


FRACTURE MECHANICS" 
SEVENTEENTH VOLUME" 

Seventeenth National Symposium 
on Fracture Mechanics 
sponsored by 
ASTM Committee E-24 
on Fracture Testing 
Albany, New York, 7-9 August 1984 

ASTM SPECIAL TECHNICAL PUBLICATION 905 
J. H. Underwood, U.S. Army Armament 
Research & Development Center, R. Chait, U.S. 
Army Materials & Mechanics Research Center, 
C. W. Smith, Virginia Polytechnic Institute & 
State University, D. P. Wilhem, Northrop 
Aircraft, W. A. Andrews, General Electric 
Company, and J. C. Newman, NASA Langley 
Research Center, editors 

ASTM Publication Code Number (PCN) 
04-905000-30 

1916 Race Street, Philadelphia, Pa. 19103 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



Library of Congress Cataloging-in-Publicatlon Data 

National Symposium on Fracture Mechanics (17th: 
1984: Albany, N.Y.) 
Fracture mechanics. 

(ASTM special technical publication; 905) 
"ASTM publication code number (PCN) 04-905000-30." 
Includes bibliographies and index. 
1. Fracture mechanics--Congresses. I. Underwood, 

John H. II. ASTM Committee E-24 on Fracture Testing. 
III. Title. IV. Series. 
TA409.N38 1 9 8 4  620.1'126 86-8000 
ISBN 0-8031-0472-3 

Copyright © by AMERICAN SOCIETY FOR TESTING AND MATERIALS 1986 
Library of Congress Catalog Card Number: 86-8000 

NOTE 

The Society is not responsible, as a body, 
for the statements and opinions 

advanced in this publication. 

Printed in Baltimore, Md. 
July 1986 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



Dedication 

This publication is dedicated to the following group of individuals 
and their pioneering work in fracture testing: 

William F. Brown, Jr. 
James E. Campbell 
Roy H. Chirstensen 
John Hodge 
George R. Irwin 
Joseph M. Krafft 
William T. Lankford 
John R. Low, Jr. 
Richard A. Rawe 
John E. Srawley 
Henry J. Stremba 
Charles F. Tiffany 

Their important contributions were central to the ASTM Special 
Committee on Fracture Testing of High Strength Sheet Materials, 
forerunner of Committee E-24 on Fracture Testing. 

As a tribute to the founders of ASTM Committee E-24 and to the 
series of symposia which they helped to establish, the poem on the 
following page was offered as a special presentation at the Albany 
meeting. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



The 17th  S y m p o s i u m  on Frac ture  

At first a Committee, called E-24, 
Studied aspects of fracture not known before; 
And Irwin suggested the very best way 
Was to write all the terms as functions of K. 

This worked for bodies whilst still elastic, 
But needed correction as the stresses turned plastic; 
Till Rice and some others showed us the way 
To express all the terms by the integral J. 

And presently users were nothing loath 
To use dJ for stable crack growth; 
So fracture was thought to be well understood 
At the Albany meeting of John Underwood. 

But then the Symposium, in second day session, 
Was taught a quite salutary lesson; 
As the crucial question was faced by John Srawley 
That sometimes J would serve us but poorly. 

But if these complexities seem to confuse us, 
Just follow the founders' advice on consensus 
And study the problem until a year older, 
Then tell us next time in the Conference at Boulder. 

Dedicated to those founding members 
of the original Committee, whom 
it was my good fortune to know. 

Cerdic Renrut 
9 August 1984 
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Foreword 

The Seventeenth National Symposium on Fracture Mechanics was held on 
7-9 August 1984 in Albany, New York. ASTM Committee E-24 on Fracture 
Testing was the sponsor. J. H. Underwood, U.S. Army Armament Research 
& Development Center, served as symposium chairman and co-editor of this 
publication. R. Chair, U.S. Army Materials & Mechanics Research Center, 
C. W. Smith, Virginia Polytechnic Institute & State University, D. P. 
Wilhem, Northrop Aircraft, W. A. Andrews, General Electric Company, and 
J. C. Newman, NASA Langley Research Center, served as symposium co- 
chairmen and co-editors of this publication. 
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Introduction 
STP905-EB/Jul. 1986 

This volume and the Seventeenth National ASTM Symposium on Fracture 
Mechanics on which it is based are part of a continuing series. These sympo- 
sia have become clearly the most prestigious in the field of fracture. As such, 
they are the focus and forum for quality work in all areas of the field, and this 
is the important purpose of the symposium and volume. 

If the field can be divided into testing and analysis, the former has been 
and continues to be the more emphasized in this symposium series. This is 
appropriate, considering the sponsor, ASTM Committee E-24 on Fracture 
Testing. Nevertheless, analysis is a required part of any test, and much of the 
work reported here is primarily analysis. 

At least four general topics or categories of work frequently occur in the 
papers: ductile fracture, test method development, surface cracks and crack 
shape effects, and high temperature and loading rate effects. The prevalence 
of these four categories attests to the basic practical nature of the field of 
fracture and of those who work in it. Each of these categories defines an area 
of important current concern in the design and use of load-carrying compo- 
nents and structures. It is the hope and belief of all those involved that this 
symposium and volume have contributed to these and other important areas 
in the field of fracture. 

The National Symposium on Fracture Mechanics is often the occasion at 
which ASTM awards are presented to recognize the achievements of current 
investigators. At the Seventeenth Symposium two awards were presented. 
The ASTM Committee E-24 Irwin Medal was presented by Dr. Irwin to Mr. 
John G. Merkle, Martin Marietta Energy Systems, for his outstanding work 
in the field of fracture mechanics. The ASTM Award of Merit and honorary 
title of Fellow were given to Mr. David P. Wilhem, Northrup Corporation, for 
his distinguished service and leadership in Committee E-24. Dr. J. Gilbert 
Kaufman, Arco Metals, past chairman of E-24, made the presentation to Mr. 
Wilhem. 

We take this opportunity to thank two groups who deserve a significant 
share of credit for this symposium. The first is the combined support staff of 
all of us listed below. The administrative and clerical work of this whole group 
was essential to the task and is greatly appreciated. The second group is made 
up of those behind-the-scenes people whose work is nonetheless critical. 

In particular, we thank Professor Ray Eisenstadt of Union College for his 
help in administering the symposium, Mr. Jim Gallivan of the Army Materi- 
als and Mechanics Research Center for financial support, the late Dr. Fred 

1 
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2 INTRODUCTION 

Schmeideshoff of the Army Research Office for his help in organizing the 
symposium, and Professor Jerry Swedlow for his continuing support and 
sound advice during the entire process. 
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P. D. Hil ton,  1 R.  A .  Mayville, 1 and  D. C. Peirce 1 

An Application of Fracture 
Mechanics to a Ship Controllable 
Pitch Propeller Crank Ring 

REFERENCE: Hilton, P. D., Mