  - - 4 . 5 0  15211-16224 
H D 5  1.268 27 .25  --  11.60 0- 71 T[L  
H D 8  1.270 25 .40  - 12.75 0- 35 T - L  

25 .90  - 13.25 35- 65 . . .  
H D 9 A  1.270 6 .09  - - 1 0 . 8 5  701- 723 T-L  

. . .  6 .12 - - 1 0 . 8 1  724- 1051 . . .  

. . .  5 .00  - 9 .88  1052- 1 t 4 5  . . .  

I 
~Side-grooved specimen thickness given is Be: IBe = B 

L 
hl kN = 224.8  lbf.  

example of the change in the unloading compliance with cycling. The compli- 
ance technique employed here is shown to give excellent estimates of crack 
sizes compared with optical measurements as shown in Fig. 3. It is noticed in 
Fig. 3 that at large crack lengths, the compliance technique provides higher 
values for crack length. This is due to the fact that this technique gives an 
average value for crack length compared with the surface crack length ob- 
tained optically. The latter is usually smaller than the former as indicated by 
the fracture surfaces shown in Fig. 4. 

Plasticity and Elastic-Plastic Criteria 

Plasticity Effects 

In this program, tests were conducted to determine the applicability of the J- 
integral methodology to crack growth behavior in the high plastic deformation 
range. Due to the loading conditions that were selected for the tests and ductil- 
ity of the material, most test results exceeded the plasticity limit required to 
keep a specimen predominantly elastic as defined in the ASTM Standard Test 
for Constant-Load-Amplitude Fatigue Crack Growth Rates Above 10-am/ 
Cycle (E 647-78T). However, all test data were analyzed initially according to 
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TABLE 3--Deflection control tests summary (orientation of all specimens is T-L). 

Specimen 
Specimen Thickness, Max o, Min o, 

No. cm a mm b mm Nf 

HD1 2.536 0.19 0 0- 1310 
0.23 0 1311- 4630 
0.28 0 4631-11010 
0.32 0 11011-12330 
0.37 0 12331-14660 
0.41 0 14661-17210 
0.45 0 17211-28030 

HD2 2.538 0.15 --0.14 0- 90 
0.17 --0.16 91- 230 
0.18 --0.18 231- 580 
0.20 --0.19 581- 850 
0.22 --0.22 851 
0.23 --0.23 852- 1160 
0.25 --0.24 1161- 3850 
0.27 --0.27 3851- 5850 
0.28 --0.28 5851-10700 
0.37 --0.19 10701-11650 
0.30 --0.30 11651-11655 

HD4 1.270 0.16 --0.16 0-16002 
0.19 --0.14 16003-17840 
0.21 --0.16 17841-28110 
0.24 --0.14 28111-33710 
0.26 --0.11 33711-40820 
0.31 --0.16 40821-43000 

HD9 2.534 0.14 --0.15 0- 112 
0.18 --0.19 t13- 962 
0.21 --0.22 963- 1098 
0.26 --0.22 1099- 1275 
0.30 --0.23 1276- 1681 
0.32 --0.21 1682- 1684 
0.35 --0.18 1685- 1689 
0.37 --0.16 1690- 1692 
0.40 --0.14 1693- 1697 
0.42 --0.11 1698- 1702 
0.43 --0.12 1703- 1706 
0.45 --0.14 1707- 1739 
0.51 --0.19 1740- 1742 
0.57 --0.19 1743- 1745 
0.63 --0.12 1746- 1748 
0.69 --0.19 1749- 1755 

HD9A 1.270 0.46 --0.24 0- 400 
0.47 --0.23 401- 560 
0.46 --0.24 561- 700 

al  c m  = 0 . 4  in .  
bmm = 0.04 in. 
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N = 1752 

A defines crock opening Iood 
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AJ : T~2 --BE 

Areo is defined by ABC 

FIG. 1--Load-line displacement curve with crack closure effect (1 k N  = 224,8 lbf," 
l m m =  0.04 in.). 

the linear elastic procedures indicated in Method E 647. This is a routine 
procedure in our laboratory and these results are presented in Figs. 5 and 6 for 
information only, with the understanding that this method of analysis may be 
entirely inappropriate. Also shown on these plots is the American Society of 
Mechanical Engineers (ASME) Section XI air reference curve for low-carbon 
steel which has been shown to describe elastic crack growth data for A516 
Gr70 steel [3]. Due to the existence of a large plastic zone size at the crack tip, 
an elastic plastic parameter such as the J-integral is needed to account for such 
an effect. Methods of estimation of cyclic J-integral are discussed in detail in 
the next section. 
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D~ 

~2 

FIG. 2--Change in unloading compliance with cycling at load control (1 kN = 224.8 lbf; 
1 mm = O.04in.). 

E x p e r i m e n t a l  E s t i m a t i o n  o f  Cyclic J - In tegra l  

Values of cyclic ~d were determined from areas under load versus load-line 
deflection curves during a rising load as indicated in Fig. 1. For the compact 
tension specimens tested here, the following expression was used to estimate 

[4] 

1 + c ~  2A 
M - - -  (1) 

1 + a 2 B b  

where 

(1 + a)/(1 + ~2) = coefficient; function of crack length to width ratio [4], 
B = thickness of the specimen, 
b = uncracked ligament, and 
A = area defined by ABC as indicated in Fig. I. 

As macroscopic crack closure behavior occurred, it was necessary to estimate 
the point at which the crack opened and to calculate &d from the area above 
this point as indicated in Fig. 1. An attempt was made to measure crack open- 
ing and closure during cyclic plasticity tests performed here and it will be 
discussed in detail in the next section. 
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F I G .  3--Comparison between compliance estimates and optical measurements for  crack sizes 
(1 cm = 0.4 in.). 
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FIG. 4--Fracture surfaces. 
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Crack Opening and Closure Measurements 

For cyclic plastic deformation of a cracked member where closure effects do 
not occur, the material behavior is expected to result in a load versus deflection 
hysteresis loop which is approximately symmetrical with respect to its central 
point. The asymmetry which does occur (see Fig. 1) is therefore due mainly to 
crack closure. Several attempts have been made to measure crack closure by 
means of strain gages near the crack tip [5] or by changes in an electric poten- 
tial applied to the specimen [6] or by measuring displacement across the crack 
tip using a clip gage attached to the side of the specimen [7]. This last method 
was applied here. 

Figure 7 compares the load line and crack-tip displacement measurements 
obtained in one of the tests. The stiffness changes in the load versus deflection 
hysteresis loop observed in Fig. 7 are an indication of crack closure and they 
correspond to the crack opening load position as shown in Fig. 7. Both hystere- 
sis loops shown in Fig. 7 are found to result in the same estimate of crack 
opening load, Pop. It should be mentioned that the crack closure effect was 
eliminated by reducing the compression load and, therefore, both load-line 
and crack-tip displacement measurements indicated no changes in the stiff- 

/ 

P 
I Specimen HD- 3 

51 = 13743 
a = 2.878cm 

q 
0. 05 mm 

/ 

~i 21 
. . . . .  Poo O0~T~ 

% 
Load Line Disolacement Loop 

%2 

--- Pop 

I goad Crack Tip 
Displacement Loot9 

FIG. 7- -Compar i son  be tween  load-line and  crack-t ip  d i sp lacement  measurements  under  
load control  (1 k n  = 224.8 lbf," 1 cm = 0.4 in.; 1 m m  = 0.04 in.). 
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ness of the hysteresis loops. Hence, load versus load-line displacement loops 
are adequate to estimate crack opening point, which was found to be more 
convenient than the direct use of side clip gage data. 

The specific procedure used to easily identify the crack opening load is 
shown in Fig. 1. It has been employed successfully to determine the crack 
opening loads [8]. For most of the load-line displacement hysteresis loops ob- 
tained in the present investigation, three distinct linear parts were observed as 
shown in Fig. 1. The first part, defined by B-l, is the unloading compliance of 
the cracked specimen and it was shown to accurately predict the crack size. 
The second line, which is defined by DE2, is shown to correspond to the un- 
loading compliance of the uncracked specimen. This is true due to the fact that 
the crack is fully closed between D and E. The third part is defined by 
A-3 and crack opening load Pop was assumed to occur at Point A shown in the 
fig. A transition occurs between Point E, where the crack is fully closed, and at 
the start of crack opening at Point A. 

It is also possible that the linear part defined by A-3 is absent and that a 
continuously curved line is observed in cases where crack sizes are very large or 
very large plastic deformations exist at the crack tip. Elber [9] proposed in that 
case that a tangent to the loading curve should be drawn with the same slope as 
the first part of the unloading line defined by B-1. Visual observation of the 
surface of the test specimens tested here have shown that the aforementioned 
procedure resulted in a very accurate estimate of crack opening loads. 

An attempt was made to investigate the effect of loading conditions on the 
crack closure behavior. It is generally observed that for tests carried out under 
load control, there were no indications of crack closure. This may be due to the 
fact that the metal at the crack tip was subjected to cycles of plastic deforma- 
tion under stress control and, therefore, a progressive increase in the mean and 
the maximum displacements occurred from cycle to cycle, resulting in a tensile 
displacement at the crack tip. As a result, the crack is expected to remain open 
with cycling. Also, when test conditions switched from deflection control, 
where crack closure has occurred, to load control, crack closure disappeared 
as shown in Fig. 8. It should be emphasized that this is true only in cases where 
the minimum displacement remains tensile. However, when the minimum dis- 
placement remains in compression as shown in Figs. 9 and 10, crack closure 
still occurs with cycling in load control. 

The effect of material conditions at the specimen surface on crack closure 
was also investigated. For the deflection control test shown in Fig. 1, specimen 
surfaces were machined off after crack closure was observed as shown in the 
figure. Then the specimen was recycled at approximately the same A J-value. 
Initially, crack closure was not observed, as shown in Fig. 9, but it did occur as 
crack size increased later in the fatigue life. Therefore, removing the specimen 
surfaces eliminated plasticity zones at the surfaces and hence eliminated crack 
closure. However, with cycling, crack size increased and plasticity zones rede- 
veloped at the surfaces of the specimen and crack closure occurred once again. 
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FIG. 8- -Sh i f t  f r o m  deflection control to load control (1 k N  = 224.81bf: 1 m m  = 0.04 in.). 

Fatigue Crack Growth Rates as a Function of AJ 

To examine the accuracy of the cyclic J-integral analysis just described, the 
crack growth data of Figs. 5 and 6 are reanalyzed based on Eq 1 and plotted in 
Figs. 11 and 12 as a function of E'd-E-?-" ~d, where E is the Young's modulus. The 
data are plotted in terms of ~ so that the relative merits of linear and 
nonlinear parameters can be easily compared. The data obtained from differ- 
ent specimen thicknesses, for different load levels, and for different test condi- 
tions show excellent agreement with the elastic crack growth line. The various 
complexities and lack of correlation apparent in the plots using AK shown in 
Figs. 5 and 6 are no longer present. In particular, the extent of spread in the 
data is less in terms of AJ than in terms of AK. 

The J-integral analysis presented in the foregoing has two important fea- 
tures which account for the successful correlations in Figs. 11 and 12. First, 
the effect of plasticity is included. And second, the crack closure which is a 
direct reflection of the residual deformation near the crack tip is included. 
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FIG. 9--Shift from deflection control to load control [1 kN = 224.8lu I mm = 0.04 in.). 
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P 

O. 125mm 

FIG. lO--Load displacement cyclic loops for  load control test (1 k N  = 224.8 lbf: 
I m m =  0.04 in.). 

These two features are needed to successfully correlate the data presented. The 
increasing and decreasing trends in growth rates observed in load control and 
deflection control tests are reflected in corresponding variation with crack 
length of A J-values from Eq 1. Otherwise, the data correlations of Figs. 11 and 
12 could not be successful. Therefore, AJ not only works for cases when its 
value is monotonically increased as suggested in Ref 10, but it also works when 
its value is ~lecreased with cycling as noticed in the deflection control tests. 

The data obtained here represent various test histcries that may be of direct 
significance in demonstrating the utility of J in fatigue crack growth analysis 
when history-dependent effects such as crack closure are included. 

Summary 

Fatigue crack growth rate data were obtained for compact tension speci- 
mens of ASTM A516 Gr70 steel subjected to elastic and elastic-plastic cylic 
loading for both load-controlled and displacement-controlled test conditions. 
The following results were obtained: 

1. Crack size estimates based on unloading compliance result in very accu- 
rate values, compared with optical measurements on the specimen surface. 
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2. Crack growth rate increases with cycling for load-controlled tests, but it 
decreases with cycling for displacement-controlled tests. 

3. Crack closure and opening loads are successfully obtained from dis- 
placement measurement and from stiffness changes in load versus displace- 
ment loops. 
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4. The cyclic J-integral crack growth rate data  agree well with those from 
the l inear elastic tests. 

5. The J-integral parameter  is shown to be better  than  the l inear elastic 
parameter  K in correlat ing fatigue crack growth, part icularly in ductile mate- 
rials such as A516 steel and  at high load levels. 
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ABSTRACT: The effects of the loading condition and the specimen geometry on the 
elastic-plastic crack growth in structural low-carbon steel under high cyclic stresses are 
investigated experimentally. The acceleration of crack growth rate, deviating from the 
stable relation between the rate and the J-integral range, was found to take place coinci- 
dently with the onset of the ratcheting extension of the specimen. Based on the fracto- 
graphic observation, the crack growth acceleration is attributed to the incomplete rever- 
sal of plastic deformation in ratcheting extension and to the inclusion of dimple-mode 
fracture in crack growth. The maximum amount of crack growth acceleration through 
the former mechanism is predictable by considering the increase in crack-tip opening dis- 
placement. A method to evaluate the transitional behavior from stable fatigue growth to 
unstable fracture is proposed by introducing the concept of fatigue crack growth resis- 
tance curve. 

KEY WORDS: fatigue (material), crack growth, fracture mechanics, J-integral, resis- 
tance curve, ratcheting deformation, fractography, elastic-plastic fracture 

D o M i n g  a n d  Begley [ l ]4 first appl ied  the  J- integral  to fat igue crack propa-  
gat ion u n d e r  elast ic-plast ic a n d  genera l  yield condi t ions ,  and  found  tha t  the  

p ropaga t ion  rate  of a fat igue crack was expressible as the  power func t ion  of 
the  range  of J- integral  (A J).  Later,  the rate versus A J  relat ion has been  found  
to be i n d e p e n d e n t  of the  spec imen  geometry a n d  the  cyclic loading condi-  
t ions,  and  it has  also been  shown tha t  the  usua l  conversion of AJ  to the  stress- 
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intensity range yields the crack growth law obtained in the same material 
under the small-scale yielding situations [2-5]. The J-integral approach is 
further applied to the fatigue propagation of three-dimensional surface 
cracks [6-8]. Although the J-integral approach begins to be widely used, a 
significant acceleration of crack growth found under high cyclic stresses with 
positive mean stresses limits the applicability of the conventional J-integral 
approach [1,3,5]. 

In the present paper, the effects of the loading condition and the specimen 
geometry on the elastic-plastic crack growth under high cyclic stresses are in- 
vestigated experimentally, and the mechanisms of crack growth acceleration 
are clarified based on the observations of fractography and of the plastic de- 
formation of the specimen. The method to analyze the transitional behavior 
from stable to unstable fracture under high cyclic stresses is discussed by in- 
troducing the concept of the fatigue crack growth resistance curve. 

Experimental Procedure 

The materials used for the experiments were two structural low-carbon 
steels with the same designation JIS SM41B. The chemical compositions and 
mechanical properties as annealed are summarized in Table I. The yield 
strength and the tensile strength of SM41B(1) with 0.15 weight percent car- 
bon were slightly lower than those of SM41B(ID with 0.17 weight percent 
carbon. The specimens were of compact tension (CT) type and center- 
cracked plates (CCP). The widths W of CT specimens were 40 and 200 mm 
and the thicknesses B were 2, 5, and I0 ram. The ratio of the initial crack 
length a0 to width was 0.45 except for the case of the specimen with W = 200 
mm and B ---- I0 ram, which had ao/W = 0.33. The width 2 W o f  the CCP 
specimens was 30 mm and the thickness 4 ram. The initial crack length 2a0 
was 0.2W. The experimental data for each specimen will be described by a 
set of the specimen type, width, and thickness. Most experiments on the CT 
specimens were conducted with Material SM41B(1) and additional experi- 
ments on the CCP specimens with Material SM41B(II). The rolling direction 
of the materials was parallel to the crack growth direction (T-L direction). 

Fatigue tests were carried out in a closed-loop servohydraulic testing ma- 
chine under load-controlled conditions at the load ratio, R, of the minimum 
load to the maximum load ranging from --1 to 0.7. The frequency of stress 
cycling was varied from 0.3 to 30 Hz depending on the experimental condi- 
tions. The crack length was measured with a traveling microscope with • I00 
magnification. The stress-intensity factor (SIF) was calculated from the con- 
ventional equations proposed for the CT and CCP specimens ASTM Tenta- 
tive Test Method for Constant-Load-Amplitude Fatigue Crack Growth Rate 
Above 10 -8 m/Cycle (E047-78)]. 

The load versus displacement curves were recorded several times during 
the fatigue tests. The displacement measured was that at the loading point in 
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TABLE l--Chemical compositions and mechanical properties of test materials. 

Weight % 
Yield Strength Tensile Strength 

C Si Mn P S o r, MPa o B, MPa 

SM41B(1) 0.15 0.15 0.81 0 .021  0.014 274 421 
SM41B(II) 0.17 0.19 0.79 0.016 0.020 281 449 

the CT specimens, and was the crack-opening displacement at the center of a 
crack in the CCP specimens [5]. 

The J-integral range (A J) was evaluated from the loading portion of the 
hysteresis loop of load against displacement. For the case of the CT speci- 
mens, AJ was evaluated from the energy V* of the loading curve above the 
crack closure point by using the modified Merkle-Corten equation [9]. 

1 + ~ 2V* 
Z~J -- (I) 

l + o t  2 B ( W - - a )  

where (1 + a)/(1 + oL 2) is the known function o f a / W a n d  B is the specimen 
thickness. For the case of the CCP specimen, AJ was evaluated from 

AJ = AK*2/E + S * / B ( W -  a) (2) 

where AK* was the maximum stress-intensity factor Kmax minus the SIF 
value at the crack closing point Kcl, and S* was the energy enclosed by the 
loading curve and the secant line from the closure load to the maximum load 
[2.5]. The first term is the elastic component of AJ and the latter is the plas- 
tic component. Figure 1 illustrates a cyclic hysteresis loop where S* is in- 
dicated by the hatched area. Rice et al [I0] originally proposed to use the 
load-point displacement in obtaining S* instead of the opening displacement 
at the crack center. Recent experiments by the authors [5] indicated that the 
use of the crack-center opening displacement is more appropriate to evaluate 
the plastic component of AJ for CCP specimens with shallow cracks as well as 
deep cracks. 

Fatigue Crack Propagation and Plastic Deformation 

Under road-controlled cycling with a tensile mean stress, the hysteresis 
loop of load against displacement tended to shift horizontally and the exten- 
sional deformation, or the ratcheting deformation, was monotonically ac- 
cumulated as a fatigue crack grew. The amount of the ratcheting deforma- 
tion of the specimen was evaluated by the plastic component, Vmi~P, of the 
displacement at the minimum Mad [5]. From the hysteresis loop, the point of 
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l Load P 

. . . . . .  _1  

FIG. I--Estimate of J-integral for CCP specimen. 

crack closure was determined as the inflection point of the unloading curve 
[4,5,8]. The effective fraction U of the applied load is defined by 

U : (Pmax - -  Pcl)/(Pmax --  Pmln)  (3) 

where Pmax and Prnin are the maximum and minimum loads, and Pcf is the 
load at the crack closure. 

Figure 2 shows an example of the changes of Vmin p and U with crack length 
for a CT specimen ( W = 40 mm, B = 2 ram). The points of the yielding ini- 
tiation at the back face and the general yielding observed are also indicated 
by BY and GY in the figure. Below the BY point, the ratcheting deformation 
is negligible and U increases with increasing crack length. At the BY point, 
U becomes unity; that is, there is no closure at the minimum load. The ratch- 
eting deformation starts at the BY point and increases rapidly above the GY 
point. A similar behavior was observed for the cases of CCP specimens, al- 
though the amount of ratcheting deformation is generally smaller in CCP 
specimens than in CT specimens [5]. 

By neglecting ratcheting deformation, the J-integral range AJ was evalu- 
ated from the loading curve of the hysteresis loop as described in the preced- 
ing section. The relation between crack propagation rate d a / d N  and AJ is 
shown in Fig. 3a for CT specimens. The data obtained below BY, between 
BY and GY, and above GY are discriminated by the open, half-open, and 
solid marks, respectively. In the region below BY, the relation between 
d a / d N  (m/cycle) and AJ (N/m) is approximated by 

d a / d N  = C(AJ)  m (4) 

where C -- 4.61 X 10 -13 and m = 1.57. This relation was also found to be 
valid in the cases of deflection-controlled fatigue tests of the same material [5]. 
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Above GY points, the rate becomes higher than that predicted from Eq 4. The 
points at BY and GY are lower with increasing R and are uniquely deter- 
mined by the maximum load divided by the thickness Pmax/B (compare the 
data for Pmax = 0.785 kN, B = 2 mm; Pmax = 1.96 kN, B = 5 mm; Pmax = 

3.92 kN, B ----- 10 mm). The maximum load at the BY point was found to 
coincide with the limit load calculated under the plane-stress condition, and 
that at GY was found to be above the plane-stress limit load and below the 
plane-strain limit load [5]. 

The relation between da/dN and AJ obtained for CCP specimens of Mate- 
rial SM41B(II) is shown in Fig. 3b, where Omax is the maximum gross stress. 
A similar acceleration of the rate was observed above the general yielding, 
deviating from the da/dN-AJ relation obtained below GY, although the 
amount of acceleration is small near the GY point. The constants in Eq 4 
obtained below GY are C = 2.45 • 10 -13 and m = 1.70 for Material 
SM41B(II). The relation for Material SM41B(II) (the solid line) does not 
widely differ from that for Material SM41B(I) (the dashed line). The maxi- 
mum load at the GY point for CCP specimens was about 85 percent of the 
calculated limit load [5J. As seen in the case of R = 0.7, the process of crack 
growth acceleration has two stages. The acceleration just above the GY point 
is not large and the da/dN-AJ relation tends to lie parallel to Eq 4. In the 
later stage, the rate accelerates rapidly. Two-stage acceleration is also de- 
tected for the other cases shown in Fig. 3. 
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Mechanisms of Crack Growth Acceleration 

The fracture surfaces of all the tested specimens were macroscopically flat 
and were not accompanied with shear lips. The details of the fracture surface 
topography were examined with a scanning electron microscope. Figure 4 
presents several examples of the micrographs taken from the fracture surface 
at about the middle of the specimen thickness. In the region below BY, the 
fracture surface has ductile striations or striation-like pattern as seen in (a). 
The micrographs (b), (c), and (e) taken from fracture surfaces made near 
GY are more or less the same as (a). Dimple patterns can be seen in the mi- 
crographs (d) and ( f )  taken from the fracture surface made well above GY. 
By correlating the micrographs (e) and ( f )  with the da/dN-AJ relation 
shown in Fig. 3b for the case of R = 0.7, it is easy to note that the initial 
stage of acceleration is not caused by the change of crack growth mode, and 
that the static mode fracture mechanism is operating in the rapid accelera- 
tion stage. 
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FIG. 3a--Relation between crack propagation rate and J-integral range: CT specimens, Ma- 
terial SM41B(1). 
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FIG. 3b--Relation between crack propagation rate and J-integral range: CCP specimens, 
Material SM41BfII). 

Based on the observations of fractography and plastic deformation of the 
specimen, it can be concluded that crack growth acceleration at high cyclic 
stresses is ascribed to two reasons: (1) the ratcheting deformation and (2) the 
inclusion of static-mode fracture. The crack growth acceleration reported by 
Kobayashi et al [11] seems to correspond to that due to ratcheting deforma- 
tion because they observed a striation pattern on the fracture surface as in 
the present study. The ratcheting deformation takes place when the plastic 
displacement of the specimen is not completely reversed at the minimum 
load to the initial value. The amount of growth acceleration caused only by 
ratcheting can be evaluated as follows. 

The crack-tip opening displacement (CTOD) under monotonic loading 
has been expressed 

CTOD = J/par (5) 

where o r  is the yield stress and p the plastic constraint factor. Most previous 
experiments indicate that p is between 1 and 2 [12], and it was found to be 
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F I G .  4--Scanning electron micrographs of  fracture surfaces (growth direction is from left to 
right) (a)  Below BY,  SM41B(I), CT, R : 0.1, d a / d N  : 2 . 3  X 10-sin/cycle. (b)Above B Y a n d  
below GY, SM41B(1), CT, R : 0.1, d a / d N  ----- 6.0 X 10 -7  m/cycle. (c)  Just above GY, 
SM41B(1), CT, R : 0.1, d a / d N  : 1.0 X lO-6 m/cycle. (d)  Well above GY, SM41B(1L CT, R : 
0.1, d a / d N  : 9.0 X 10 -6  m/cycle. (e) Just above GY, SM41B(II). CCP, R : O. 7, d a / d N  : 
Z9 • lO-g m/cycle. ( f )  Well above GY, SM41B(lI), CCP, R = 0.7, d a / d N  = 1.1 K 10 -6  
m/cycle. 
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about 1.2 at the crack initiation point for the present material, SM41B(I) 
[13,14]. Rice [15] proposed to double the yield stress to describe the plastic 
deformation under cyclic stress. Therefore, the range of CTOD, ACTOD, 
can be given by 

ACTOD = AJ/2pay (6) 

In the case when the plastic deformation is ratcheting, the reversed plastic 
zone may be small and the maximum estimation of ACTOD will be 

ACTOD = AJ/por  (7) 

In the previous study of Taira et al [4], it was found that the rate of fatigue 
crack growth was generally expressed as the power function of A CTOD. 
Therefore, if we express the da/dN-AJ equation, Eq 4, as the function of 
AJ/or  (m) 

da /dN : C'  ( AJ/ay)  m (8) 

the maximum amount of growth rate accelerated due to ratcheting can be 
given by 

da /dN = C'  (2)m(AJ/ay) m (9) 

where C '  ---- 8.15 for Material SM41B(I) and C '  = 56.5 for Material SM41B(II). 
In Fig. 5, the rate data for CT specimens (Fig. 3a) are replotted against 

AJ/or .  The stretched zone widths measured in the fracture toughness of the 
same material [13,14] are plotted against J/or.  The critical value of the 
stretched zone size was 20.5 #m [13]. The solid line in the figure indicates 
Eq 8 and the dashed line Eq 9. The data of stretched zone width lie close to 
the dashed line. The rate in the initial stage of acceleration due to ratcheting 
lies above the solid line and below the dashed line. The upper bound of accel- 
eration due to ratcheting can be estimated by the dashed line. It is interesting 
to see that the crack growth acceleration due to the inclusion of the static 
mode fracture starts at the rate below the critical stretched zone width. 

Fatigue Crack Growth Resistance Curve 

The crack growth acceleration due to static mode fracture cannot be pre- 
dicted from AJ. Since this type of acceleration in low-toughness materials is 
predictable from the maximum stress-intensity factor Kmax [16,17] or the 
crack-tip opening displacement [18], the maximum values of J-integral or 
the crack-tip opening displacement should be evaluated for the present duc- 
tile materials to characterize the static mode growth. 
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FIG. 5--Crack propagation rate and stretched zone size plotted against J-integral divided by 
yield stress. 

Figure 6 illustrates schematically the loading curve AB at the crack length 
a i after N i cycles under fatigue load cycling between Pma~ and Pmin- The 
range of J-integral has been evaluated from this loading curve. The accumu- 
lated deformation by ratcheting gives an additional deformation to the near- 
tip field. Since no theoretical analysis has been conducted for the present 
situation, the following approximation will be made to evaluate the max- 
imum J-integral. It is assumed that the total deformation can be decomposed 
into the cyclic component and the accumulated monotonic component, and 
that the latter corresponds to the deformation caused by the loading curve 
ODB shown in Fig. 6. The maximum J-integral (Jmax) is evaluated from Eq 1 
for CT specimens by using the energy of the curve ODB as 

1 + ~ Pma~Vmax e 1 + el Pma. ,vm2 
Jmax : ~ " + 2 (10) 

l + ofl B ( W -- a) 1 + o f f  B ( W - -  a) 
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where Vmax ~ and Vmax p are the elastic and plastic components of the load- 
point displacement at the maximum load. Since the first term is equal to 
Kmax 2 ( 1  - -  v2)/E [9], Eq 10 is correct for the case of small-scale yielding. Simi- 
larly, Jm~x for CCP specimens is given from the curve ODB by using Eq 2 as 

Kmax 2 Pmax Vmax p 
Jmax - -  -~- (11) 

E 2 B ( W  -- a) 

The relation between crack length increment per cycle Aa and Jmax thus 
evaluated is shown in Fig. 7 for the cases of CT specimens. As seen in the 
case of R = 0.1, the Aa -- Jmax relation is independent of the maximum load 
and the specimen thickness. The relation is composed of three stages: the 
stage of stable fatigue growth in the region below BY, the plateau stage near 
GY, and the acceleration stage due to static mode growth contribution. In 
the third stage, all curves tend to converge to a single curve. The Jinx-value at 
the onset of the third stage is rather independent of R-value and equal to 
about 8 • 10 4 N/m. In the figure, the result of the fracture toughness tests 
[13,14] of Material SM41B(I) is shown with two segments of the dashed lines 
which are the blunting line and the resistance line. The fracture toughnessJlc 
is 4.5 • 104 N/m. TheJmax-value at the onset of the third stage is about twice 
that of Jtc. The resistance for fatigue crack growth evaluated in term of Jmu 
is larger than that for slow crack growth under monotonic loading, and the 
latter seems to give the lower bound of the fatigue data. 

In Fig. 8, the data, obtained only above GY, together with those for CCP 
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specimens are plotted in the linear scale as in the conventional resistance 
curve [19]. The relation between Jmax and Aa is dependent on R, and the 
larger R-value gives the larger resistance. A similar influence of R on fatigue 
crack growth resistance in the small-scale yielding situation was reported by 
Wilhem and Ratwani [17]. The curve seems to be also dependent on the 
loading condition. A further investigation is necessary to clarify the influence 
of the specimen geometry on the resistance curve. 

McCabe [19] successfully utilized the crack-tip opening displacement to 
generate the resistance curve for elastic-plastic crack growth under mono- 
tonic loading. Here, CTOD will be used as another parameter to express the 
resistance of fatigue crack growth. For the cases of CT specimens, the max- 
imum value of CTOD, ~max, is evaluated through the British standard 
method B55762, Crack Opening Displacement Testing (1979) by using 

1-- /s 2 Kmax 2 0.4(W-- a) 
~max -- E 2or  + 0.4W + 0.6a VmaZ (12) 
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FIG. 8--Fatigue crack growth resistance curve expressed in terms of J-integral. 

where vmaxP is the plastic component of the displacement at the maximum 
load and a is the current crack length. In this evaluation, the loading curve is 
assumed to be the dot-dash line OC shown in Fig. 5 and the maximum load 
does not agree with the actual value as in the method by McCabe [19]. Figure 9 
indicates the relation between the crack length increment and q~m~, together 
with the data obtained in the fracture toughness test [13,14]. The onset of 
crack growth acceleration takes place at about r = 2 • 10 -4 m, which is 
about the twice of the CTOD value at the crack initiation ~b i = 90/~m. The 
general trend of each resistance curve expressed in terms of ~bma x is similar to 
that expressed in terms of Jmax" The differences in the critical parameters for 
fibrous crack growth between fatigue and static fracture obviously come from 
a direct result of ratcheting deformation. It is necessary to compare the near- 
tip deformation associated with the ratcheting process with the static to fur- 
ther clarify the differences. 

Conclusions 

1. The acceleration of crack growth rate, deviating from the stable relation 
between the rate and the J-integral range, was found to take place when the 
plastic yielding spread across the ligament of the specimen. Coincidently, the 
monotonic accumulation or ratcheting of extensional deformation of the 
specimen started. The onset of the acceleration is predictable by correlating 
the maximum load of cyclic applied loads to the limit load. 

2. The crack growth acceleration at high cyclic stresses is attributed to two 
causes: the incomplete reversal of plastic deformation in ratcheting extension 
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and the inclusion of dimple mode fracture in crack growth. The upper bound 
of crack growth acceleration through the former mechanism is evaluated 
from the rate versus J-integral relation obtained in the stable growth region 
by considering the increase in crack-tip opening displacement due to the in- 
complete reversal of the plastic deformation of the specimen. 

3. A crack growth resistance curve due to cyclic stresses was constructed 
where the maximum values of J-integral and the crack-tip opening displace- 
ment evaluated from the accumulated plastic deformation were used to ex- 
press the resistance of the material. The onset of the inclusion of dimple 
mode fracture can be expressed in terms of the critical value of the maximum 
J-integral or the maximum crack-tip opening displacement. 
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ABSTRACT: The effect of load history on the J-Aa behavior of materials was studied 
under cyclic loading conditions. Two steels were studied, an HY-130 steel and a A508 
Class 2 steel. The HY-130 steel showed little effect of the cyclic loading and the behavior 
was labeled "R-curve-dominated crack growth." The A508 Class 2 steel showed a signifi- 
cant effect of the cyclic loading and the behavior was labeled "cyclic-dominated crack 
growth." 

KEY WORDS: fracture toughness, R-curve, cracks, crack growth, cyclic loading, 
J-integral, monotonic loading, elastic-plastic fracture 

The  appl icat ion of f racture mechanics  methods  to the evaluation of struc- 
tural  integrity and  life often uses the approach  of determining the t ime re- 
qui red for a defect ,  growing in a subcri t ical  manner ,  to reach a critical size 
whereupon the life of the component  is te rminated .  For components  sub- 
jected to cyclic loading the defect  would grow in a fatigue mode until  the frac- 
ture toughness of the  mater ia l  is reached,  causing component  failure [1,2]. 2 
The  method  for predic t ing the  rate of fatigue crack growth in a fracture 
mechanics  approach  uses growth rate,  d a / d N ,  as a function appl ied stress- 
intensity range, A K ,  [2,3]. This approach has been widely documented  and 
an A S T M  s tandard  test method  has been developed [ASTM Test  for 
Cons tan t -Load-Ampl i tude  Fat igue Crack Growth Rates Above 10 -8  m/Cycle  
(E 647-81)1. 

Methods  for de te rmining  fracture toughness have also been fully evaluated 
and several A S T M  methods  have been written to s tandardize  testing. In the 
l inear elastic plane-s t ra in  regime, Kic is used to measure initiation toughness 

tAdvisory scientist and senior engineer, respectively, Materials Engineering Department, 
Westinghouse R&D Center, 1310 Beulah Rd., Pittsburgh, Pa. 15235. 

2The italic numbers in brackets refer to the list of references appended to this paper. 
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[ASTM Test for Plane-Strain Fracture Toughness of Metallic Materials 
(E 399-78a)]. Beyond the linear elastic regime, elastic-plastic test procedures 
have been developed to determine fracture toughness byJle [Ref 4 and ASTM 
Determination of J1r A Measure of Fracture Toughness (E 813-81)] and by 
R-curve techniques [5, 6]. 

Although methods for measuring crack growth rate and fracture tough- 
ness have been developed independently, the approach oftentimes used in- 
volves combining the two to determine component life as if one is unaffected 
by the other. However, the success of the method has not been clearly 
demonstrated. Some studies in fact have indicated that this approach may 
not work [ 7-9] and have suggested that toughness measured by the ASTM 
test methods may be different from toughness that is developed when a 
cracked structure is cyclically loaded to failure. 

These studies have been conducted predominantly within the linear elastic 
regime. However, a similar study is also needed for toughness values 
developed within an elastic-plastic framework. In this paper, toughness 
development under cyclic loading is discussed and some preliminary results 
for cyclic history effects are presented. 

Linear Elastic Toughness 

The difference in toughness values determined from a standard test pro- 
cedure and those measured from cyclic loading to failure can be attributed to 
the manner in which a crack-like defect is developed in the toughness test 
specimen. Figure 1 shows schematically how this defect is developed for a 

Load 

Precracking Fracture 
Load 

/f 
rime 

FIG. l--Typical fracture toughness test load history. 
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toughness test. A notched specimen is subjected to low-level cyclic loads (or 
AK) until a crack of specified length is developed. The test specimen is then 
subjected to a monotonically increasing load, and fracture toughness is 
determined by a prescribed method. In all of the test procedures, the cyclic 
load levels must be much lower than the loads at which toughness is 
measured. (Methods E 399, E 813, and Ref 6). If this requirement is not 
met, a consistent toughness value, taken to be a material property, cannot be 
guaranteed and the test result is judged to be invalid. 

The load history that an actual cracked structural component might ex- 
perience is not likely to be the same as that used for the toughness test 
specimen. In general the component may receive large cyclic loads, high level 
constant loads, and temperature and environment variations. The load 
history encountered in simply cycling a component to failure is different from 
the one used for the toughness test and a difference in toughness level could 
be possible. 

Some examples of the effects of cycling a test specimen to failure are taken 
from the studies previously cited. Dowling [7] and Begley [8] studied the ef- 
fect of cycling 7075-T651 aluminum specimens to failure, Fig. 2. For this 
material, the toughness developed under cyclic loading was identical to that 
developed under monotonic loading using the Kit test procedure. 

In this same study, an ASTM A470 Class 8 chromium-molybdenum- 
vanadium (CrMoV) steel was cycled to failure, Fig. 3. In this case, the cyclic 
loading to failure increased the toughness considerably over that measured 
by the monotonically loaded Kle test. The result for this material was unex- 
pected for two reasons. Not only was the toughness increased by cyclic 
loading to failure, but the fracture mode was changed. The A470 Class 8 
steel is a high-temperature rotor steel. At room temperature, the Klc is 
relatively low and fracture always occurs by a cleavage mode. The fracture 
transition, where toughness increases greatly and the fracture mode changes 
a ductile tearing, occurs about 70 to 125 deg C above room temperature. The 
specimens cycled to failure at room temperature all failed by a plastic limit- 
load mechanism in a completely ductile mode. Although the testing condi- 
tions affecting this result are complex, it is noted here as an example of what 
can happen to toughness when a specimen is cycled to failure. 

A third example is taken from the work of Troshchenko et al [9] as shown 
in Fig. 4 where two low-carbon construction steels were tested by monotonic 
and cyclic loading to failure. The result shows that there is a transition tem- 
perature shift under.cyclic loading to lower toughness than that developed 
under monotonic loading. 

The three examples in Figs. 2 through 4 show that toughness values de- 
veloped under cyclic loading were higher, lower, or identical to toughness 
values developed by monotonic loading in the Kxc test procedure. The conclu- 
sion taken from these results is that fracture toughness values determined by 
the Klr test procedure may not be the correct ones to use in the evaluation 
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FIG, 2--Fracture toughness failures terminating fatigue crack growth in 7075-T651 
aluminum (Begley]. 

of structural component life when that structure is cyclically loaded to fail- 
ure. In addition, it is presently not possible to tell whether the correct tough- 
ness will be higher or lower than the measured toughness. The observations 
are somewhat discouraging because the procedure for evaluating component 
life by determining the number of cycles needed to grow a crack under 
fatigue to the Kic-value has been one of principal application techniques of a 
fracture mechanics analysis. Although this procedure may work for a 
number of examples, it may not work in every case. 

Toughness-Crack Growth Behavior 

The previous examples suggest that toughness measured in the elastic- 
plastic regime might also be affected by cyclic loading. Elastic-plastic 
toughness is often determined in an R-curve format where J is plotted as a 
function of ductile crack extension ([4-6] and Method E 813). R-curve 
behavior of materials is schematically illustrated in Fig. 5, showing how ini- 
tiation toughness, JIc, values can be determined ([4] and E 813) as well as a 
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F I G .  3--Unexpected fully plastic limit load failures following fatigue crack growth in A470 
steel (Begley). 

material resistance to crack extension. These R-curves are developed by test 
procedures similar to the Kic test in that a crack is introduced into a notched 
specimen by cyclic loading at low levels and then the R-curve is developed by 
monotonically loading the specimen to much higher loads. 

The question addressed in this work is, will crack growth be different if it 
is developed by cyclic loading rather than by monotonic loading? The ra- 
tionale for developing a test procedure comes from an assumption of a crack 
at a notch subtended by a zone of plastic deformation, Fig. 6. If the re- 
mainder of the component is elastic, the boundary conditions placed on the 
plastic deformation zone will be displacement control. The test specimens 
should then be loaded in a manner where cyclic displacement is controlled 
rather than cyclic load. 

An illustration of displacement-controlled cyclic loading which can be 
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FIG.  4--Klc versus temperature for  two steels under cyclic and monotonic loading from 
Troshchenko et al [9]. 
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FIG.  5--Four steps of ductile fracture process on an R-curve. 
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used to generate crack growth is shown schematically in a load-versus- 
displacement record in Fig. 7. The specimen is loaded in displacement con- 
trol into the plasticity range. At a prescribed displacement level, the 
specimen is then unloaded to a second prescribed displacement level (the ex- 
ample, shown in Fig. 7 is zero displacement). The specimen is then reloaded 
to a displacement level ~vl above that at the first load. It is then unloaded to 
Avz above the displacement after the first unload. Continued cyclic loading is 
applied to the specimen by loading to controlled displacement increments 
Avl and Av 2. 

Although the combinations of cyclic load history that can be applied to a 
specimen are numerous, a few possible examples are also illustrated in Fig. 
7. If Avl = Av2, a cyclic loop with a reasonably consistent size is applied to 
the specimen, and the type of cyclic loading is labeled "ratcheting crack" 
because the crack is forced open in progressively even cyclic steps. A second 
example is given where the first unload is to zero displacement and all suc- 
ceeding unloads are to zero displacement (Av z = 0). The crack is forced 
open to progressively larger displacements during each loading portion and 
then returned to zero displacement at each unload. This loading is labeled 
"elastic dominance" and illustrates a case where the elastic field would 
return the plastic displacement zone to its original position at each unload. 
Other control conditions could involve the displacement level for the first 
unload to be before Jic or after Jlc- 

Illustrations of actual cyclic load histories applied to specimens are shown 
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FIG. 7--Schematic of load versus displacement for study of load history effect on the R-curve. 

in Fig. 8. Figure 8a shows the ratcheting crack where Avl : Av z. Figure 8b 
shows elastic dominance where Av2 : 0. Figure 8c shows a ratcheting crack 
where the first unload is taken at a large displacement level well beyond JIc- 

Analysis of Results 

The results from these tests can be analyzed by two techniques. One 
method is to draw an envelope over the top of the cyclic loads so that a stan- 
dard area approximations of J can be made. For this method, J is determined 
from the area under the curve to a given displacement level [I0] and crack ex- 
tension is determined at each unload from the elastic slope of the unload 
curve, Fig. 9 [11]. 

A second method of analysis is taken from the work of Dowling and Begley 
[12]. Each cyclic loop is treated individually. J is determined from the area 
under each loop. Crack extension is determined again from the unloading 
slopes, Fig. 10. (Note that a J for cyclic loading is operationally defined and 
may not be identical to the J-integral, which does not permit unloading). 

From the first method of analysis, an R-curve can be developed. Crack ex- 
tension should contain components from both the monotonic and cyclic 
loading portions. From the second analysis, crack extension per unload cy- 
cle, da/dN, can be determined as a function of the cyclic J, AJ. Again, crack 
growth should contain two components. 

The J-versus-Aa behavior developed by the cyclic loading can be equal to 
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or lower than the one obtained from a similar specimen loaded monoton- 
ically. If a normal interaction of monotonic and cyclic loading contributions 
to crack extension is anticipated, the resultant curves could contain a linear 
summation of monotonic and cyclic components. This shown schematically 
in Fig. 11. If the interaction between monotonic and cyclic loading is coupled 
in a nonlinear way, this sample summation might not be correct and a dif- 
ferent effect on the J-versus-Aa behavior could be observed. 

Test Results 

To study the effects of cyclic loading on crack growth behavior, two 
materials were selected for preliminary testing. The two materials, HY-130 
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FIG. I l--Schematic showing linear summation principle for developing a cyclic R-curve. 

steel and A508 Class 2 steel were chosen because numerous R-curves had 
been developed for these materials under the monotonic loading procedure in 
the Jic test standard (E 813). The HY-130 steel was used in a round-robin test 
program to study the JIc procedure [13]. The A508 Class 2 steel was used in a 
study of size effect on the R-curve [14]. 

Compact specimens of the IT-CT geometry were used in the cyclic tests. 
These have a specimen width of 50 mm (2 in.) and thickness of 25 mm (1 in.). 

Loading conditions for these specimens are given in Table 1. For each ma- 
terial, two specimens were tested. Each was given a cyclic load history which 
was identified previously as the "ratcheting crack" case. The difference be- 
tween the two specimens is the spacing of the cycles (Av I and Av2) and hence 

TABLE 1--Cyclic R-curve test conditions--ratcheting crack. 

Displacement Cyclic Cycle Total 
Specimen First Unload, Range, Spacing, Displacement, Cycle 

Material No. in. in. in. in. No. 

HY-130 1 0.035 0.035 0.005 0.100 13 
HY-130 2 0.035 0.035 0.001 0.100 - 70 
A508 C1 2 94 0.060 0.060 0.010 0.200 13 
A508 C1 2 92 0.100 0.060 0.002 0.250 - 7 5  

1 in. = 2.5.4 mm. 
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the total number of cycles applied. The first specimen for each material had 
cyclic spacing five times that of the second so the second had approximately 
five times as many cycles as the first to the final displacement level. The 
loading rate, which was essentially constant for all tests, was one which would 
result in a K  of about 33 MPax/m/min (30 ksix/~./min) during elastic loading. 

The crack growth history resulting from the cyclic loads is shown in Fig. 12 
for the HY-130 steel and in Fig. 13 for the A508 Class 2 steel. For these re- 
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suits the first method of analysis was used. Each is compared with the 
scatterband for R-curves developed under monotonic loading. J calculations 
for the present results and those referenced in Figs. 12 and 13 were made us- 
ing the formula in ASTM Method E 813. 

The test data were also analyzed by the second method of analysis, which 
resulted in a da/dN-versus-AJ format. These results are given in Fig. 14 for 
the HY-130 steel and in Fig. 15 for the A508 Class 2a steel. In Fig. 14, pre- 
vious results from da/dN-versus-AK fatigue crack growth rate data for 
HY-140 steel [15] were converted to a da/dN-versus-AJ format and plotted. 
These results did not cover the same AJ range as the specimens tested in this 
work so a linear extrapolation was shown for comparison. 

An A533B steel was tested by Dowling in a da/dN-versus-AJ format to 
very large M-values [16]. This material is similar to A508 so the scatterband 
from Dowling's results on AS33B is included in Fig. 15 for comparison. 

Discussion of Results 

The two different steels showed different responses to the cyclic loading. 
The results for the HY-130 steel in an R-curve format, Fig. 12, show almost 
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no influence of the cyclic loading. The results fall within the scatterband of 
the monotonic results and the R-curves for the two specimens are nearly 
identical. The results for the HY-130 steel in a da/dN-versus-AJ format, Fig. 
14, show growth rates per cycle much higher than that expected from the 
extrapolated fatigue data. This again is evidence that at the chosen AJ levels, 
crack growth is caused mainly by the monotonic component rather than by 
the cyclic component. The behavior observed for this steel was labeled 
"R-curve-dominated crack growth." 

A strong cyclic growth effect was observed for the A508 Class 2a steel. 
Figure 13 shows that the growth increments for the cyclically loaded A508 are 
much higher than that for the monotonic case. The specimen that had five 
times as many cycles at lower AJ had much more crack growth and did not 
follow monotonic behavior. Figure 15 shows that the resultant crack growth 
taken in a da/dN-versus-AJ format falls close to the scatterband of fatigue 
results for the A533 steel. This would suggest that the majority of crack 
growth came from the cyclic component of loading rather than the mono- 
tonic component. The behavior observed here was labeled "cyclic-dominated 
crack growth." 

The linear summation model suggested for determining the influence of 
the cycle loading on the crack growth increments, Fig. 11, is demonstrated in 
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principle by these results; however, it did not result in a conclusive evalua- 
tion. For the HY-130 steel, the cyclic component contributed about one tenth 
of the total crack extension and the monotonic component about nine tenths. 
In the 4 mm (0.16 in.) of total crack extension, the contribution of the cyclic 
loading should be about 0.4 mm (0.016 in.). This is not a large enough com- 
ponent to influence the matchup to the R-curve behavior noticeably since the 
monotonic R-curve scatterband is about I mm (0.04 in.). 

For the A508 Class 2 steel, the cyclic component of growth in the first 
specimen was about equal to the monotonic component and in the second 
specimen it was about ten times the monotonic component. In both cases this 
result is approximately observed. In the first specimen there was not enough 
crack extension to make a positive comparison and in the second specimen 
the crack extension was nearly all due to cyclic loading. Therefore, these 
results would verify a principle of linear summation of crack extensions only 
for the limiting cases. 

The difference in behavior between the two steels is likely due to the rela- 
tionship between the size of the cyclic loops and the overall monotonic 
toughness. The HY-130 steel has much lower R-curve toughness than the 
A508 Class 2a steel. The cyclic loops for the HY-130 were initiated at about 
Jic whereas for the A508 they were initiated well below Jic. The monotonic 
component of crack extension would develop more readily in the HY-130 
steel. In the A508 Class 2 steel, the cyclic loops were larger. Therefore, it is 
reasonable that the HY-130 steel would have "R-curve-dominated crack 
growth" whereas the A508 Class 2a steel had "cyclic-dominated crack 
growth." The tests conducted here were to observe what types of behavior 
might result from cyclic loading. To develop a full understanding of the fac- 
tors which control in this behavior, a greater number of tests with a larger 
combination of loading variables would be required. 

Suramary 

This work studied the effect of load history on the J-Aa behavior of 
materials under cycle loading conditions where loading conditions were well 
into the elastic-plastic regime. 

Results for an HY-130 steel cycled to develop AJ versus Aap show little ef- 
fect of the cyclic loading. The crack extension is developed primarily from 
the monotonic loading component and the behavior is labeled "R-curve- 
dominated crack growth." 

Results for an A508 Class 2 steel showed that the cyclic loading tended to 
dominate the crack growth rate. This behavior is labeled "cyclic-dominated 
crack growth." 

To fully determine the effects of cyclic loading on crack growth rates, 
many more cases including different combinations of loading variables would 
be required. 
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ABSTRACT: The objective of this work was to investigate the relationship between the 
micromechanisms of ductile crack growth, the microstructural constituent phases pres- 
ent in nuclear pressure vessel steel, and the observed fracture behavior as determined by 
impact and fracture mechanics tests. 

Results from a microstructural and mechanical property comparison of an A508 Class 3 
pressurized water reactor nozzle forging cutout and a 150-mm-thick AS33B Class I plate 
are reported. The variation of upper-shelf toughness between the two steels and its orien- 
tation sensitivity are discussed on the basis of inclusion and precipitate distributions. In- 
clusion clusters in AS33B, deformed to elongated disks in the rolling plane, have a pro- 
found effect on short transverse fracture properties. 

Data derived using the multi-specimen J-integral method to characterize the initiation 
of ductile crack extension and resistance to stable crack growth are compared with equiv- 
alent Charpy results. Results of the JR-CUrVe analyses indicate (1) that the A533B short 
transverse crack growth resistance is approximately half that observed from transverse 
and longitudinal specimen orientations, and (2) that the AS08 initiation toughness and 
resistance to stable crack growth are insensitive to position through the forging wall, and 
are higher than exhibited by AS33B at any orientation in the midthickness position. 

KEY WORDS: elastic-plastic fracture, J-integral fracture mechanics, crack growth tear- 
ing resistance, inclusions, steels, crack initiation toughness 

Pressurized water reactor (PWR) vessels are constructed from thick- 
section, medium-yield-strength ferritic steels [1,2]. 3 To ensure adequate tol- 
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erance to postulated defects under normal reactor operation and faulted con- 
ditions, these materials must exhibit a high resistance to ductile crack 
growth. Traditionally, this resistance has been assessed using notched im- 
pact testing, and much of our understanding of the microstructural control 
of ductile fracture in steels has come from this type of test. In particular, the 
inverse relationship between inclusion content (sulphides + oxides) and 
upper-shelf (that is, totally ductile) fracture energy has long been recognized. 
Several models of ductile fracture based on ductile void initiation and growth 
around inclusions have been proposed [3-8]. These rarely give close agree- 
ment with experimental data for the orientation dependence of toughness 
from materials where more than one species of inclusions are present, or 
where inclusions exist with a wide size distribution or are highly elongated. 

Over the past 15 years there have been advances in both material fabrica- 
tion and toughness assessment techniques. Secondary steeimaking and vac- 
uum deoxidation now provide steels with low inclusion content and bulk sul- 
fur levels less than 0.010 percent by weight [9,10]. Fracture mechanics has 
evolved to embrace quantitative defect assessment, where fracture is pre- 
ceded by large-scale plasticity [11]. The J-integral test [12] is the most devel- 
oped of the post-yield fracture tests and is capable of quantifying changes in 
material resistance during the initial stages of crack extension. In view of 
these developments, the work reported here was instigated to examine the re- 
lationships between the micromechanisms of ductile crack growth, the mi- 
crostructural constituent phases present in modem pressure vessel steels, 
and their fracture behavior as determined by impact and J-integral fracture 
mechanics tests. The aim of the work is to improve our understanding of how 
material composition, steelmaking, and fabrication procedures can be opti- 
mized with respect to resistance to ductile crack growth. 

Materials and Specimen Details 

The AS33B steel was supplied as a commercially produced, 150-mm-thick 
plate in a quenched-and-tempered condition, satisfying Class 1 of the appro- 
priate American Society of Mechanical Engineers/American Society for 
Testing and Materials (ASME/ASTM) material specifications, and subse- 
quently given a simulated post-weld heat treatment (PWHT). The chemical 
composition of the plate at surface and center positions is given in Table 1. A 
more detailed analysis of the through-thickness variation of principal alloy- 
ing element and impurity concentrations is reported elsewhere [13]. 

The A508 Class 3 steel originated from a 500-ton ingot, which was subse- 
quently forged into an integral nozzle and flange section for a PWR [14]. The 
material examined was from a coolant nozzle cutout subjected to the same 
heat-treatment conditions as the thick section (545 mm) quenched-and- 
tempered, post-weld heat-treated forging. Table 1 contains chemical com- 
position data from the inner forging wall, midthiekness, and outer-wall posi- 
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TABLE l--Chemical composition of the A533B Class 1 and A508 Class 3 steels. 

Composition 

Material Position C Mn Ni Mo S P Cr Si AI 

A533BClass 1 plate surface 0.18 1.43 0.57 0.48 0.005 0.005 0.11 0.30 0.03 
plate center 0.21 1.43 0.59 0.48 0.005 0.005 0.11 0.22 0.03 

AS08Class3 inner-wall(IW) 0.23 1.49 0.79 0.49 0.004 0.006 0.08 0.30 0.02 
midthickness 0.19 1.43 0.75 0.47 0.002 0.006 0.08 0.29 0.03 

(1/2 w) 
outerwall(OW) 0.19 1.43 0.76 0.47 0.001 0.006 0.08 0.30 0.03 

tions. Tensile properties of the A533B and A508 materials tested at 290~ 
are given in Table 2. 

Full size (that is, 10 mm thick) Charpy specimens were machined from the 
midthickness position of the plate and forging, in six orientations with re- 
spect to the three principal hot working directions. Each orientation is subse- 
quently referred to by a two letter code, the first being the direction normal to 
the macroscopic fracture plane and the second being the direction of propa- 
gation. A specific crack plane is referred to by the direction perpendicular to 
that plane. The principal working directions for plate and forging are shown 
in the legend to Fig. 1. 

Compact specimens 25 mm thick were machined from (1) the A533B ma- 
terial at the midthickness (1/2T) position in four different orientations, RW, 
WR, WT, and TW; and (2) the A508 material at the inner-wall (I-W) mid- 
thickness Q/2W) and outer-wall (OW) positions in one orientation, at. 

Experimental Procedure 

Charpy V-Notch Impact Testing 

Charpy V-notch impact testing was performed between -- 125 and + 300~ 
using a 300-J machine complying with the ASTM Specifications for Notched 
Bar Impact Testing of Metallic Materials (E23-72). 

J-Testing 

J-testing was performed at 290 + 2~ using a 100-kN servohydraulic me- 
chanical testing machine, operating under displacement control with a con- 
stant ram speed of 1 mm/min, using specimens precracked at room tempera- 
ture to a final crack length-to-width ratio of 0.55. During each test, load, ram 
displacement, and load-line displacement were recorded on a multichannel re- 
corder and a plot of load versus load-line displacement simultaneously pro- 
duced. The experimental and analytical procedure, ASTM E 813-81, for cal- 
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TABLE 2--Tensile propert&s of the A533B Class 1 and A508 Class 3 steels at 290~ 

Ultimate 
Tensile 

Yield Stress, Strength, Elongation, arks, ~ 
Material Position Oy MPa MPa % MPa 

A533B Class I b mean of 1/sT, l/2T, 4/sT 399 545 20 472 
A508 Class Y inner wall (IW) 470 650 22 $60 

midthickness (l/2W) 390 550 24 470 
outer wall (OW) 390 560 20 475 

a~ = (.0.2 % proof stress + ultimate tensile strength ) .  
2 

bLongitudinal orientation. 
"Orientation equivalent to A533B. 

culating J and measuring the average ductile crack extension, Aa, was 
adopted. As is usual in these tests, a small but acceptable amount of crack 
tunneling was observed for both materials. Five to nine specimens, strained to 
varying levels of load-point displacement, were used to construct each resis- 
tance curve up to a maximum crack extension of 2.5 mm. 

Measurements of the critical stretch zone width, (SZW)c, prior to crack ex- 
tension were obtained from the A533B TW-orientation midthickness and 
A508 ar-orientation outer-wall specimens, using a stereomicroscope. 

Fractography 

Fracture surfaces of compact specimens and Charpy specimens tested at 
290~ were studied predominantly using a scanning electron microscope 
(SEM). Carbon extraction replicas, taken from Charpy specimens, were 
prepared for examination at higher magnification in an analytical transmis- 
sion electron microscope (TEM) equipped with microdiffraction and energy- 
dispersive X-ray analysis (EDX) facilities. 

Re~alts 

Mechan ica l  Tes t ing  

Figure 1 shows the Charpy impact fracture energy data for the A533B Class 1 
and A508 Class 3 materials. 

J-integral data for small amounts of crack growth may be displayed and 
analyzed in several ways. The ASTM Standard Method for the Determination 
of Jxc (E 813-81) requires a linear regression through data points displayed on 
linear axes of J versus Aa, with the initiation toughness, JIc, being defined as 
the intersection of the regression line with a blunting line given as J : 2a~o~ 
Aa, where o n ~  is defined as the average of the 0.2 percent proof stress and the 
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F I G .  1--Charpy fracture energy data for A533B Class 1 and A508 Class 3 steel. 

ultimate tensile strength. Figures 2 and 3 show the data for AS33B and A508, 
respectively, displayed in this format. The specimen thickness criterion of 25 
Jic/anow, given in E 813-81, was satisfied for all material conditions tested. Ac- 
tual measurements of the (SZW) c were 0.07 and 0.10 mm for the A533B TW- 
orientation and the A508 OW-specimens, respectively, indicating that the 
2oflow Aa blunting line overestimates stretch zone formation in these materials, 
with the result that JIc includes a small but significant amount of stable crack 
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growth. An alternative procedure for defining initiation, avoiding the use of a 
blunting line, is to extrapolate the linear regression to zero crack extension. 
Values of initiation toughness, defined either as the intersection with the 2Ofjo. 
Aa blunting line, J2ono~, or alternatively as the extrapolation to zero crack 
growth, Ja. =0, are given in Table 3, together with the slope of the linear regres- 
sion lines and the standard errors in determinations. 

Neither of the foregoing procedures accounts for the nonlinear J versus zaa 
behavior often found at small values of crack extension, typically below 1 mm 
[15,16]. An alternative procedure is to fit each set of data to a power-law 
function of the form J = m(Aa)P, m and p being constants, and report values 
of J and tearing resistance, dJ/da, at specific increments of crack extension. 
Table 4 gives the results of this type of analysis procedure at values of 0.15, 
0.5, 1.0, and 2.0-mm crack extension. A comparison of the regression coeffi- 
cients led to the suggestion that both the linear and power-law curve-fitting 
procedures provide equally good interpretations for the test data presented, 
reflecting the absence of data points at very low values of ductile crack exten- 
sion. 

Fractography 

A533B Class / - -All  fracture surfaces of A533B showed a ductile, dimpled 
topography. As shown in Fig. 4, the fracture morphology in the T crack 
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FIG. 3- -J  versus Aa data for A508 tested at 290~ 

plane was characterized by a stepped appearance resulting from isolated 
islands, comprising large shallow dimples, interconnected by walls of small 
dimples. Each island was associated with a cluster of either Type II man- 
ganese sulfide (MnS) inclusions, or calcium and magnesium aluminate inclu- 
sions of composition (Ca-Mg) 0.6A1203. Quantitative analysis suggested that 

30 percent of the TW fracture surface consisted of inclusion cluster is- 
lands, which had a mean aspect ratio of 2:1, being elongated in the rolling di- 
rection, and average maximum and minimum semi-axes of 200 and 100/~m, 
respectively. 

A marked variation in fracture surface topography was observed between 
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TABLE 3--Linear regression analysis of  J-integral data. 

Material Orientation Position 

Standard Standard 
Error of dJ/da, Error of 

J~a:0, J2ono~aa, Intercept, MNm- 1/ Slope, 
MNm -!  MNm -1 MNm -l mm MNm-l/mm 

AS33B RW I/2T 0.17 0.22 0.008 0.18 0.00S 
AS33B WT l/2T 0.11 0.14 0.015 0.21 0.014 
A533B WR I/2T 0.12 0.15 0.023 0.19 0.023 
AS33B TW V2T 0.11 0.13 0.010 0.10 0.008 
A508 ar 1W 0.28 0.37 0.038 0.28 0.029 
A508 ar 1/2W 0.25 0.37 0.028 0.30 0.021 
A508 ar OW 0.27 0.41 0.033 0.33 0.022 

TW and the other orientations, WT, WR, and RW. Figure 5 shows represen- 
tative areas of the ductile crack extension in compact specimens with the 
three principal fracture planes. No inclusion islands are present in the speci- 
mens with W and R crack planes. Instead, the fracture surfaces are charac- 
terized by the presence of elongated dimples of high aspect ratio, extending 
parallel to the crack propagation direction in the RW orientation and 
perpendicular to this direction in the WT orientation. Figure 6 shows elon- 
gated dimples formed both at MnS and aluminate inclusions on the WT 
Charpy fracture surface. Elongated dimples, which could be identified as 
having formed at aluminate inclusions, were predominantly wider than those 
associated with MnS. In addition, as illustrated in Fig. 7, the RW fracture 
surface showed deep circular dimples associated with MnS stringer inclu- 
sions oriented perpendicular to the fracture plane. 

The area occupied by large dimples on RW, WR, and WT fracture sur- 
faces was noticeably smaller than for the TW orientation. The remaining 
area in all cases was populated by small dimples, 1 to 20 #m in diameter, 
which exhibited a more equiaxed morphology in R and W fracture planes 
than found for the T fracture plane. 

Voids, which had opened up ahead of the propagating ductile crack at 
aluminate or MnS cluster inclusions and coalesced to form a large island- 
type void, were observed in the cleavage region of fracture surfaces of TW 
orientation compact specimens. Examples are shown in Fig. 8. The cleavage 
fracture was produced at low temperatures following the J-integral tests. 

A 5 0 8  Class 3- -Compared  with the AS33B steel, Charpy specimens of all 
orientations in the A508 steel exhibited greater macroscopic shear lip forma- 
tion, with a tendency for the ductile crack to bifurcate and propagate in two 
directions before finally fracturing along one of these directions. Further- 
more, the degree of shear lip and crack bifurcation increased on going from 
the a to the r to the t fracture plane. 

At higher magnifications, fracture surfaces showed a wide range of dimple 
sizes. No large elongated dimples were observed; instead, the larger dimples 
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FIG. 4--Fracture surface of A5.?3'B TW orientation showbtg islands qf ~hallow dhnples inter- 
connected by walls of small dimph, s. Insert shows inclusion~ and individual voids bt shallow 
dimph's at higher magn(]'ication. 

were predominantly equiaxed and rarely > 100/xm in diameter, as illustrated 
in Fig. 9. These were associated with MnS inclusions. As a result, compared 
with the A533B, the A508 specimen fracture surfaces were covered with a sig- 
nificantly increased proportion of medium and small-sized dimples. There ap- 
peared to be little difference in dimple characteristics either as a function of 
Charpy specimen orientation or compact specimen positioning in the through- 
thickness direction of the forging. 

Extraction Replicas 

Results from a micro-analytical examination of the submicron precipi- 
tates, which initiate the very small dimples ( -  1 #m) on the A508 and AS33B 
Charpy fracture surfaces, suggest that dimples form principally at Fe3 C par- 
titles in A508 and at A/N/Mo2C particle aggregates in AS33B. Insufficient 
data have been gathered to attach statistical significance to this result, but a 
noticeable trend exists. Figure 10 shows small, shear dimples from the A533B, 
TW orientation fracture surface, each containing a submicron precipitate 
identified by EDX as either Mo2C, A/N, or an AIN/Mo2C aggregate. 
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BELCHER AND DRUCE ON NUCLEAR PRESSURE VESSEL STEELS 11-749 

FIG. 5--Comparison of A533B CT fracture surfaces with T, R, and W fracture planes. Direc- 
tion of crack growth is indicated by arrow. 
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FIG. 6--Elongated dimples on W crack plane originating from MnS and aluminate inclusions 
(A). 

FIG. 7--Deep circular dimples on R crack plane originating from MnS stringer inclusions. 
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FIG. 8-- Voids surrounding cluster inclusions ahead of ductile crack tip: (top) aluminate cluster 
inclusion; (bottom) Type H MnS cluster inclusion. 
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FIG. 9--Typical fracture topography of the A508 Class 3 showbtg equiaxed dimples. 

Discussion 

Comparison of the Charpy impact and J-integral results with those ob- 
tained from steels of the same class [17] shows that both the A508 and A533B 
materials examined in this study exhibit good ductile toughness properties. 
Independent of the method of analyzing the J-integral test data, Tables 3 and 
4 show that the toughness of the A533B is orientation dependent and that 
over the range of Aa examined, the toughness of the A508 material is higher 
than that of A533B and is essentially independent of position in the through- 
thickness direction. The orientation dependence in A533B and higher upper- 
shelf toughness of A508 are reflected in the Charpy results (Fig. 1), which 
further indicate that the A508 material exhibits a reduced orientation depen- 
dence, particularly in terms of the ductile-brittle transition temperature. 
Further discussion of the J-integral data will be in terms of initiation, defined 
by J~.=0, and resistance to crack propagation, dJ/da, as determined by the 
linear regression analysis, Table 3. 

The fractographic features previously described for A533B indicate an in- 
clusion distribution as illustrated schematically in Fig. 11. Inclusion clusters, 
slightly emended in the primary rolling direction, consist either of Type II 
MnS or aluminates and lie parallel to the plate surface. Other MnS inclu- 
sions exist throughout the plate as elongated stringers. In the A508 material, 
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FIG. lO--Transmission electron fractograph of an A533B extraction replica showbzg small 
shear dimples eontabffng submicron precipitates identified as (1) Mo2C." (2) AIN." and (3) 
AIN/Mo2C aggregate. 

no inclusion clusters were found, the inclusion density was lower, and the 
MnS inclusions present were equiaxed. This description is consistent with 
metallographic studies of these materials [13.18[. It is clear that, despite the 
high degree of purity of these steels and the profuse carbide precipitation 
throughout the microstructure, the ductile fracture behavior is being 
markedly influenced by inclusion morphology and distribution. 
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Inclusion Clu$lers 

FIG. ll--Schematic inclusion distribution in A533B plate. 

Void initiation at inclusions found in A533B and A508 steels is known to 
occur at low strains [19,20], the exact value being dependent on stress tri- 
axiality [21]. Near the crack tip, the stress triaxiality is high and the contri- 
bution of void initiation to the overall ductile crack growth process may be 
considered negligible [21]. The results are therefore discussed in terms of 
models based on void growth and coalescence. 

A533B Orientation Effects 

It is well established that elongated inclusion morphologies cause marked 
anisotropy of tensile ductility and toughness behavior [22]. According to 
Willoughby et al [71, where fracture occurs by the coalescence of voids 
formed at elongated inclusions, the projected inclusion length in the local di- 
rection of fracture governs toughness by determining the strain intensifica- 
tion at the crack tip. Specifically, the model predicts that initiation tough- 
ness depends inversely on the projected inclusion length in the direction of 
crack advance, while resistance to crack propagation is minimized when the 
major inclusion axis lies in the crack plane. That is, for ductile initiation, the 
inclusion dimension in the direction of propagation dominates, while for 
propagation, inclusion dimensions both parallel and perpendicular to this 
direction must be considered. During Charpy testing, the upper-shelf frac- 
ture energy (USE) of A533B and A508 steels has been shown to be dominated 
by crack growth [23, 24]. 

Therefore, on the basis of this model, making the assumption that fracture 
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results principally by void growth at the elongated MnS inclusions and subse- 
quent coalescence with the crack tip, the orientation dependence of Charpy 
upper-shelf fracture energy would be USE (RW, RT) > USE (WT, WR) -- 
USE (TW, TR). While experimental results from the present study confirm 
this suggestion for fracture in the R and W crack planes, the upper-shelf en- 
ergy of the TW and TR orientations is much smaller than predicted. This 
may be explained by the presence of MnS and aluminate inclusion clusters, 
whose plane is parallel to the T crack plane. In the TW orientation, the plane 
of crack propagation coincides with the cluster plane. In this case, the entire 
cluster effectively acts as a single inclusion, resulting in large voids being 
opened up at clusters ahead of the crack at low strains, as observed fracto- 
graphically and referred to previously as islands. This mechanism results in a 
low energy absorbing fracture mode. When the cluster plane is normal to the 
plane of fracture, as for the RW, WT, and WR orientations, fractographic 
studies suggest that predominantly, individual inclusions along the line of in- 
tersection of cluster and crack planes initiate voids as the cluster is ap- 
proached by the propagating crack, to form a composite void of size and 
shape corresponding to the sectioned cluster. Such elongated dimples, asso- 
ciated with calcium and magnesium aluminate inclusions, have been identi- 
fied on RW, WT, and WR fracture surfaces. Had a single void resulted from 
all the inclusions in each cluster, then deep fissures or delaminations would 
have formed corresponding to the cluster size. Such features were only rarely 
observed, suggesting that for these orientations, all the inclusions in each 
cluster were not participating in void formation. 

Application of the Willoughby et al concept to include the effects of a sec- 
ondary population of disk-shaped inclusion clusters predicts that RT and 
RW orientations will show a slightly higher resistance to crack propagation 
than WT and WR orientations, while TW and TR orientations will be sub- 
stantially lower. This prediction is in agreement with the observed Charpy 
results. 

The J-integral data indicate a similar orientation dependence on resistance 
to crack growth. As shown in Table 3, dJ/da for the TW orientation is ap- 
proximately half that for WT, WR, and RW orientations. If, as seems likely, 
the higher dJ/da value for WT compared with RW is experimentally insignif- 
icant, the tearing resistance anisotropy of A533B is predicted from inclusion 
cluster considerations. 

The analysis of A533B data given in Table 3 indicates that the orientation 
dependence of initiation toughness is such that J~=0 (RW) > J~a=0 (WT = 
TW ---- WR). Consideration of the projected length of ellipsoidal MnS inclu- 
sions in the direction of crack advance in accordance with the model of 
Willoughby et al predicts that J~=o (RW = TW ~ WT) >> JAa=0 (WR). 
Including the effect of inclusion clusters contributing to fracture initiation 
predictsJ~=o (WT) >> J~,,,=o (RW, TW) > J~a=0 (WR). Both these sugges- 
tions do not fit experimental results and therefore the model does not explain 
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the initiation results with the same degree of agreement that was found for 
crack propagation. 

An alternative mechanism has been proposed whereby void growth cannot 
occur at inclusions until they are enveloped by the logarithmic shear lines 
that are generated ahead of the blunted crack [8]. For inclusions aligned nor- 
mal to the fracture plane, this mechanism requires d higher crack-opening 
displacement (or equivalently a larger value of J) than when the inclusion 
axis lies in the crack plane. Hence, consideration of MnS stringer inclusions 
suggests that Jaa=0 (RW) > Jzxa=0 (WT = WR = TW). The contribution of 
inclusion clusters will be equivalent in each orientation, because the void as- 
sociated with the individual cluster inclusions will always lie in the fracture 
plane. The combined effect of MnS stringers and cluster inclusions, analyzed 
on this basis, is therefore in agreement with experimental results. 

From the preceding discussion, it is clear that neither of the models ex- 
amined is capable of fully explaining the effect of orientation on both initia- 
tion and ductile crack growth. 

While void growth and coalescence are likely to dominate the fracture pro- 
cess, it is possible that void initiation may be contril ",ring a secondary effect. 
Recent results [20] suggest that cavity formation at MnS inclusions occurs by 
interface decohesion when the applied tensile stress axis is perpendicular to 
the inclusion axis, and by fracture when the tensile and inclusion axes are 
aligned. The latter requires a critical local stress, which is approximately 40 
percent greater than that required for interfacial decohesion. In addition, the 
initial void size formed at a cracked MnS inclusiort will be significantly 
smaller than when the whole interface decoheres. Although no evidence was 
obtained to substantiate this mechanism in the present A533B material, if such 
an effect was relevant, the higher initiation toughness for RW would be consis- 
tent with the greater strain required for both void nucleation and growth. 

The lack of a pronounced orientation dependence in the A508 Charpy 
USE and the improved ductile fracture properties, compared with the 
AS33B, derive from the significantly reduced inclusion content of the forg- 
ing. All fracture surfaces of AS33B and A508 revealed a duplex dimple-size 
distribution, indicating the role of both inclusions and carbide precipitates in 
the fracture process. The duplex distribution arises because sheets of tiny 
dimples, which are initiated at carbide precipitates, interconnect the large 
inclusion voids before they can coalesce. The void sheets form in response to 
the localization of strain between inclusion voids. Voids forming at carbide 
particles require a greater local strain for nucleation than voids initiating 
from inclusions [25]. A similar phenomenon has been reported in detail for a 
high-strength AISI 4340 steel [26]. The strain at which void linkage occurs 
will be dependent not only on precipitate and matrix characteristics, such as 
interracial strength and work-hardening capacity, but also on the strain in- 
tensification between an inclusion void and the crack tip, which is a function 
in particular of the inclusion size, shape, orientation, and spacing ahead of 
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the crack [7.27]. Consideration of toughness parameters on the basis of in- 
clusion variables is therefore relevant to a micromechanism which involves 
void sheeting effects. 

In terms of the relative toughness of A508 and AS33B, the increased density 
and size of inclusions present in AS33B suggests that void sheets will link inclu- 
sion voids at lower applied strain than in AS08. The submicron dimple forma- 
tion at Fe.~C precipitates in A508 and at AIN/Mo2C precipitate aggregates in 
AS33B raises the possibility of varying toughness by altering the submicron 
precipitate population, using heat treatment and compositional control. 

Comparison of Charpy and J-Integral Tests 

Charpy upper-shelf fracture energy results and JR-curves have qualitatively 
shown the same relative fracture resistance of the two materials and the same 
effect of varying orientation in the AS33B plate. Furthermore, similar fracto- 
graphic features have been observed from both types of test. These observa- 
tions inspire further investigation into the quantitative relationship between 
the two tests. Several 9ilb~ors have proposed equations to relate Charpy frac- 
ture energy with fracture mechanics parameters, usually referring to crack ini- 
tiation [28], for example, Kit or JIc. For low-strength high-toughness mate- 
rials, it is known that crack initiation in the Charpy test accounts only for a 
small fraction of the total fracture energy [23.24]. Any correlation between 
Charpy fracture energy and fracture mechanics testing, therefore, should con- 
sider both initiation and crack growth parameters. Such a correlation is pro- 
posed as follows. The Charpy fracture energy is the energy required to initiate 
a crack from a blunt notch and propagate that crack across a ligament of 8 
mm. Similarly the area under the JR-curve is a measure of the energy required 
for fracture. Therefore evaluation of the integral I08rnm J �9 da provides a basis for 
comparing the two types of test. It should be noted that, although energetically 
the integral 18mrnj.  da embodies the essence of the Charpy test, direct compar- 
ison is without rigorous theoretical foundation, since J-domination will not be 
maintained throughout the Charpy test. Table S gives the results of this evalua- 

TABLE S--Comparison of Charpy.fracture energy and J-integral data. 

J-Integral Comparison 

Charpy USE Linear Exponential 
Comparison Regression Regression 

AS33B RW:AS33B WT 1.25:1 
A533B RW: AS33B TW 2.43:1 
AS33B WT: AS33B TW 1.94:1 
A508 I/2W: A508 lW 0.96:1 
A.508 V2W: A533B RW 1.54:1 

0.97: I 
I. 78: I 
1.84:1 
1.02:1 
1.59: I 

0.96:1 
1.86:1 
1.94: I 
1.03:1 
1.73:1 
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tion for specific comparisons of different materials and specimen orientations, 
using both the linear and exponential J versus Aa regression analyses extrapo- 
lated to Aa = 8 mm. These results suggest that this correlation can provide an 
approximate method for relating Charpy energy and JR-curve toughness pa- 
rameters. However, an exact correlation would not be anticipated due to the 
differing strain rates and geometric constraints of the two types of test. 

Relationship Between Toughness and Steel Production Procedure 

The results of this study indicate that despite low absolute levels of sulfur 
and profuse carbide precipitation, the ductile crack growth resistance of 
bainitic pressure vessel steels of similar strengths is principally controlled by 
inclusion distribution. As for steels of higher impurity concentrations, the 
volume fraction, morphology, and distribution of inclusions determine the 
relative toughness and degree of isotropy. For uniform high-isotropic tough- 
ness, inclusions should be few in number, spherical in shape, and evenly 
distributed throughout the section. 

The remaining paragraphs provide a brief descripton of how the inclusion 
distribution and morphologies have been influenced by the fabrication proce- 
dures adopted for the two materials tested. The A533B plate and A508 forg- 
ing examined in this study have several differences in their inclusion distribu- 
tions, as described in more detail elsewhere [13.18,24]. The forging contains 
manganese sulfide inclusions with a bimodal size distribution, small spheri- 
cal particles being found in the majority of the product and large amoeba- 
like inclusions being restricted to small areas associated with regions of 
macroscopic solidification segregation known as 'A' segregates. These re- 
gions occur with higher frequency closer to the inner wall of the forging. Few 
oxide inclusions resulting from deoxidation of the liquid steel melt were ob- 
served. In the A533B plate material, the number of inclusions > 5/zm long 
was nearly an order of magnitude greater than for the forging. Inclusions 
were of two basic types, manganese sulfides, which were often elongated in the 
working direction, and aluminium and calcium or magnesium-containing ox- 
ides existing as clusters of individual inclusions. The density of inclusions was 
highest in the center regions of the plate. 

Both materials were produced using electric furnaces to melt selected 
scrap of low impurity content and refined by sequential application of oxidiz- 
ing and reducing slags. Silicon and aluminium were added for deoxidation, 
with final degassing being effected under vacuum by a ladle technique for the 
AS33B and by vacuum stream degassing for the A508. The A508 specimen 
originated from a large ingot weighing 500 tons. The chemical composition 
data given in Table l show both steels to be low in impurities, with the A508 
showing a particularly low sulfur content. 

From the preceding description of the steelmaking practices, the antici- 
pated sulfide inclusions would be Type II MnS [29,30]. MnS, exhibiting the 
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classical eutectic-like morphology, was observed in the AS33B but not in the 
A508 material. The absence of this morphology is thought to be due to the 
low sulfur content, combined with spheroidization of inclusions occurring 
during the long high-temperature period following solidification of the 500- 
ton A508 ingot. 

The oxide cluster inclusions found in the A533B originate from the refin- 
ing and deoxidation practices. The calcium oxide (CaO) has the lowest free 
energy of formation among the elements usually found in steelmaking and, 
therefore, will not be reduced during steelmaking. Although calcium has not 
been intentionally added to this steel, the slags would be rich in lime and also 
contain some magnesium oxide (MgO). Furthermore, calcium is present in 
some silicon compounds, which may be used for deoxidation. Inclusions, re- 
sulting from deoxidation, are dependent on the exact procedure adopted, 
with the absence of silicon-containing inclusions suggesting that final deoxi- 
dation was principally by aluminium. Vacuum treatment would not be anti- 
cipated to result in any dissociation of the very stable alumina or calcium alu- 
minates, but a ladle vacuum procedure, as used for the A533B, would reduce 
the average size of the remaining inclusions by allowing floatation of the 
larger inclusions [31]. The extended holding and solidification periods asso- 
ciated with the production of the large A508 ingot, together with the removal 
of the lower section of the ingot prior to forging, would explain the low oxide 
inclusion content of this material. 

Prior to hot-working, the top and bottom regions of both the A508 and 
A533B ingots were removed to ensure that only material within the specified 
composition range was allowed in the final product. The plate material, 
AS33B, was then hot-worked by rolling in the temperature range 950 to 
1200~ to a thickness of 150 ram, the central core of the ingot, containing a 
high density of inclusions, becoming the midthickness region of the final 
product. This involved an overall reduction in ingot thickness by a factor of 
6. The forging was pierced and forged by a combination of mandrel forging 
and upsetting to produce the required dimensions of the ring forging. During 
piercing, some or all of the high inclusion density region of the ingot core 
would be removed. The reduction in wall thickness from the pierced ingot 
stage to final product was a factor of 1.87. Examination of the microstruc- 
ture across the wall in the through-thickness direction of the final product re- 
vealed that the degree of deformation was not homogeneous, but concen- 
trated close to the inner wall [24]. 

Inclusion shape is controlled by the overall degree of deformation and the 
relative plasticity of the inclusion with respect to the steel. The relative plas- 
ticity of Types II and III MnS increases with decreasing temperature, such 
that in the lower temperature range of hot-working, the sulfides deform more 
readily than the steel matrix. Type I sulfides deform less readily than Types 
II or III. Alumina, calcium aluminate, and spinel MgO Al20 3 all behave as 
rigid particles at temperatures below 1200~ Hence in the AS33B plate, the 
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final inclusion distribution is one of elongated sulfides, together with essen- 
tially two-dimensional clusters of aluminates and sulfides, as shown schemat- 
ically in Fig. 11. The small amount of hot-working in the majority of the 
A508 forging resulted in little shape change of the MnS inclusions and, there- 
fore, an essentially equiaxed inclusion distribution remains in the final prod- 
uct. Close to the inner wall, where the degree of hot-working is substantially 
greater, elongated inclusions are observed. 

Conclusions 

Resistance to ductile crack growth has been examined at 290~ by Charpy 
impact and multispecimen J-integral tests in two commercially produced 
pressure vessel steels, containing low levels of sulfur. The conclusions are as 
follows: 

1. Both the A533B Class 1 plate and A508 Class 3 forging examined ex- 
hibit a high resistance to ductile crack initiation and growth. 

2. The AS33B plate exhibits a marked orientation dependence in 
resistance to crack growth. The slope of the initial J-resistance curve for the 
short transverse (TW) orientation is approximately half that for longitudinal 
(RW) or long transverse (WT or WR) orientations. 

3. The A508 forging shows only a small orientation dependence in Charpy 
upper-shelf fracture energy and little or no effect of position through the wall 
of the forging. 

4. Charpy fracture energy results and various interpretation procedures of 
J-integral test data indicate that the A508 Class 3 forging exhibits superior 
upper-shelf toughness to all of the orientations examined in A533B Class 1 
plate. 

5. An approximate relationship exists between the integral of the J versus 
Aa resistance curve and upper-shelf Charpy fracture energy. 

6. Differences in upper-shelf toughnesses of the A508 and AS33B steels 
tested and the orientation dependence observed in A533B are attributable to 
the inclusion and second-phase particle distribution resulting from the steel- 
making and fabrication procedures used during production. In particular, 
resistance to crack growth is largely dominated by inclusion distribution with 
thin disk-shaped clusters of inclusions being most detrimental when the 
crack plane coincides with the plane of the disk. Inclusion clusters largely 
consisting of calcium aluminates and sometimes Type II manganese sulfides 
or magnesium aluminates were identified in the A533B plate material. 
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Ductile Fracture with Serrations 
in AISI 310S Stainless Steel at 
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REFERENCE: Tobler, R. L., "Ductile Fracture with Serrations in AISI 310S Stainless 
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Volume H--Fracture Resistance Curves and Engineering Applications. ASTM STP 803. 
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ABSTRACT: Fracture toughness tests were performed on annealed austenitic stainless 
steel AISI 310S. immersed in liquid helium at 4 K, using 2S-ram-thick compact speci- 
mens. The Jk results (360 to 380 kJ/m 2) from single- and multiple-specimen test tech- 
niques are compared and shown to be in close agreement. Attention is called to the re- 
markable failure process of this steel at 4 K: Crack extension occurs by ductile tearing, 
while the test records exhibit serrations due to repeated bursts of unstable plastic flow and 
arrests. The nature of this behavior is discussed, and the performance of stable austenitie 
AISI 310S is compared with that of related steels, including those that transform from 
austenite to martensite during testing at 4 K. 

KEY WORDS: austenitic stainless steel, cryogenic properties of materials, fracture of 
materials, J-integral tests, low-temperature properties, stainless steels, elastic-plastic 
fracture 

AISI  310S is a low-ca rbon  (C _< 0.08 weight  pe rcen t )  m o d i f i c a t i o n  of  Fe-  

25Cr-20Ni s ta inless  steel .  T h i s  steel  has  an  aus ten i t i c  ( f ace - cen t e r ed  cub ic )  

s t ruc ture ,  and  so r e m a i n s  h ighly  duc t i l e  at e x t r e m e  c ryogen ic  t e m p e r a t u r e s .  

Owing  to its h igh  alloy con ten t ,  the  aus ten i t i c  s t ruc tu re  is comp le t e ly  s tab le  

and does not  u n d e r g o  mar tens i t i c  phase  t r ans fo rma t ions  du r ing  d e f o r m a t i o n  

at low t empera tu re s .  F rac tu re  toughness  d a t a  for this mater ia l  at 4 K were 

desired to serve three  purposes :  

1. to eva lua t e  the  Na t iona l  B u r e a u  of  S t a n d a r d s  (NBS)  s i ng l e - spec imen  Jic 

m e a s u r e m e n t  p r o c e d u r e ,  

tMetallurgist, Fracture and Deformation Division, National Bureau of Standards, Boulder, 
Colo. 80303. 
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2. to illustrate the unique serrated plastic flow behavior that accompanies 
fracture of such materials at extreme cryogenic temperatures, and 

3. to compare the toughness of a stable austenitic stainless steel with previ- 
ously tested metastable stainless steels. 

Materials and Specimens 

The tested material was a 25.4-mm-thick plate of AISI 3105 in the as- 
received condition: annealed at 1339 K, water-quenched, and descaled. 
In weight percent, the chemistry is : Fe-24.6Cr-20.4Ni-I.65Mn-0.07C-0.70 
Si-0.18Mo-0.041P-0.027S. The hardness and tensile properties were mea- 
sured by conventional methods [1,2] 2 and are presented in Table 1. 

Six compact fracture specimens of the T-L orientation were machined from 
the as-received stock. These were not side-grooved. The specimen thicknesses 
(B) and widths (W) were 25 and 50.8 mm, respectively. A diagram is given 
elsewhere 13]. 

In addition, one side-grooved specimen was prepared from a special por- 
tion of stock that had been reannealed in the laboratory: 1339 K, 1 h, water- 
quench. Symmetrical side grooves were machined on both faces, reducing the 
section thickness by 10 percent (B,et = 22.8 mm). The notch root radii were 
0.100 mm. 

Procedures 

Precracking was accomplished in liquid nitrogen (76 K) or liquid helium 
(4 K), but the temperature of precracking had no apparent affect on results. 
The maximum and minimum fatigue loads were 22 and 2.2 kN, well below 40 
percent of the maximum load reached in J tests. The final a / W  ratio was 
typically 0.60 to 0.63. 

Both the single-specimen and multiple-specimen test techniques were ap- 
plied. In the absence of accepted standards, the measurement techniques fol- 
lowed those reported elsewhere [3-5]. In the single-specimen technique, 

TABLE l - -Mechan&al  properties of AIS l  3105 stainless steel a 

Temperature, Yield Strength, Ultimate Elongation Reduction in Rockwell 
K MPa Strength, MPa in 4D, % Area, % Hardness 

295 251 600 43 50 RaS0 
4 645 1259 36 31 NA b 

Olt is assumed that at 4 K Young's modulus is 206.4 GPa and Poisson's ratio is 0.293 [2]. 
bNA = not available. 

X'l'he italic numbers  in brackets refer to the list of references appended to this paper. 
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crack extension (Aa) was inferred periodically by unloading compliance mea- 
surements made with computer-aided data analysis. One specimen was loaded 
extensively to obtain a well-defined J-resistance curve. Five similar specimens 
were also tested with periodic 10 percent unloadings, but these tests were termi- 
nated at successively lower Aa-values according to the multiple-specimen tech- 
nique [5]. Displacement control was used. Each specimen was completely un- 
loaded at the end of J testing and heat-tinted or refatigued to mark the final Aa, 
which was measured with a microscope at nine locations, and averaged. 

Results 

78.5 

Loading Behavior 

Figure 1 shows a typical load-versus-deflection curve for AISI 310S steel at 
4 K. The behavior is fully plastic in that a limit load is reached. However, the 
curves are marked by serrations which become more pronounced as the test 
proceeds. Superimposing test records for similarly sized specimens showed 
that the behavior was reproducible (except for specimen No. 6), with major 
serrations occurring at nearly equivalent loads and deflections. Test records 
for this type of steel at 295 and 76 K (not reported here) do not show these 
serrations. 

Z 

o 
o 
J 

2.6 
Deflectl0n, 8 (turn) 

TOBLER ON DUCTILE FRACTURE SERRATIONS ll-765 

FIG. 1 --Typical load-versus-deflection curve for  AIS I  310S steel at 4 K. 
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Fracture Mode 

In appearance, the serrations of Fig. 1 resemble a type of"pop-in" phenome- 
non, which is frequently observed in other materials at room temperature. Such 
behavior is usually caused by spurts of brittle cracking and arrest. However, 
annealed AISI 310S steel is not at all brittle. A fractured specimen is shown in 
Fig. 2, and a scanning electron micrograph of the 4 K fracture surface is shown 
in Fig. 3. The microscopy reveals a heavily dimpled fracture surface produced 
by void formation, growth, and coalescence. There is no visual evidence of a 
change in fracture mechanism or surface markings that might be associated 
with the serrations of Fig. 1. Apparently, then, we have here an example of a 
material in which a single mechanism of crack extension (ductile tearing) is 
associated with first stable, then unstable loading conditions in the same test 
specimen. Rarely has this been observed. 

J-Resistance Curves and J~c 

A J-versus-Aa curve for the AISI 310S steel from the single-specimen tech- 
nique is shown in Fig. 4. The curves follow a linear regression line, as assumed 
in the recommended procedure [5]. The recommended procedure also assumes 
that crack-tip-blunting behavior will conform to the equation 

J 
~ a  - (1) 

2oj  

where of is the average of the yield and ultimate strengths. Although the data for 
one specimen did follow this equation, the data for all other specimens devi- 
ated, owing to a slight zero shift during the early stage of blunting line develop- 
ment just after the first unloading (see Fig. 4). For the single-specimen tech- 
nique used in this study at 4 K, the initial crack length, a0, inferred from 
compliance was 3 percent lower than the value measured from broken speci- 
mens. This could be attributed to errors in the compliance function used and in 
the assumed value of Young's modulus (206.4 GPa) at 4 K. 

Table 2 and Fig. 5 present the relevant J-integral data from the multiple- 
specimen technique for AIS1310S at 4 K. These data for specimens with no side 
grooves show little scatter, except for the outlying datum for one relatively low- 
toughness specimen. This low-toughness datum was excluded from further 
analysis so that a realistic comparison of the test techniques could be made 
using only specimens of comparable toughness levels. In comparison, the result 
from extrapolation for the multiple-specimen technique givesJic --- 360 kJ/m 2, 
whereas the single-specimen technique indicates 380 kJ/m 2. 

The Jlc measurement point was traced to its location on the load-versus- 
deflection curve; it does not coincide with the first sizable load drop or with the 
attainment of maximum load, but falls intermediate between these points, as 
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FIG. 2--  Fractured compact specimen of AISI 310S steel, tested at 4 K. 
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FIG. 4--J-versus-Aa curve for  A IS I  310S using single-specimen technique. 

TABLE 2--J-integral fracture results for  AIS I  310S at 4 K. 

Specimen a0, B. W, J. Aa, 
No. mm mm mm kJ/m 2 mm 

1 31.275 25.500 50.8 475 0.675 
4 31.950 25.400 50.8 900 2.300 
6 a 31.325 25.450 50.8 413 1.025 
7 30.325 25.400 50.8 654 1.300 
8 30.375 25.400 50.8 387 0.325 

10 30.675 25.475 50.8 621 1.175 
X/' 29.725 25.250 50.8 482 0.425 

llc = 360 kJ/m2; Kit(J) = 285 MPa.m in where KIe(J) is estimated using Kit(J) = 
( J k . E ' )  1/2 where E' = E/(1 - v 2) = 226 GPa 

~Abnormally low toughness. 
hReannealed and side grooved (/3ne t : 22.860 mm). 

shown in Fig. 1. Since the J-value at the first significant load drop ( - 327 k J / m  2) 
is lower t h a n J  k, the first load drop must  be due only to uns tab  le plastic flow, not 
true crack extension. This was confirmed by compliance measurements  made 
before and after the first load drop; only a small increase of Aa was indicated,  
not greater than the amoun t  predicted from Eq 1 for crack-tip b lun t ing .  

Comparisons of the measured and inferred crack extensions for the five 
specimens without side grooves reveal an error that  increases significantly as 
theJtes t  proceeds, with disagreements  as high as 55 percent.  This error appears  
to be due to a plasticity effect on measured compliance values. Since 
this error is less at low Aa-values, the JIr measurement  from the single- 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



11-770 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 
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FIG. S--Computed and directly measured J-versus-Aa curves for AISI 310S using multiple- 
specimen technique. 

specimen technique is reasonably accurate (within 5 percent) of the value given 
by the multiple-specimen technique. However, the apparent slope of the J-Aa 
curve for the single-specimen technique is inaccurate, being 65 percent greater 
than the true slope given by the multiple-specimen technique. Therefore, our 
unloading compliance technique could not be used to determine the tearing 
modulus of the material at 4 K, which, based on the multiple-specimen tech- 
nique, is 60. 

Klc Estimates 

TheJir data are often used to estimate the linear-elastic plane strain fracture 
toughness, Kic. From the single- and multiple-specimen techniques, the Klc 
estimates for AI SI 310S steel at 4 K are 290 and 285 MPa. m'/2, respectively. The 
uncertainty inJlc is -4-15 percent, which translates to an uncertainty in Kit of + 
8 percent [1]. Note, however, that the existence of Kit for annealed austenitic 
stainless steels has never been observed. To determine experimentally whether 
linear-elastic fracture behavior could be achieved in AISI 310S at 
4 K, it would be necessary to test a specimen of impractical size, having a 
thickness of about 0.5 m 

.2s ,c 2 < ~ = 2.5 ~ 0.5 m 
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Fracture Toughness Comparisons 

Although it would be interesting to compare theJ[e-values for AIS1310S at 4 
K and at room temperature, this is impossible becauseJ1c data for 25-mm-thick 
specimens are invalid at 295 K. Comparisons must be limited to results for other 
stainless steels that have been similarly tested at 4 K. 

Logsdon et al [6} also tested a heat of AISI 310S steel at 4 K, reporting a Kk 
estimate of 262 MPa" m ~/2 and an 819-MPa yield strength. Their result is quite 
consistent with ours, because Kit scales as an inverse function of the yield 
strength, as shown in Fig. 6. The somewhat higher strength and lower fracture 
toughness of the heat tested by Logsdon et al is easily explained by composi- 
tional differences. 

Considerable low-temperature fracture toughness data are now available for 
two categories of austenitic stainless steels: (1) stable with respect to phase 
transformation at 4 K (for example, AISI 310S and Fe-20Cr-16Ni-6Mn-0.2N 
steels [17], and (2) metastable with respect to phase transformation at 4 K (for 
example, AIS1304 type steels [3, 4]. Figure 6 summarizes data pertaining to the 
effect of structural stability on fracture toughness in the iron-chromium-nickel- 
manganese (Fe-Cr-Ni-Mn) system. The results shown in this figure are for 
equivalent specimen orientation, specimen size, and test technique; all of the 
steels represented in this figure exhibited the dimpled fracture mode, as veri- 
fied by scanning electron microscopy. We see that the data for three stable steels 
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F I G .  6--Fracture toughness versus tensile yieM strength for many austenitic stainless steels, all 
measured at 4 K. 
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fall within the scatterband for unstable steels, so that a single inverse-linear 
dependence on yield strength appears to govern fracture toughness, regardless 
of whether martensitic phase transformation takes place or not. 

Side Grooves 

One specimen having side grooves was J-tested, and the inferred Aa was 
24 percent lower than the measured value. From Fig. 5, the error for an un- 
grooved specimen at the same value of measured crack extension would be 
33 percent. This indicates that side grooves may improve the final Aa prediction 
for ductile austenitic stainless steels tested by the unloading compliance tech- 
nique. Confirmation is needed using deeply side-grooved specimens. 

Discussion 

AISI 310S at 4 K furnishes a remarkable example of a material that fails by 
repeated bursts of instability and arrests, the same mechanism of failure (duc- 
tile tearing) being associated with alternating stable and unstable conditions in 
a single test specimen. The first few serrations in the load-displacement record 
result from unstable plastic deformation that causes crack-tip blunting, but no 
true crack extension. 

Subsequent serrations at J-values exceedingJic are presumed to be associated 
with both plastic flow and crack extension by ductile tearing. As discussed 
later, this type of ductile fracture with serrations can be expected in many 
ductile alloys at temperatures near absolute zero. 

Mechanism of Serrated Flow 

The serrations observed in tests of compact specimens at 4 K are analogous to 
the serrations observed in stress-strain curves during conventional unnotched 
tension tests. The phenomenon as it occurs in tension tests is documented in 
studies of a wide variety of materials at temperatures below 20 K, including 
stable and transforming stainless steels, aluminum, and copper alloys [8-12]. 
In tension tests of austenitic stainless steels at 4 K, the serrations begin after 
small initial plastic strains of about 2 percent, and the deformation propagates 
as a Lflders band [8]. 

Observations from our tests of AISI 310S show that the serrations at 4 K 
cannot be attributed to brittle cracking or to phase transformation. The most 
widely accepted explanation is based on adiabatic heating, as described by 
Basinski [9,10] and later defended [11], although not everyone is in agreement 
[12]. 

The adiabatic heating model is plausible at 4 K because of the very strong 
changes of specific heat (large decrease) and flow strength (large increase) as 
temperature is lowered from room temperature to 4 K. Many materials exhibit 
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these trends, and serrated flow behavior is also wide-spread [13]. For AISI 
310S, the specific heat shows a 200-fold reduction between 295 and 4 K [14]. 
Thus, the amount of thermal energy necessary to produce an appreciable adia- 
batic temperature rise is quite low at 4 K. 

The adiabatic heating mechanism might be pictured as follows: Heating 
during dislocation movement causes appreciable softening, and deformation 
becomes unstable. Low thermal conductivity at 4 K (compared with that at 295 
K) contributes to a localization of the heat to produce load instability. During 
instability the load drops suddenly and the plastic flow becomes localized when 
thermal softening due to heat generated by plastic straining is greater than the 
strain-rate hardening. The instability is eventually arrested at some strain and 
temperature where the flow process becomes stable, owing to local specimen 
strain hardening that distributes the load over an ever-increasing area at a time 
when the rise of specific heat precludes continued temperature increases. Once 
the flow has become stable again, the specimen cools to 4 K, and with further 
deformation, the process repeats. 

As noted in the text, the tension and fracture test records at 295 and 76 K (not 
shown) do not exhibit serrations. In fact, serrations of the type occurring at 4 K 
are seldom observed at temperatures above 40 K. The instability criterion is 
satisfied only at the lowest temperatures because (1) the volume specific heat is 
reduced so that relatively large temperature increases are possible in straining, 
and (2) the flow stress is more strongly temperature dependent. 

Test Methodology 

According to the proposed convention [5], two offset lines for data qualifica- 
tion are drawn parallel to the blunting line at Aa = 0.15 and 1.5 mm, and data 
falling outside the specified interval are discounted. Although two data points 
in Fig. 5 do fall outside the specified interval, both lie on the linear regression 
line and so were used in the analysis of results. 

Two errors were observed in the single-specimen J test: (1) the blunting line 
zero shift (Fig. 4) and (2) the false resistance curve slope owing to errors in the 
inferred Aa-values (Fig. 5). These errors are apparently related to plasticity 
effects on the compliance-versus-crack length correlation [15], but the cause is 
not yet fully understood. Further experience with the single-specimen method 
is needed to fully explain and compensate for these effects. 

The experimental evidence for AISI 310S shows that the initiation of crack 
extension at 4 K occurs at a point after the first serration and before the maxi- 
mum load. Therefore, taking the first load drop or the maximum load point as 
theJIc measurement point is an unacceptable procedure for austenitic stainless 
steels at 4 K. The unloading compliance technique used here enables Jic to be 
measured at 4 K with good accuracy, but gives an inaccurate resistance curve 
slope (dJ/da). The multiple-specimen technique gives both parameters accu- 
rately, but is more costly in materials and time. Normally, as many points as 
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desired can be obtained in the single-specimen technique. But owing to the 
serrated loading behavior at 4 K, few data points are obtained than usual, since 
unloadings cannot be performed at points of instability on the load-versus- 
deflection curve. 

Martensitic Phase Transformation 

The role of martensitic phase transformations on fracture toughness is a 
subject of fundamental interest, with potential practical applications in the 
development of austenitic stainless steels. Apparently, the effects may be differ- 
ent for different steel families [16,17]. Two opposite trends are suggested: 

1. Since martensitic phases forming in metastable austenitic steels have hcp 
or bcc structures which are typically brittle at 4 K, it might be expected that 
transformations at cryogenic temperatures could reduce the fracture tough- 
ness. 

2. If the martensitic phases forming in metastable steels can absorb energy 
that otherwise might be converted to crack extension, it might be argued that 
these transformations could improve fracture toughness, as in TRIP steels at 
295 K [1 7]. 

Neither of these trends was observable in our study. From a simple compari- 
son of stable and transforming steels having similar yield strengths (as in 
Fig. 5), we observed that the effects of phase transformation on toughness were 
negligible for the compositions studied. Unfortunately, it is not possible to vary 
the alloy stability while holding the composition constant. The relative stability 
of the Fe-Cr-Ni-Mn steels in Fig. 5 is a function of composition and is strongly 
dependent on nickel content. The unstable Fe-18Cr-8 to 10Ni steels featured in 
this comparison transformed locally to as much as 90 percent bcc martensite, as 
measured from X-ray examination of the 4 K fracture surfaces. Such large 
amounts of martensite were formed gradually with increasing plastic strain. 
The initial transformation began locally at slip plane intersections, and high 
percentages of bcc phase were detectable only after extensive plastic deforma- 
tion. Significantly, the fracture surface appearance remained dimpled, as is the 
case for stable steels. 

Conclusions 

J-integral tests were performed on 25-mm-thick compact specimens of AISI 
310S stainless steel immersed in liquid helium at 4 K. The major conclusions 
are: 

1. TheJic-value for this material is 360 or 380 kJ/m 2, and the tearing modu- 
lus is 60. 

2. The unloading compliance technique used here at 4 K gave a reasonably 
accurate Jlc-Value but an inaccurate J-Aa slope. Improvements to reduce the 
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error in inferred Aa-values and blunting line deviations are needed. Side 
grooves may help. 

3. Serrations resembling "pop-ins" occurred in the 4 K test records of com- 
pact fracture specimens, analogous to the serrations observed in conventional 
tension tests of unnotched specimens. These serrations are caused by plastic 
flow instability and are not necessarily associated with true crack extension. 
Therefore, Jlc should not be measured at the first "pop-in," because crack 
extension is not the true cause of the instability. 

4. The failure mode for this AISI 310S steel at 4 K was ductile tearing. The 
same ductile tearing mechanism was associated with both stable and unstable 
regions of the load-deflection fracture test record. 

5. Comparison of existing data for steels in the Fe-Cr-Ni-Mn family shows a 
universal rate of decrease of fracture toughness with increasing yield strength at 
4 K, regardless of whether martensitic phase transformations occur. This sug- 
gests that microstructural stability does not necessarily influence toughness, at 
least for the range of compositions included in the comparison. 
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ABSTRACT: The J-R curve behavior of irradiated nuclear pressure vessel steels is char- 
acterized in the ductile upper-shelf regime in order to provide a materials basis with 
which to assess the margin of safety against fracture for water reactor vessels exhibiting a 
low upper-shelf C v energy. With the single specimen compliance technique, the R-curve 
is shown to follow a power-law behavior for small crack extension, and this phenomenon 
has led to a proposed new indexing procedure forJ  k. In addition, a specimen size depen- 
dence of the R-curve has been suggested by the results of similar compact tension speci- 
mens up to 100 mm thick and which have sufficiently deep side grooves to produce a 
straight crack-front extension. 

R-curve data are presented in terms of a J versus T instability diagram which couples 
material and structural parameters, thereby permitting an analysis to be made of the 
margin against failure in terms of J. Also, a correlation has been suggested between the 
R-curve parameters and C v shelf energy; this could enhance the structural significance of 
C v reactor surveillance data. 

KEY WORDS: J-integral, R-curve, elastic-plastic fracture, reactor pressure vessels, frac- 
ture toughness, radiation, tearing modulus, size effect 

Certain steels and weld deposits used in the beltline region of commercial 
nuclear pressure vessels exhibit a high sensitivity to irradiation embrittle- 
ment. As a result, the crack initiation toughness Kit is projected to be less 
than that required to provide an acceptable margin for certain postulated ac- 
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cident conditions. On the other hand, within the ductile upper-shelf regime 
these pressure vessel steels are expected to exhibit a stable crack extension 
behavior with rising load up to the point of instability. Under these condi- 
tions the application of a structural integrity concept that is based upon a 
crack initiation philosophy could produce excessive conservatism in the anal- 
ysis. Thus, the question to be addressed is one of defining the margin against 
failure under elastic-plastic conditions as opposed to application of a linear- 
elastic fracture mechanics (LEFM) concept to a situation which may not 
physically exist. To address this issue, the Nuclear Regulatory Commission 
(NRC) is sponsoring research studies to (1) formulate a structural integrity 
approach based upon elastic-plastic behavior, (2) characterize the toughness 
of low upper-shelf steels in terms compatible with the analysis procedure, 
and (3) verify the approach through structural tests. 

In order to achieve these objectives the tearing instability approach as de- 
fined by Paris et al [1]a is being explored as one means to assess structural 
reliability. This procedure hinges on the concept of a J-R curve which exhib- 
its an apparent increase in J-integral toughness with stable crack extension 
within the upper shelf regime. As part of an NRC-coordinated program, this 
paper summarizes experimental research studies to define the elastic-plastic 
toughness trends of low upper-shelf irradiated vessel steels in terms of the J-R 
curve. When coupled with a tearing instability analysis, these results will per- 
mit an assessment of vessel integrity in the presence of assumed defects. The 
fracture behavior within the brittle-ductile transition region, which is not 
currently amenable to a tearing instability analysis, is not treated here. 

Experimental Program 

At the Naval Research Laboratory (NRL) an extensive experimental pro- 
gram was undertaken to characterize the fracture toughness of irradiated 
structural steels. Under NRC sponsorship, investigations centered on the be- 
havior of low upper-shelf steels with special emphasis directed to weld depos- 
its having a high sensitivity to radiation embrittlement; this sensitivity has 
been associated with a high residual copper impurity level in the weld. Char- 
acterization of weld deposits irradiated under the Heavy Section Steel Tech- 
nology (HSST) Program [2] formed a central part of this effort. Here, the 
J-R-curve behavior of seven irradiated AS33-B submerged-arc welds is being 
studied with compact tension (CT) specimens of 12 to 100 mm thickness. A 
related effort, termed the IAR program, [3,4], focused on embrittlement re- 
lief through periodic heat treatment (annealing). In the latter program two 
AS33-B weld deposits containing high copper impurity levels were subjected 
to a cyclic pattern of irradiation (I) followed by annealing (A) and reirradia- 

3The italic numbers  in brackets refer to the list of references appended to this paper. 
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tion (R). Since irradiation of these welds resulted in a low upper-shelf behav- 
ior, such a sequence may be required over the vessel's lifetime in order to in- 
sure the maintenance of an adequate margin of conservatism. Under a third 
program, sponsored by the Electric Power Research Institute (EPRI), a frac- 
ture toughness data base of R-curve and Charpy V-notch (Cv) properties is 
being developed for irradiated steels used in U.S. reactor vessels, including 
A302-B and AS33-B plate, A508-2 forging, and submerged-arc welds of 
these steels [5]. 

Because of limited irradiation space, both in test reactors and power reac- 
tors as well, it is required to minimize the size and number of fracture test 
specimens. For practical reasons, therefore, it has been necessary to charac- 
terize the R-curve by means of a single-specimen test procedure. To this end, 
we have adapted the single-specimen compliance (SSC) technique [6] for re- 
mote testing in a hot cell. 

Single Specimen Complianee Procedure 

The SSC technique provides a method to determine the crack extension by 
means of small unloadings ( - I 0  percent) at regular intervals during the 
specimen loading. Because these unload and reload segments are conducted 
under elastic conditions, even though the specimen has undergone extensive 
plastic deformation, the change in crack length from one unloading to the 
next can be inferred through a change in the compliance (EBb~P) where E is 
Young's modulus, B the specimen thickness, and P and 6 the load and load- 
line deflection, respectively. A 25.4-ram-thick compact tension specimen 
(IT-CT) was selected for the majority of the studies because it can be irradi- 
ated easily and yet its size provides sufficient mechanical constraint to infer 
high levels of plane-strain initiation toughness when the specimen itself ex- 
hibits elastic-plastic behavior. For example, the criterion of b > 25 Jlc/ay 
given in ASTM Test for Jlc, a Measure of Fracture Toughness (E 813-81) will 
permit measurement of J1c of approximately 500 kJ/m 2 for irradiated mate- 
riai where b and ay are the unbroken ligament and flow stress, respectively. 

The SSC method as developed by NRL is described in Refs 7 and 8. A C T  
specimen conforming to the geometry of the ASTM Test for Plane-Strain 
Fracture Toughness of Metallic Materials (E 399-78) is employed. However, 
the notch region has been modified to permit the mounting of razor knife 
edges for the measurement of load-line displacement with a clip gage. In ad- 
dition, a crack length-to-width ratio (a/W) > 0.5 was used for some tests. 
The J-value can be calculated at any point on the load versus load-line dis- 
placement record using the relationship [9] 

I'  oi ,-4 
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where 

r / =  2 + (0.522) b/W, 
3, = 1 + (0.76) b/W, 
a = crack length, and 

Ai.i+ 1 ----incremental area under the load versus load-line displacement 
record. 

Equation 1 incorporates a correction for crack extension; a separate correc- 
tion for specimen rotation is also applied [5]. 

Application of this method with CT specimens having thicknesses of 12 to 
41 mm (0.ST- to 1.6-CT) has produced R-curves whose points have a typical 
accuracy of ___0.25 mm in predicted crack extension versus that measured op- 
tically, provided the crack front is straight and the steel is relatively free from 
metallurgical inhomogeneity [8]. The scatter in predicted crack extension in- 
crements on an individual R-curve has been generally ___0.08 mm. Thus, the 
SSC technique presents an attractive procedure for R-curve determination. 

A typical R-curve produced with the SSC technique, as illustrated in Fig. 1, 
is normally restricted to a small crack extension (Aa) in order to maintain a 
region of "J-dominance." This requirement has been formulated by Hutch- 
inson and Paris [10] as o~ >> 1 where ~ = (b/J) (dJ/da). However, R-curves 
associated with longer crack extension, which would violate the ~0-criterion, 
may be necessary for a given structural analysis. In addition, proposed valid- 
ity criteria, including that of r are still topics of research. Therefore, R- 
curves have been developed here which sometimes exceed current crack ex- 
tension limitations with the expectation that the data may prove useful for 
future analyses. 

i l i i . . . .  i - -  
BLUNTING LINE 

CRACK EXTENSION / 
300 LINE t / 
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, ~ 015 . . . .  EXC, USION UNE / J 
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FIG. 1--Power-law R-curve described with the SSC approach. The indexing procedure for Jlc 
proposed by the authors is compared with that of ASTM E 813 (least squares). 
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The R-curve format in Fig. 1 is in accordance with that of ASTM E 813: Jic 
is defined by the intersection of a linear regression fit to the data (that is, the 
dashed line between the 0.15 and l.S-mm exclusion lines) with the blunting 
line, J = 2of Aa. The use of a least-squares fit of the data stemmed from the 
ASTM Jic standard which emphasizes a multiple-specimen procedure. On 
the other hand, the SSC procedure permits an R-curve to be generated with 
one specimen. The latter is not only cost-effective from a materials point of 
view but, more importantly, minimizes the variability in the R-curve over 
that produced by a multiple-specimen procedure typically involving five or 
more specimens. Using this technique, Loss and co-workers [4] have demon- 
strated that the R-curve is nonlinear for small amounts of crack extension 
(for example, 2 mm) in structural steels. Consequently, the R-curve in the re- 
gion between the 0.15 and 1.5-mm exclusion lines is more correctly described 
in terms of a power law, J = CAa", where C and n are constants chosen to 
optim~e the curve fit. 

As a consequence of the power-law R-curve it is clear that the tearing mod- 
ulus of the material, Tin, defined as (E/oy 2) (dJ/da), is not constant for 
small crack extensions as was originally envisioned [I]. In view of this, the 
Jic-value computed with a linear regression fit of the data assumes a degree of 
arbitrariness which was not apparent when the R-curve was considered as 
linear in the region between 0.15 and 1.5-mm exclusion lines. For example, if 
the 1.5-mm exclusion line had been chosen as a larger value, then the least- 
squares fit of the data would necessarily produce a higher value of Jic. 

To circumvent the potential difficulties associated with the least-squares 
procedure, Loss and co-workers [4] have formulated a new indexing proce- 
dure for Jlc which more clearly represents the physical behavior. Specifically, 
Ji~ is taken as that value of J where the power-law R-curve crosses the 
0.15-mm exclusion line. This is an engineering approach, analogous to that 
for the 0.2 percent yield stress, and permits a small, but measurable crack 
extension at the Jic point. However, it should be noted that for the reactor 
vessel steels discussed here the magnitude of Ji~ given by the authors' method 
is nearly identical to that of ASTM E 813 for reactor vessel steels, as illus- 
trated in Fig. 1. To address materials having a toughness higher than that il- 
lustrated in Fig. 1, it is proposed to define an allowable crack extension at 
the JIc point in terms of the crack opening displacement. In this case Jl~ 
would be the point in Fig. 1 where the R-curve crosses a crack extension line, 
defined as J = 4/3afAa, provided that the crack extension has first exceeded 
the 0.15-mm exclusion line [4]. 

Effect of Side Grooves 

The crack-front extension in a CT specimen normally exhibits a tunneled 
shape which results from the lack of mechanical constraint at the free surfaces. 
The latter permits plastic deformation at these locations at the expense of 
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crack extension. Just the opposite is true in a more highly constrained configu- 
ration (for example, the specimen midthickness). Currently there is disagree- 
ment as to whether the tunneling in a laboratory specimen is representative of 
the crack-front behavior in a large structure. In addition, this phenomenon 
results in a three-dimensional effect which may not be properly accounted for 
by the two-dimensional form of the J-integral. It has been shown that a 20 
percent total side groove depth will eliminate the tunneling in CT specimens 
having thicknesses of 12 to 100 mm. Also, the R-curves produced with a 
straight crack-front extension exhibit slopes (dJ/da) lower than those asso- 
ciated with tunneled crack extension [8]. Thus, it is possible that side-grooved 
specimens may more accurately represent the behavior of a thick section such 
as the wall of a nuclear vessel. For this reason the experimental programs 
were conducted with specimens having 20 percent side grooves. In this case 
the net thickness B,  is used in place of B in Eq 1. This is an approximation 
which is generally accepted in the absence of an exact relationship. 

Instability Analysis 

An instability concept is illustrated schematically in Fig. 2 in terms of struc- 
tural parameters (applied J~ and Ta) and the material characteristics (J-R 
curve). The material resistance curve reflects the power-law behavior depicted 
in Fig. 1. The structural loading line represents a simple case of a surface flaw 
in a cylindrical shell, where a is the crack depth. The loading of the cylinder 
and the related response of the material are illustrated by the arrows; instabil- 

L APPt IED LI~:II)I NG 

/ ~NSIflBILITY 

/w \ MBTERI~ RESISTBNCE 

I Jxc 

IEFIRING ,01~JIUS ( t ,  

FIG. 2--Instability diagram illustrating the interaction of material and structural parameters. 
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ity is achieved when Ta > Tin, as denoted by the intersection of the two 
curves. Application of this diagram requires an accurate computational pro- 
cedure forJa and T~ under elastic-plastic conditions as well as a characteriza- 
tion of the R-curve which considers the possible specimen versus structural 
geometry dependence of this quantity. The preceding areas are current topics 
of research and the verification of the tearing instability concept will require 
structural tests. (Further discussion of this subject is given in Ref 11.) From a 
materials point of view, however, this concept provides a valuable insight as to 
the structural significance of changes in R-curve behavior, such as the tough- 
ness degradation associated with radiation embrittlement. 

In a subsequent section, R-curve data are presented in the format of a J 
versus T diagram to better assess the significance of the trends observed with 
the vessel steels that exhibit a low upper-shelf behavior. For reference'to the 
structural behavior, a value of 8.8 kJ/m 2 is taken for the slope of the applied 
loading line. In fact, it is believed that the loading associated with a surface 
flaw in a cylindrical section will produce a slope much greater than this for 
flaws on the order of 25 mm in depth [11]. Consequently, this reference point 
for the structural input is an illustrative example that incorporates a degree 
of conservatism. 

Curve Trends with Irradiation 

IAR Welds 

An example of the change in the R-curve with irradiation is illustrated in 
Fig. 3. This result, selected from the IAR program [4], illustrates the behav- 
ior of a weld deposit containing a high copper impurity level (0.35 percent 
copper). The shaded band represents the results of several specimens irradi- 
ated to a fluence of 12 • 1018 neutrons (n)/cm 2 > I MeV. Note that J~c has 
decreased by 50 percent from the value associated with the unirradiated ma- 
terial. If expressed in terms of Kic, this implies a twofold reduction in the 
critical crack size for initiation. Near the end of a 30-to-40-year lifetime, a 
typical pressurized water reactor vessel can accumulate a fluence signifi- 
cantly greater than this at the inside wall, with a concurrent degradation in 
J~c. Inferring a Klc-Value from JIc, using the relationship Kjc  : [EJj~] 1/2 
results in a value of approximately 117 MPax/-mm for the irradiated material. 

The tearing modulus exhibits a somewhat greater effect of irradiation than 
does Jlc. Because of the variation of Tm with crack extension, an average 
value of tearing modulus, Tavg, has been defined in the region between the 
exclusion lines (similar to the least-squares fit shown in Fig. 1). On this basis 
Tavg has decreased by a factor of 2.5 for the fluence illustrated. Additional 
data are contained in Refs 7 and 8. 

The variation in Tavg with temperature is shown in Fig. 4 for another weld 
deposit in the IAR program. The inverse relationship shown here between 
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I I I I - - -  I 

A533-B S/A WELD (V86) 
300 - 1T-CT, 20% SG, 200~ 

~>=1.2• nlcm2> 1 MeV I S 

I ~ - - UNIRRADIATEO 

100 S ] IRRADIATED 

/ 
0.5 1.0 1.5 2.0 2.5 

DELTA a (m,-n) 

FIG. 3--Comparison of R-curve trends between unirradiated and irradiated conditions. 

Tavg and temperature is sufficiently pronounced such that it must be con- 
sidered in a structural analysis which uses the instability diagram (Fig. 2). 
(This behavior is not consistent with a temperature-independence in Cv shelf 
energy as is often depicted for these steels.) While not an integral part of the 
current theme, Fig. 4 also illustrates the recovery in toughness with anneal- 
ing. The fact that subsequent reirradiations, following annealing, do not re- 
sult in further embrittlement over that observed with the initial irradiation 
(1), suggests that periodic annealing can limit the degree of embrittlement 
encountered during the vessel's lifetime. 

H S S T  Low-Shel f  Weld Deposits 

Seven different A533-B submerged-arc weld deposits, representing com- 
mercial practice, have been irradiated to fluences of 6 to 20 • 1018 n/cm 2 > 
1 MeV under the HSST program [2]. These irradiations were designed to 
achieve a low upper-shelf behavior, that is, a Cv upper shelf below 68 J. This 
goal was largely attained in that the Cv shelf levels for the irradiated welds 
ranged from 54 to 81 J. 

A summary of R-curve trends for these welds, developed with 1.6T-CT 
specimens (41 mm thick), is presented in Fig. S. The Jic-values lie between 55 
and 90 kJ/m 2, which is similar to the results obtained for the welds in the 
IAR program. The R-curves in Fig. 5 exhibit a power-law behavior similar to 
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200 

150 

50 

A533-B S/A WELD (V 84) 

O ~  ?:-CUT' 20o/0 SGII iA 

0 ? I �9 IARA 
A IAR n IARAR 

UNIRRADIATED ~ 0 ~ ~ 0  

1 1 1 l I l I 
50 100 lr:)0 200 

1EMPEHA1URE (C) 

FIG. 4--  Variation of average tearing modulus with temperature. 

observations by the authors with smaller-size specimens [4]. In these tests, 
large crack extensions were achieved ( -  20 mm), representing the first data 
of this type for irradiated steels. The ~0-values range from approximately 10 
at a crack extension of 1.5 mm to unity near 6 mm of crack extension. Thus, 
the proposed region of J-dominance, in terms of o~, is violated somewhere 
between these crack extension increments. The data also illustrate the low 
values Tm (proportional to R-curve slope) that were observed at large Aa 
values, In fact, one curve actually exhibits a negative slope. This is believed 
to be a consequence of exceeding the limit of applicability of the correction 
for crack extension, contained in Eq 1. There is a marked decrease between 
the average value of tearing modulus, as evaluated within the exclusion lines, 
(Tavg) and Tm at, say, 6 mm of crack extension. Consequently, the use of Tavg 
to project structural integrity, where large crack extensions are anticipated, 
may not yield a conservative result. Also, because of the flattening of the 
R-curve at large Aa, a power-law fit is no longer appropriate in this region. 

The majority of tests illustrated in Fig, 5 were conducted at 200~ other 
tests were performed at somewhat lower temperatures, though still within the 
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upper-shelf regime. A comparison of Tavg-values obtained from these results 
corroborates the inverse relationship between temperature and R-curve slope 
shown in Fig. 4. Other than this temperature dependence, no definitive rela- 
tionship is apparent between the R-curve levels and the mechanical proper- 
ties or irradiation conditions. This is not intended to be a generalization for 
all conditions since the commonality of the data is due, in part, to the rela- 
tively narrow range of Cv energies which is represented. In addition, the vari- 
ation in fluence (3: 1) among the welds, coupled with differences in sensitivity 
to irradiation stemming from the different copper levels (0.16 to 0.40 per- 
cent), tends to mask the embrittlement trends. 

Size Effects 

The effects of specimen size on the R-curve have been investigated with sim- 
ilar CT specimens having 20 percent side grooves (0.ST- to 4T-CT). Figure 6 
compares R-curves developed by four different laboratories using IT- and 
4T-CT specimens cut from the same A533-B steel plate (HSST plate 02) and 
side-grooved by 20 percent; no difference in R-curve behavior is indicated. 
This result again demonstrates that power-law form of the R-curve for larger- 
size specimens. Figure 7 compares R-curves developed with three different- 
size specimens cut from an irradiated weld deposit. In this case the 4T-CT 
specimen has produced a curve which lies above those developed with the 
smaller-size specimens. This result is opposite to the expected behavior: Be- 
cause of its higher constraint, the larger specimen should produce the lower 
R-curve. Finally, Fig. 8 compares R-curves for another HSST weld deposit in 
the pre- and post-irradiated conditions. With the irradiated material, identi- 
cal R-curves have been defined by the 1.6T- and 4T-CT specimens. For the 
unirradiated material, however, a somewhat higher R-curve has been pro- 
duced with the larger-size specimen. 

These preliminary results suggest that, for certain tests, a specimen size in- 
dependence of the R-curve exists; in other cases the results suggest that the 
smaller specimens produce lower R-curves that would be defined with larger 
specimens. An explanation of this inconsistent behavior is not currently 
available and this topic warrants further investigation. In the authors' opin- 
ion the differences in R-curves are neither the result of metallurgical variabil- 
ity (since data from small specimens have exhibited little scatter) nor are they 
due to other sources of experimental data scatter (since the SSC technique 
has produced little scatter). Differences in co also should not contribute to the 
variability in the R-curves since the criterion of ~0 >> 1 is satisfied in the re- 
gion of crack extension where differences in the R-curve are observed. 

Data Compilation and Correlations 

Figure 9 summarizes R-curve data from IT-CT specimens obtained from 
programs at NRL sponsored by the NRC and EPRI. Trends are illustrated 
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F I G .  9--R-curve trendsJbr a range of  reactor vessel steels. Selected Cv  shelf energies are indexed. 

from eight reactor vessel steels including A533-B and A302-B plate, A508-2 
forging, and welds of these steels. The results from the HSST welds, how- 
ever, have not been included here because of a possible specimen size depen- 
dence. This compilation is the first of its type and encompasses the range of 
materials and toughness levels expected in U.S. reactor vessels, with the ex- 
ception of the very high toughness which is characteristically exhibited by 
some A508-2 forgings. 

The R-curves for all materials in Fig. 9, unirradiated as well as irradiated, 
are shown to follow a power-law relationship. The lowest points on each R- 
curve represent Jlc; subsequent points, in increasing order, denote crack ex- 
tension increments of 0.75, 1.0, 1.6, and 2.0 ram. It is clear that the R-curve 
levels generally increase with Cv shelf energy. This trend provides the first in- 
dication that a correlation with Cv shelf energy may be possible. If verified, 
this observation will significantly enhance the usefulness of reactor surveil- 
lance data, which are often based on the results of Cv tests. It must be cau- 
tioned, however, that the R-curves are temperature dependent (Fig. 4) so 
that the trends in Fig. 9 are strictly applicable only at 200~ 

To project a general assessment of vessel integrity, the R-curve data in 
Fig. 9 have been grouped (approximately) into regions according to Cv shelf 
energy (Fig. 10); lines representing a fixed crack extension have also been 
plotted. This formulation is the first generalization of R-curve data for low- 
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shelf reactor vessel steels in a format suitable for a tearing instability analy- 
sis. While this interpretation is preliminary and subject to verification through 
bona fide structural tests, a scheme is presented for coupling the loading pa- 
rameters, Ja and (J/T)a, associated with a given flawed condition with the ma- 
terial response .so as to predict both the margin of safety against instability at a 
given J level as well as the amount of stable crack extension to be expected. 

Another correlation between the R-curve data base and Cv shelf energy is 
presented in Fig. 11. Here, J at a (J/T) value of 8.8 kJ/m 2 is plotted against 
Cv shelf energy, and a correlation between the two quantities is apparent. 
(This correlation includes data from steels exhibiting high R-curves which 
are above the region illustrated in Fig. 9. Because of the large crack exten- 
sion associated with the latter, a power-law fit of the data was not used.) The 
IT-CT data band in Fig. 11 was constructed without benefit of the data from 
the HSST tests (I.6T- and 4T-CT), and some of these data do not exactly 
match the projection, thereby suggesting a specimen size effect. However, it 
is not believed that the unirradiated 4T-CT data requires construction of a 
correlation band wider than shown in Fig. 11. Note that the results for most 
of the irradiated 4T-CT tests lie inside the band while just the opposite is true 
for the unirradiated tests of these same welds. The behavior of the 4T-CT 

Copyright by ASTM Int ' l  (all  r ights reserved);  Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement.  No further reproductions authorized.



LOSS ET AL ON NUCLEAR VESSEL STEELS 11-793 

9@@ 

GO@ 

4BB 

2B@ 

0 

I I I I ~ I 
/ 

- / 
2Ok 5(; - -  290 C / 

[] - -  I.OT-CT ( I I ~ .  mad IJNll~n.) / [] 
� 9  1,6T-CT (IHHfll).) / ta 
, - - [ , 6 T - C T  (UNIHRRD.) 
� 9  (IRRflD.) ~ 
O --  4.BT-CT (LiHII~U.) ~ 1 

w �9 

Q 

o 

I I I I I 
40 80 I~U 160 ~flO 

Cv (joule) 

FIG. l l - -Cor re la t ion  between C v shelf energy and a f ixed value of  J /T .  

tests suggests that a size effect may result because of a different degree of 
plasticity between the different size specimens. If correct, the size effect 
would be more pronounced for the unirradiated specimens, which are pre- 
sumed to undergo more extensive plastic deformation than their irradiated 
counterparts, which exhibit a lower toughness. 

From the correlation illustrated in Fig. 11 it is presumed that a similar be- 
havior will exist between Cv shelf energy and other values of (J/T)a. Recall 
that a value of 8.8 kJ/m 2 for this quantity was chosen somewhat arbitrarily to 
represent a factor of safety in the loading of a cylindrical section containing a 
flaw. The R-curves which form the basis for the correlation in Fig. 11 may ex- 
ceed the region of J dominance. For these larger An-values, questions remain 
as to the validity of the IT-CT data in terms of 60. In addition, beyond this re- 
gion of crack extension the power-law fit is not appropriate so that the curves 
in Fig. 9 should not be extrapolated to obtain instability points at larger 
values of (J/T),. Nevertheless, the current correlation appears to be suffi- 
ciently well established to permit a tearing instability analysis of reactor ves- 
sels for J~ levels approaching 350 kJ/m 2 in connection with steels having low 
upper-shelf energy. 
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Conclusions 

The principal conclusions of this study are: 

1. The SSC technique has been demonstrated as an effective method to 
characterize the J-R curve of irradiated steels. 

2. The J-R curves from different-size specimens obey a power-law relation- 
ship for crack extension increments less than 2 mm, for low-shelf steels. This 
observation has led the authors to propose a new indexing procedure for J1c. 
The curvature in the R curve also demonstrates that the tearing modulus 
varies with crack extension and is not constant as was presumed earlier. 

3. The first R-curve data base has been developed for irradiated vessel 
steels having low shelf energy. In terms of an average tearing modulus the 
data exhibit an inverse relationship with test temperature. This is not consis- 
tent with a temperature insensitivity of Cv upper shelf energy which is often 
shown for these steels. 

4. In certain cases a specimen size independence of the R-curve has been 
demonstrated with side-grooved CT specimens having thicknesses between 
12 and 100 ram. In other cases, R-curves defined with 4T-CT specimens were 
above those measured with smaller-size specimens, thereby suggesting a size 
effect. 

5. R-curve data have been presented in the format of a J versus T instabil- 
ity diagram which couples material and structural parameters and thereby 
permits an initial assessment to be made of the margin against failure in 
terms of the applied J; the amount of stable crack extension to be expected is 
also predicted. 

6. A correlation has been suggested between the R-curve parameters and 
Cv upper-shelf energy. If verified, this finding could enhance the significance 
of Cv reactor surveillance data with respect to structural integrity. 
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ABSTRACT: The cyclic behavior of ES2 100 quenched and tempered rolling bearing steel 
displayed strain-hardening according to the law Ao/2 = 5790 (A%/2) ~ The fatigue 

036 - 0062 life was found to be given by the formula A~/2 = 0 0073 ( 2 N ) -  ' + 0 0145 (2Ny)- - 
�9 f �9 . 

The cyclic strain-hardening law was used in a finite-element bidimensional incremental 
elastoplastic analysis to compute the plastic deformation around inclusions in the Herzian 
stress field produced by a rolling ball. Three types of inclusions were studied: alumina, ti- 
tanium nitride, and spinel. The maximum plastic strain region was found to be inclined 
with respect to the rolling direction as observed in rolling bearings. This strain distribution 
provided an explanation for the relative harmfulness of the various inclusions. The strain 
amplitude found could be used to predict the number of cycles for fatigue crack initiation 
at inclusions using the experimental fatigue life law. 

KEY WORDS: rolling fatigue, bearing steel, low cycle fatigue, elastic-plastic fracture 

In rolling fatigue the role of inclusions is of prime importance [1-3]. 2 Many 
authors have demonstrated the improvement in fatigue properties which re- 
sults from a cleaner material, obtained, for instance, by vacuum or slag re- 
melting [2, 4, 5]. 

In pure rolling the stress field was studied by Hertz [6]. He showed that the 
region where the tangential stress is maximum is located below the surface. 
Micrographic observations reveal without any ambiguity that the fatigue 
c r a c k s  a r e  n u c l e a t e d  a t  i n c l u s i o n s  b e l o w  t h e  s u r f a c e  [4,5] in a s s o c i a t i o n  w i t h  
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structural modifications of the martensite, white phases, and butterflies, in- 
clined at 45 deg with respect to the surface. 

The interpretation of the phenomenon must be related to the mechanical 
properties of the inclusions and thus to their chemical nature, to their shape 
and dimensions, and to the mechanical properties of the martensitic matrix. 
The attempts made to rationalize the classification of the inclusions according 
to their harmfulness are not adequate [1, 7-9]. Neither the size effect nor the 
internal stresses induced by the difference between the thermal expansion co- 
efficients of the matrix and of the inclusions can explain quantitatively the ob- 
served phenomena. The authors do not take into account the cyclic behavior 
of the material nor the Hertzian stress field. 

The fatigue crack initiation which usually takes place at the surface can 
now be predicted by the consideration of a tiny fictitious specimen which con- 
sumes its lifetime when submitted to the local cyclic plastic deformations in a 
strain concentration region [10]. The fatigue initiation time is then a function 
of the local strain range, itself depending upon the cyclic behavior of the ma- 
terial, and upon the plastic fatigue life [Manson-Coffin law]. 

The present study uses this approach, linking the crack initiation at inclu- 
sions in rolling fatigue with the local plastic behavior of the matrix. It at- 
tempts to bring a rational explanation to the role of inclusions by a precise 
study of the cyclic properties of the matrix followed by the best possible analy- 
sis of the strain and stress fields near the inclusions. 

Experimental Procedure 

Material Tested 

An FA2 100 rolling bearing steel was studied. It was slag-remelted, giving a 
low inclusion count. The chemical composition is given in the first Table 1. 

The steel was austenized at 850~ for 20 min in a neutral salt bath, quenched 
in oil at 20~ and annealed at 180~ for 2 h and then air-cooled. 

The hardness obtained was HRC 61.5. The residual austenite fraction was 
10 percent. 

Specimens 

The specimens used were hourglass shaped with a minimum radius of 5 mm 
and a radius of curvature of 30 mm, machined out of a 15-mm-diameter bar. 
They were machined before heat treatment and finally longitudinaly rectified. 

Equipment and Procedure 

The fatigue tests were carded out on a 250-kN servohydraulic Mayes ESH 4 C 
fatigue machine, using total diametral strain control. The diametral strain was 
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TABLE 1--Chemical  composition of  the steel %. 

C Mn Si S P Mo Cr Ni 

1.01 0.27 0.14 0.002 0.009 0.02 1.45 0.05 
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FIG. 1--Monotonic and cyclic strain hardening. 
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measured with a linear variable differential transformer (LVDT) extensom- 
eter. The cycles were sinusoidal around zero mean strain at a frequency of 
0.01 to 1 Hz. The load and the displacement were continuously recorded. The 
following tests were performed: 

1. fatigue tests at a prescribed strain range until fracture, 
2. fatigue tests at increasing levels of strain ranges, and 
3. fatigue tests using programmed blocks of increasing and decreasing 

strain ranges. 

Remits 

Hysteresis loops were obtained with an increasing maximum stress corre- 
sponding to a cyclic strain-hardening behavior, obeying the law 

Aa/2 : 5790 (Aep/2) 0.137 

where the stress is expressed in MPa, and A% is the amplitude of the plastic 
strain. This is shown in Fig. 1, which was obtained by the three methods just 
listed. 

Figure 2 shows fatigue life, the strain amplitude being divided into the plas- 
tic and elastic strain amplitudes. The corresponding law is 

A~/2 = 0.0073 (2Nf)-~ + 0.0145 (2N/)-~176 

For all practical purposes the first term can be dropped. 
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FIG. 2--Fatigue life divided into the plastic and the elastic parts. 
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Elastoplastlc Analysis 

Owing to the unusual behavior of this steel, for which the plastic line re- 
mains always below the elastic line on the fatigue life diagram, and thus to the 
very little influence indeed of the plastic deformation, it was nevertheless de- 
cided to carry out an elastoplastic computation of the strain distribution 
around inclusions. There are at least two reasons for doing so: First, it was felt 
that it could provide an explanation as to why the butterflies are inclined with 
respect to the surface; second, the incremental nature of plasticity could, in 
this complicated loading situation, create a large cumulative plastic strain. 
This might have a large influence on the prediction of the harmfulness of the 
various inclusions and it could also, by adding to the elastic strain amplitude, 
reduce the number of cycles for initiation. 

Hertz [6] was the first to give a formulation of the stresses due to the 
pressure exerted by an elastic body against another one. The materials were 
assumed to be homogeneous and isotropic, and the loading static. The maxi- 
mum stress region is located below the surface at a distance which is a func- 
tion of the applied load and of the radii of curvature of the bodies in contact. 
Other authors [II] completed this work by giving the stresses along the con- 
tact area with or without gliding. 

In a ball bearing the variation of the stresses in the region where the Hertz- 
ian stress is maximum is shown in Fig. 3 as a function of the horizontal 
distance to the ball. They represent the boundary conditions which will be im- 
posed upon a small zone of the matrix containing fatigue initiating inclusions 
of average size r = 0.050 mm. A numerical analysis is then carded out using a 
finite-element program allowing elastoplastic behavior and which uses an ex- 
plicit calculation [12]. The analysis is a bidimensional one in plane strain, the 
inclusion being represented by an elongated cylinder. The calculation uses the 
cyclic strain-hardening law as given in the foregoing, incremental plasticity, 
isotropic hardening, and the yon Mises criterion. It is carded out in five steps 
of stress increment. The network is shown in Fig. 4. 

The elastic constants of the inclusions are those given in the literature [7-9]. 
Three types of inclusions were studied: alumina AI20 3, t i tanium nitride 
TiN, and spinel AI2Oa-MgO (Table 2). 

The Hertzian stresses are a function of the load and of the contact area; the 
maximum imposed pressure was varied between 2500 and 5000 M N / m  2 

with 

where 

q = load on the ball, 
R = ball radius, 

Pma~ = (2 q A/~r)I/2/A 

A = 4R  ( I - -  v2)/E 
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v = Poisson's ratio, and 
E = Young's modulus. 

The calculation assumed that the ball was alternately rolling in both direc- 
tions, that  is, imposing as boundary  conditions in Fig. 3 shear stresses of one 
sign or the other. 

Results of the Numerical Analysis 

Figure 5 is a map giving the cumulative plastic deformations during the 
loading for a ball rolling from left to right on a horizontal bearing with re- 
spect to the figure. Were the ball rolling in the other direction the maximum 
deformation zone would be shifted by 60 deg. The maximum deformation is 
found at the interface. For a ball pressure equal to 3500 M N / m  2 it reaches 0.13 
percent, a value higher than the strain range corresponding to the stress range 

1000 ~ , T { M p a )  

4A, -&3, 4,1 Z ~ 0 ' 2  Q~ 
X(m~ 

2000 

Pmax 123500 HPa f ~ ' ~ J ~  O~ - O'y 
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FIG. 3--Hertzian stress f ield at the inclusion site. 
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FIG. 4--Network and boundary conditions for the numerical calculation around the inclusion. 

TABLE 2--Elastic constants of the inclusions. 

Nature Elastic Constants, MPa Reference 

AI20 2 397 000 [ 7-91 
TiN 317 000 [7-9] 
Al203-Mgo 271 000 [7-9] 
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FIG. S--Lines of constant plastic strain amplitudes around an alumina inclusion, for an ap- 
plied load equal to 3500 MN/m 2. 

according to the cyclic stress-strain law. The difference is due to the cumula- 
tive nature of the plastic strain. In Fig. 6 is shown its variation as a function of 
the maximum Hertzian pressure for the three types of inclusions. Figure 7 
shows the variation of the plastic deformation along the interface between the 
inclusion and the matrix for a ball pressure equal to 3500 MPa. These figures 
indicate that, more than the amplitude of the maximum plastic deformation, 
it is the nature of the inclusion which influences its localization. It is highly lo- 
calized for the alumina whereas it is much more spread out for the spinel. 

Correlations wi th  the  Fat igue  ;Life 

Having computed the strain amplitude around inclusions in bearing steels, 
a crack initiation criterion must be chosen. The fatigue life law was experi- 
mentally found for zero average stress and strain. The bali bearings work un- 
der high compressive mean stress. A modification of the fatigue life law was 
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then used to take into account those conditions as proposed by Antolovich et 
al [13] 

A e I 2  = ( o j  / E ) ( l  - -  o , , , I o ) l / 2 ( 2 N f )  b + (el - -  e,,,)(2Ni)r 

where 

o) = fatigue strength coefficient, 
am = mean stress, 
or = fracture strength, 
ef = fatigue ductility coefficient, and 
Cm = mean strain. 

It is then possible to compute the fatigue life Nf knowing Ae, am, and e,~. 
With an average stress am - --1100 MN/m 2, the mean stress correction fac- 
tor (I -- am/at) in was approximately 1.2 in our case, leading to a multiplica- 
tion of the fatigue life by a factor of 19. 

A comparison was made between these results and the measured fatigue 
lives of ball bearings as published in the literature [2,3,14-16]. For instance, 
for Pmax = 3500 MN/m 2 the calculation yields 20 to 50 • 106 cycles for initia- 
tion compared with 20 to 60 • 106 cycles for fracture given in the literature. 

For Pma~ = 5000 MN/m 2 the calculation yields 0.8 to 2 X 10 6 cycles for ini- 
tiation compared with 1 to 10 X 106 cycles for fracture. It should be noted 
that the measured fatigue lives include the number  of cycles for initiation and 
for propagation. 

As indicated in Figs. 6 and 7, it is expected that the alumina inclusions will 
produce more severe damage because of the larger strain amplitude and the 
higher strain localization which they produce, and the harmfulness of the in- 
clusions thus obtained is in good agreement with published results [14,15]. 

Discussion 

It is remarkable that for such a hard steel the cycling produces hardening 
instead of softening. This i~ due to the transformation of the residual austen- 
ite in martensite in the tensile part of the cycles [17]. 

The cyclic behavior was obtained for a steel which might be slightly differ- 
ent from that of the matrix whose carbon and chromium content might be dif- 
ferent because of carbides. The presence of a few inclusions, even in a clean 
slag-remelted steel, could also affect the results. However, among all speci- 
mens broken, only three showed initiation on inclusions. 

In the elastoplastic computation the inclusion was imbedded in an homoge- 
neous stress field whereas the Hertzian field gives stress gradients. To mini- 
mize the effect, the distance between the boundaries and the inclusion was 
such that the Hertzian stress gradient was less than O. 1 percent. 

The internal stresses induced around the inclusions by quenching, consid- 
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ered by other authors [7-9], were not included in the calculation. It is believed 
that they are quickly washed out during the first few cycles by the plastic defor- 
mation. The observed cracks always follow the direction of the computed 
plastic strains and not that of the residual stresses. 

It must be recognized that the computation which is carried out in plane 
strain is inaccurate because the inclusions which are rather spherical or ellip- 
soidal are badly represented by cylinders. 

The unsymmetrical plastic deformation which was found around the inclu- 
sions is in agreement with the orientation of the observed butterflies, which 
are inclined at 45 deg to the bearing surface. Their orientation with respect to 
the rolling direction is also well explained. It comes from a memory effect of 
the material which remembers the shear stresses that are applied at the begin- 
ning of plastification. In fact loading with no evolution of the rolling stresses 
yields plastic deformations at 90 deg from the vertical axis. 

The observed fatigue cracks in ball bearings are initiated at the boundary of 
the butterflies of the white phase. We were unable to include this transforma- 
tion in our computation as. very little is known about its conditions of occur- 
rence and about the properties of the white phase. 

In spite of the limitations, we found results which are in good agreement 
with the published fatigue lives and which give a classification of the harmful- 
ness of the inclusion that corresponds to what is known [14,15]. The usual 
pressures applied in rolling fatigue experiments are between 3500 and 5000 
MN/m 2, yielding elastic strain amplitudes which are larger than the plastic 
strain amplitudes. Under those conditions, use of Basquin's law is sufficient to 
make predictions. 

If the calculation is carried out using simply the Hertzian stresses at the 
inclusion site, the fatigue life is found to be larger than 10 9 cycles for a ball 
pressure of 3500 MN/m 2, This is what is expected since the stress concentra- 
tion at the inclusion is ignored. On the other hand, use of the computed stress 
range at the inclusion interface, forgetting about the plastic strain range, also 
yields too high a value (3 • 108 cycles). It is only by adding the plastic strain 
range (0.065 percent) that a better agreement is found with experimental 
rolling fatigue life. Use could be made of Neuber's stress concentration factor 
for rough predictions. 

Conclusions 

The following conclusions were reached: 

1. The E52 100 rolling bearing steel, quenched and tempered, displays a 
cyclic strain-hardening behavior described by the formula 

nal2 = 5790 (A~v/2)0"I37 
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2. The fatigue life law has an elastic component which is always higher 
than the plastic component. It is described by the formula 

A~/2 = 0.0073 (2Nf) -0"36 + 0.0145 (2Nf) -~176 

3. The non-symmetry of the plastic deformation with respect to the rolling 
direction was explained. 

4. A classification of the harmfulness of the various inclusions finds a ra- 
tional basis according to their Young's modulus. 

5. A good prediction of the fatigue life of the ball bearings can be achieved. 
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Index 

This Index combines entries for both volumes of STP 803. ' T '  denotes entries for Volume I, 
and "II" denotes entries for Volume II. 

A 

Abaqus, 1-384, 1-392 
Abscissa 

Load based, II-87 
Strain based, II-87 

Acceptance criteria, II-325 
Acoustic emission, II-405, II-489, 

II-497, II-508, II-512 
Adiabatic heating, II-772 
Adina, 1-240, 1-321, 1-330, II-211, 

II-218 
Annealing, II-778 
Antiplane shear, 1-577 
ASME, II-7, II-563 

E 399-78A, II-281, II-354 
E 813-81, 1-385, II-421, II-587 
J-R curve round robin, II-477 

Asymptotic 
Continguity condition, 1-181 
Equation, 1-180 
Result, 1-70 
Validity, 1-579 

Austenitic pipe, II-313 
Automated procedure, II-472 

B 

Begley-Landes technique, 1-485, 
1-495 

Blunting line, II-402, II-420, II-422, 
II-531, II-546 

Boiler and pressure vessel code, II-7, 
II-116, II-157, II-310, II-465 

Boundary 
Density function, 1-640 
Element analysis, 1-637 

Brittle 
Behavior, II-80 
Cracking, II-772 
Fracture, II-262 

BWR piping, II-336 

C 

C-integral, 1-637, 1-645 
C-parameter, 1-654 
C-singular field, 1-573 
Carburizing environment, 1-713 
Cauchy stress, 1-97 
CCP, 1-292, 1-354, 1-659, II-124, 

II-213, II-315, II-332 
CEGB 

Assessment diagram, II-207 
Defect assessment procedure, 

II-183 
Diagram, II-189 
Two criteria assessment, II-323 

Centered fan zone, 1-145 
Charpy 

Upper shelf impact energy, II-157 
V-notch impact test, II-741 

Circumferential cracked height, 
II-291 

Cleavage, II-99 
Crack extension, 1-387, II-508 
Fracture, II-284, II-513 

Toughness, II-201 
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Mode, II-725 
Stress, II-284 

Cluster inclusion, II-756, II-759 
CMOD, 1-36 
COA, 1-131 
Coalescence, 1-159 
COD, 1-295, 1-306, 1-581, I1-41, 

II-623 
Criteria, II-196 
Design curve, II-196 
Method, I1-81, II-99 
Type design curve, II-84 
Versus Kic test specimen, II-483 

Collapse 
Approach net section, II-310 
Limit diagram, II-263 
Load, II-262, II-274 
Net section, II-311, II-320 

Compact 
JIc specimen, 1-267 
Specimen. 11-439, II-451 

Compatibility equation, 1-178 
Compliance, 11-134 

Double clip gage, II-374 
Single measure, II-374 

Compressibility, 1-176 
Computer 

Compliant, II-440 
Control, II-439 

Condition 
Displacement controlled, 11-141 
Displacement rate controlled, 

1-692 
Load controlled, II-144, II-149 
Total displacement controlled, 

I1-137 
Total load controlled, II-147 

Constant load test, 1-724 
Constitutive equation, 1-596 
Constraint 

Effect, 1-590 
Factor, 11-612 

Container pressurized, II-671 

Contiguity condition, 1-178 
Asymptotic, I-181 

Crack 
Antiplane shear, I-5 
Arrest, II-457 
Axial, 1-306, 1-313 
Border, 1-411 
Circumferential, 1-306, 1-319, 

II-294, II-331 
Closure 

Behavior, II-701 
Estimate, II-689 
Measurement, II-700 

Driving 
Force, II-181 
Force diagram, 1-341 

Extension 
Force, II-180 
Slow stable, II-354 

Growing, 1-176 
Growth 

Acceleration, II-713 
Analysis, 1-311 
Behavior, 11-257 
Constant load, 1-725 
Criterion, 1-581, 1-583 
Cyclic dominated, 11-723 
Extended, II-582 
Rate, 1-505, 1-684, 1-692 
R-curve dominated, II-723 
Simulation, 1-269 
Slow stable, II-399 
Stable, 1-39, 1-132, 1-475 
Steady state, 1-573, 1-574 
Time dependent, 1-691 

Initiation, 1-221, 1-306, 1-333, 
II-296, II-310, II-321, II-611, 
II-803 

Length variable, II-255 
Nonlinear, 1-354, 1-363 
Nozzle corner, 1-240 
Opening 

Angle criterion critical, 1-49 
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Measurement, II-700 
Profile, 1-68 
Stress, 1-623, 1-633 
Stress field, 1-628 

Part through, 1-384, II-293, 
II-299, II-310 

Penny shaped, 1-291 
Problem 

Fully plastic, 1-277 
Two dimensional, 1-256 

Radial, 11-294 
Rapidly tearing, 1-21 
Semi-elliptical, 1-415 
Semi-infinite, 1-542 
Short, II-72 
Size 

Critical, 11-310 
Effective, II-18 

Stability, II-16 
Stationary, 1-58, 1-622 
Surface, 1-410, 1-444 
Through wall circumferential, 

11-310 
Tip, 1-297 

Blunting, 1-469 
Contraction, I1-625 
Deformation, 1-468 

Field, 1-80 
Energy dissipation, 1-130, 1-151 
Field Mode III, 1-535 
Profile, 1-94 
Strain, II-628 
Stress and strain field, 11-121 
Stress field, 1-80, 1-505 
Stress intensity, 1-474 

Creep 
Condition steady state, 1-594 
Crack growth, 1-676, 1-690, 1-708 

Intermediate temperature, 
1-718 

Rate, 1-612 
Deformation, 1-655 
Effect, 1-691 

Fatigue condition, 1-505 
Fracture mechanism, 1-551 
Rate secondary, 1-533 
Recovery, 1-594, 1-613 
Region steady state, 1-605 
Small scale 

Initial state, 1-610 
Steady state. 1-608 

Strain, 1-513 
Stress intensity factor, 1-557 
Zone, 1-578 

Effective, 1-577 
Extent maximum, 1-588 
Growing, 1-541 
Growth of, 1-652 
Size steady state, 1-588 

Creeping 
Material, 1-654 
Plate, 1-637 
Solid, 1-675 

CTOA, 1-36, 1-131, II-119 
CTOD, 1-58, 1-92, 1-385, 1-398, 

1-467, II-373, II-385, II-646 
Cyclic 

Growth effect, II-736 
J-integral, II-689, II-695 
Load displacement loop, II-690 
Strain hardening law, II-796 

Cycling 
Balanced, 1-513 
Rapid, 1-513 
Slow, 1-508 
Unbalanced rapid, 1-514 

Cylinder 
Flawed, 1-306 
Thick walled, 1-265 

D 

Dead load condition, II-74 
Deflection rate, 1-686 

Load point, 1-687 
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Deformation, 1-404, 1-625 
Cumulative plastic, II-801 
Inelastic, 1-522 
Plastic, II-710 
Ratcheting, II-714 
Residual, 11-702 
Theory of plasticity, 1-277 

Delta J versus delta A, 1-192, II-302, 
II-316, II-621 

Design curve, II-80 
COD type, II-84 
J, II-81 

Deviatoric stress, 1-506 
Diffusion effect of, 1-590 
Discretization process, 1-44 
Dislocation continuously distributed, 

1-117 
Displacement controlled bending, 

11-296 
Dominant singularity, 1-552 
Double 

Edge notched tensile plate, I1-213 
Punch specimen, 1-463 

Driving force ratio, I- 17 
Ductile 

Brittle 
Transition temperature, I1-287 
Transmission regime, I1-278 

Crack 
Extension, II-285, I1-746 
Growth, II-278 

Fracture, II-81, II-207, II-291, 
II-763 

Dynamic, 1-21 
Margin, II-309 
Strain induced, 1-633 
Toughness, II-582 
Unstable, 1-725 

Growth, 1-384 
Initiation, 1-731, 11-754 
Mechanism, II-281 
Stable crack growth, II-739 
Steel, 1-458 
Striation, I1-713 

Tearing, 1-391, I1-429, I1-725, 
II-763 

Behavior, II-218 
Instability, II- 179 
Resistance, 11-523 

Upper shelf regime, II-777 
Void growth, 1-159 

Ductility parameter, 1-164 
Dugdale strip 

Yield model, 11-24 
Yield zone, 1-22, 1-31 
Yielding model, II-633 

Dynamic 
Elastic plastic finite element, 1-215 
Growth, I-5 
Loading, 11-338 

E 

ECB computation, 1-101 
Edge crack, 1-287 
Effective energy, I-119 
Elastic 

Compliance, II-381 
Dominance, II-729 
Field, 1-21 
Plastic 

Analysis, 1-240, 1-417 
Crack propagation, 11-708 
Criteria, II-692 
Deformation, 1-306 
Deformation field, 1-159 
Energy rate parameter, 1-690 
Failure criterion, II-274 
Finite element, 1-329 
Finite element analysis, 1-256, 

1-433, II-218, II-335 
Fracture toughness, 1-721, 

I1-400, 11-420, I1-511, II-531, 
II-726 

Material rate sensitive, I-5 
Method, II-508 
Parameter, 1-703 
Regime, 1-310 
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Solid, 1-39 
Steady crack growth, 1-39 
Strain, 1-53 
Strain hardening, 1-392 

Singular field K-controlled, 1-623 
Stress 

Concentration, 1-541 
Intensity linear, 1-6 
Singulatity, II-213 

Toughness linear, II-724 
Unloading compliance, II-466 

Elastoplastic 
Analysis, I1-800 
Fracture, II-483 

Electric potential, II-404, II-509 
Elevated temperature testing, II-359 
Energy dissipation rate, 1-145 
Energy rate, 1-676 

Integral, 1-69l, 1-703 
Energy release rate effective, I-I 16 
Engineering approach, 1-308, II-104, 

II-I10 
Enriched element, 1-263 
Environmental effect, 1-703 
EPFM, 1-384, II-5, II-41, II-43, 

II-43, II-81, II-315, II-421, 
II-508, II-611 

EPRI, 1-382, II-59, II-116, II-207, 
II-779, II-787 

Estimation, II-74 
Type curve, II-87 

Equation governing, I-7, 1-15 
Estimation method, II-239 

F 

FAD, 1-336, 11-103, 11-104, I1-107, 
II-189, II-207, 11-239, 11-240, 
II-256, 11-263, II-274, 11-313 

Deformation plasticity, II-206, 
II-209 

Failure 
Curve, II-240 
Stress, net section, 11-292 

Fatigue crack, II-796 
Acceleration, 11-427 
Growth, 1-505, II-716 

Rate, I1-702 
Propagation, I1-710 

Fatigue life, 11-803 
FEM, 1-40, 1-240, 1-320, 1-411, 

1-416, 1-559, 1-577, 1-622 
3D, 1-426 
Incompressible, 1-292 

Finite element 
Analysis, 1-312, 1-384, 1-637, 

II-638 
3-D, I1-171 

Computation, 1-55, II-88, II-124, 
II-379, II-394 

Eigenfunction calculation, 1-354 
Formulation, I-11 
Incremental plasticity, II-211 
Method, I1-182, I1-263, II-652 

Finite strain 
Numerical analysis, 1-80 
Region, 1-104 
Treatment, 1-256 

Flaw 
Beltline, II-172 
Fully circumferential, I1-322 
Surface, 1-480, I1-34 
Through, I1-34 

Wall, II-317 
Flow 

Law inelastic, 1-522 
Localization, I-113 
Stress, II-325 

Forward gradient method, 1-621 
Fractograph, II-411 
Fractographic feature, I1-752 
Fractography, 1-473, II-742 
Fracture 

Cleavage, II-513 
Criteria, II-632 
Criterion J-integral, 1-125 
Dimple mode, I1-708, II-721, 

II-771 
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Elastoplastic, II-483 
Initiation, II-483, II-489, II-496 
Mode transition in, 11-279 
Morphology, 11-744 
Parameter, 1-141 
Resistance, I-6 
Static mode, II-714 
Stress criterion, 1-630 
Surface, II-713 
Tearing, II-515 
Toughness, 1-17, I1-284, 11-353, 

I1-536 
Critical, 1-458 
Low temperature, II-771 
Test, II-381 
Upper shelf, II-156 

Fully plastic solution, 1-309 

G 

Geometry independence. 
II-601 

Grain boundary, 1-709 
Particle, 1-566 

Griffith-Irwin criterion, 1-160 
Growth 

Circumferential, II-307 
Radial, 11-307 

II-563, 

H 

Hardware, II-470 
HAZ, II-292, II-332 

Cracking, II-47 
Natural, II-55 

Homogeneous structure, II-417 
Hoop stress average, 1-342 
HRR 

Dominance, 1-406 
Field, 1-96, 1-102 

J-controlled, 1-406 
Singular field, 1-594, 1-610 
Singularity, 1-127, 1-346, 1-354, 

1-359, 1-363, 1-573 
Stress field, 1-628 
Theory, 1-297 

HSST, II-563, II-671, II-681, II-778 
Low shelf weld deposit, II-784 
Test vessel, II-160 

Hyperbolic sine law creep behavior, 
1-532 

Hysteresis loop, 11-361, II-689, 
II-710, II-798 

I 

IAR weld, II-783 
Inclusion, II-745, II-796, II-805 

Shape, II-759 
Inconel alloy X750, 1-710 
Incremental theory of plasticity, 

1-241 
Inertia term, 1-15 
Infinite body, 1-277 
Initiation toughness, 1-744, II-521 
Instability, 1-191, 1-306, 1-333, II-14 

Analysis, 1-311, II-782 
Arrest of, II-140 
Equation, II-138 
Point, 1-340, II-49 
Prediction, 1-201 
Testing, II-439 

Intergranular cavity, 1-551 
Internal stress variable, 1-597 
Irradiated low shelf nuclear steel, 

11-777 
Irradiation, I1-783 

Damaged material, II-35 
Embrittlement, II-777 
Neutron. II-156 

Isochromatic, 1-32 
lsotropic 

Hardening, 1-83 
Strain hardening, 1-241 

Iterative solution procedure, 1-260 

J 

J-applied, 1-333, II-ll ,  II-34, II-182 
J-applied versus T-applied, II-17, 

II-167 
J-based curve, II-86 
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J-controlled 
Crack growth, II-310 
Growth, 1-191, 1-307, 1-499, II-5, 

II-10, II-36, II-239, 11-321 
Zone, 1-628 

J-corner theory, 1-85, 1-110 
J-critical, 1-492, 11-167 

Value, II-98 
J-deformation, 1-359, 1-370 

Theory, 1-195, II-567 
J-design curve, 11-81 
J-dominance, 1-346, 1-406, II-780 
J-estimate, 11-659 
J-estimation curve, I1-96 
J-external integral, 1-116, 1-118 
J-far field, 1-195 
J-flow theory, 1-83, 1-103 
J-flow theory plasticity, 1-258 
Jic, 1-425, 11-13, I1-322, I1-415, 

11-420, II-431, II-465, 11-582, 
II-766 

Measurement, 11-531 
Test, 1-410 
Testing procedure, II-398 

J-integral, 1-116, 1-191, 1-216, 1-277, 
1-295, 1-410, 1-417, 1-430, 
1-629, 1-694, 1-698, 11-133, 
II-618, 11-623 

Analysis, 1-444, II-702 
Approach, 11-709 
Contour, 1-445, 1-448 
Cyclic, 11-689, II-695 
Estimation, 1-458, 1-464 
Expression, 1-350 
Method, 1-480 

J-lower bound, 1-278 
J-material, II-11, 11-162 
J-modified, 1-196 
J-upper bound, 1-278 
J-R curve, 1-139, 1-214, 1-306, 1-336, 

1-385, 1-405, 1-476, II-8, 
II-124, II-133, II-338, II-434, 
II-465, II-476, II-563, II-582, 
II-723, II-766, II-777 

Elastic compliance, II-582 

Plane strain, II-10 
Test, II-353 
Toughness upper shelf, II-562 

J-R determination, II-365 
J-T curve, 1-337 
J-test, II-474, I1-741 

Computer controlled, 11-464 
J versus applied stress, 1-338 
J versus strain, II-166 
J versus T-diagram, II-8, 11-13, II-22, 

I1-28, II-292 
J versus T-material curve, II-14 
JSME, 11-398, II-420 

K 

K-field applied, 1-588 
Kit, II-279, II-400, 11-531, II-563, 

II-770, I1-777 
KIj , II-279 
Key curve concept, 11-569 
Kirchoff stress, 1-97 

L 

Lagrangian formulation, 1-83 
Leak before break, 1-420, I1-292, 

II-303, II-313 
LEFM, 1-159, 1-307, 1-311, 1-385, 

1-654, 11-7, 11-43, II-80, I1-84, 
II-103, 11-115, II-207, I1-310, 
II-421, 11-509, II-611, I1-633, 
11-778 

Plastic zone corrected, II-18 
Quasi, II-483 

Ligament 
Uncracked, 1-319, 11-35 
Yield net, II-89 
Yielded, II-30 

Limit 
Load concept, II-310 
State behavior, II-89 

Line 
Integral, 1-624 

Path independence of, 1-642 
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Spring 
Element, 1-411 
Model, 1-387, 1-392, 1-411, 

1-417, 1-454 
Linear 

Elastic 
Energy rate parameter, 1-701 
Parameter, 1-703 
Region, II-513 

Regression fit, II-601 
Load 

Deadweight, II-313 
Deformation, II-257 
Displacement, II-457 
Dynamic, II-338 
High rate, II-336 
History effect, II-723 
Point displacement, II-386 
Pressure, II-313 
Seismic inertia, II-313 
Water hammer, II-313 

Loading 
Biaxial, II-127 
Dynamic, 1-214 
Mixed character, II-127 
Static, 1-214 

Local 
Inhomogeneity, II-413 
Resistance, 1-138 

LVDT, II-357, II-798 
Rezeroing, II-370 

M 

M-parameter, II-570 
Martensitic phase transformation, 

II-774 
Material 

Inhomogeneity, II-437 
Toughness estimation, II-162 

Merkle-Corten relation, II-125, 
II-476 

Microcrack formation, 1-709 
Micromechanism, II-739 

Microstructural effect, 1-708 
Multiple clip gage system, II-488 

N 

NDT, II-512 
Near tip 

Crack opening, 1-55 
Field, 1-600 

Asymptotic, 1-52 
Strain, 1-300 
Stress and strain field, 1-291, 1-574 

Newton-Raphson iteration, 1-293, 
1-315 

Nickel-base superalloy, 1-710 
Notch depth, II-91 
NRC, II-157, II-207, II-778, II-787 
Nuclear 

Piping, II-332 
Power plant piping, II-309 
Pressure vessel, II-739 

Design, II-465 
Reactor, 1-411 
System, II-115 
Vessel, II-5 

O 

Omega criterion, II-562, II-572 
Orientation 

Dependence, II-752 
Effect, II-754 

Oscillation, 1-378, 1-402 

P 

PAPST, 1-257 
Paris equation, 1-496 
Path independent 

Expression, I- 123 
Integral, 1-533 

Phase transformation, II-772 
Photoelasticity dynamic, 1-21 
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Pipe 
Fracture, 11-338 
Specimen, II-439 

Plane strain 
Analysis, 1-306, 1-346 
Constraint, II-577 
Crack growth, 1-130 
Crack Mode I, 1-52 
Lower bound solution in, II-263 
Stable crack growth, 1-53 

Plane stress, 1-39 
Deformation, 11-670 

Plastic 
Collapse. II-89 
Collapse limit, II-679 
Deformation, II-710 
Extension, 1-684 
Flow unstable, 11-769 
Fracture, II-116 

Mechanics, II-345 
Parameters, 11-121 

Hardening modulus, 1-396 
Limit, 11-184, II-191 
Strain, 1-12 
Straining, 11-773 
Zone, 1-47, 1-417 

Active, 1-13 
Shape, 1-65 

Plasticity 
Criteria, 11-692 
General, I1-89 
Time dependent, 1-721 
Unconstrained, II-670 
Zone, 11-701 

PLLA, II-43 
Post test fatigue, II-459 
Potential 

Drop, II-488, II-497 
Energy, 1-277 

Power law 
Calibration function, 1-370 
Creeping material, 1-573 
Hardening 

Deformation theory, 1-671 
Material, 1-291, 1-354.1-656 

INDEX 11-817 

Prandtl slipline field, 1-145 
Precision 

Double, 1-43 
Single, 1-43 

Pressure vessel, 1-411 
Wall cracks in, II-15 

Pressurized container, II-671 
PWR vessel, II-1S8 

Q 

Quasi 
Linear system. 1-537 
Static fracture, 1-160 
Statically growing crack, 1-574 

R 

R6 
Curve, II-86, II-189, II-240, 

II-323, II-659 
Analysis. II-661 

Strain hardening diagram, II-279 
R-curve, 1-311, 1-389, 1-405. 1-723, 

II-181, II-372, II-388, II-400, 
II-429, II-780, II-791 

Analyses, validation of, II-657 
Behavior, strain effect on, II-741 
Crack growth, 1-467 
Fatigue crack growth, 11-716 
Method, ASTM, JSME, II-398 
Modified, II-547 
Power law, 11-780 
Region II, I1-531, 11-546 
Strain rate effect on, 1-735 
WP. 1-138 

Ramberg-Osgood 
Material, 11-211 
Stress strain law, 1-310, 1-328, 

11-106, II-158, 11-194, II-229 
Rapid load variation, 1-509 
Ratcheting 

Crack, II-729 
Deformation, I1-714 
Extension, II-708 
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11-818 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

Reactor 
Pressure vessel, 11-156 
Vessel, 11-779 

Rebound compliance, 11-59, 11-64 
Reference stress, 1-690, 1-696 
Reirradiation, 11-778 
Residual 

Austenite, I1-805 
Stress, 1-35 

Compressive, 1-29 
Field, 1-24 

Rigid plastic slipline theory, 1-81 
Rolling 

Fatigue, I1-796 
Texture, 11-413 

Rotational factor, I1-385 

S 

Safety 
Assessment diagram, II-303 
Factor, II-325 

Saturation stress model, II-251 
SEM, II-513 

Examination, II-489 
Fractographic calibration, II-496 

Semi-infinite plane, 1-287 
Sensitivity study, II-466 
Separability, II-461 
Serrated flow, II-772 
Serration, II-763 
Servo-hydraulic test machine, II-440, 

II-448, II-474 
Shear-strain component, I-7 
Side groove, 1-146, 1-407, II-590, 

II-780 
Single 

Edge notch specimen, 1-21 
Specimen compliance, II-779 

Singular behavior, 1-603 
Singularity field, 1-132 
Size effect, 1-148, 11-52, 11-787 
Sliding 

Displacement, 1-467 

Grain boundary, 1-551 
Mode, 1-214 

Slipline 
Field Prandtl, 1-145 
Theory, 1-406 

Software, II-450 
Damping, II-440 

Spring compliant, II-440 
Stability 

Analysis, 1-165, II-292 
Assessment diagram, 1-336 
Diagram, 1-312 

Stable growth, 1-306, 1-333 
Stainless steel 

A533B, 1-306, 1-354 
AISI 3105, II-763 
ASTM A276 Type 304, 1-433 
Austenitic, 1-690, II-658 
Type 304, 1-306, 1-615, II-297, 

II-331, II-338 
Type 316, 1-690, II-611 

Standard offset procedure, II-484 
Steady state 

Amplitude, 1-546 
Solution, 1-47 

Steel 
A508 Class 2, 1-241, I1-723 
A508 Class 2A, II-356, II-562 
A508 forging, II-678 
A533B Class 1, 1-721, II-263, 

II-739 
A533B pressure vessel, II-678 
AISI 4340, 1-433 
ASTM 4340, II-509 
ASTM A470 Class 6, II-532 
ASTM A508 Class 3, II-532 
ASTM A516 Grade 70, II-689 
ASTM A533B HSST 03, II-582 
ASTM A542 Class 3, 1-384 
Austenitic, II-185, II-194, II-678 
Bainitic pressure vessel, 1-384, 

II-758 
Carbon manganese, 1-460, 1-721 
DUCOL W30, II-376 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:02:42 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



INDEX 11-819 

Ferritic, II-658 
HT 60, II-405, II-428 
HT 80, II-405 
HY 100, 1-215 
HY 130, II-582, II-590, 11-678, 

II-723 
Low carbon, II-709 
Ni-Cr-Mo-V, 11-678 
Nuclear pressure vessel, II-739, 

I1-777 
Plate pipeline, 1-444 
Production procedure, II-759 

Strain 
Aging, II-363 
Amplitude, 11-799 
Diametral, 11-797 
Effective, II-91 
Energy density, 1-262 
Finite deformation, 1-81 
Hardening, II-674 

Assessment diagram, II-192 
Model, II-246 

Rate, 1-7 
Effect, 11-341 
Field, 1-594 
Hardening, 11-773 
Invariant nonelastic, 1-650 

Singularities, 1-622 
Stress 

And deformation field, 1-12 
And strain rate intensity, 1-607 
Biaxial, II-95 
Bracket 

Power hardening, 11-24 
Ramberg-Osgood, II-25 
Strip yield model, 11-24 

Cauchy, 1-97 
Cleavage, II-284 
Concentration, 1-551, II-92 
Criterion critical net section, 

II-331 
Critical net section flow, II-315 
Dependence exponential, 1-539 
Distribution, 1-60, 1-62, 1-637 

Field, 1-297 
Axial force on, II-264 
Statically admissible, II-267 

Gradient, II-805 
Hertzian, II-800 
Intensity factor, 1-354, 1-415, 

1-421, 1-521, 1-690, 1-695, 
II-109, II-274 

Kirchoff, 1-97 
Membrane, II-325 
Residual, II-88, II-93, II-198, 

II-240 
Saturation, II-244 
Secondary, II-33 
Thermal, II-34, II-95, II-198, 

II-240 
Stretch zone, 1-389, II-383, II-390 

Method, II-428 
Width, I1-399, II-402, II-420 

Strip 
Necking, II-649 
Yield model stress bracket, 11-24 
Yielding zone, I1-646 

Structure uniaxially loaded, II-667 
Sulfidizing environment, 1-713 
Superposition method, 1-354, 1-363 
Surface 

Crack tip contraction, II-614 
Elliptical defect, 1-471 
Flaw, II-32 

Analysis, II-28 
SWRI large tension specimen test, 

II-162 

T 

T-applied, II-63, I1-142, II-440 
T-geometry independence of, II-70 
T-material, 1-389, II-13, II-63, 

II-162, II-440, II-518, II-595 
Tearing 

Crack extension, II-508 
Fracture, II-515 
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11-820 ELASTIC-PLASTIC FRACTURE: SECOND SYMPOSIUM 

Instability, 1-411, II-5, II-ll0, Uniaxiai tensile stress strain re- 
11-440. II-451, II-778 sponse, 1-370 

Criterion. II-10 Unloading compliance, II-354, 
Theory, II-133, I1-136 II-372, II-509, II-773 

Modulus, 1-265, 1-307, 1 -339 ,  Computer, II-584 
1-384. II-11, II-59. II-62, Elastic, II-466 
II-134, II-156. II-373, II-440, Gage, 11-357 
II-508, II-587. II-595, II-780 Unloading slope determination, 

Modified, 1-199 II-361 
Modified applied, 1-201 

Parameter, 1-132 V 
Tensile stress uniform, 1-420 Virtual work, 1-42 
Test specimen geometry, II-663 Viscoplastic analysis, I-615 
Thickness Void 

Effect, 1-425, 11-632 Growth. 1-584 
Ligament ratio, II-592 Interaction, 1-589 

Three-point bend, II-334, II-372 Von Mises yield criterion, 1-241, 
Time dependent 1-258, II-267 

Effect, 1-722 
Failure, 1-731, 1-742 W 

Toughness 
Crack growth behavior, II-726 Wall breakthrough, II-298 
Properties, II-49 Work hardening, 1-418, II-88 

Trailing wake, 1-26 Solid. 1-80 
Transition 

Region, II-531 Y 
Temperature region, 11-532 YFM, II-483 

Tunneling, II-782 Yield level. II-94 
Turner theory, II-188 Yielding 

Large scale, 1-130, II-634 
Model small scale, 1-622. 1-632 
Small scale, 1-40, 1-57, 1-541, 

II-634 
Tensile small scale, 1-615 

U 

Ultrasonic method, II-405 
End on, II-509 
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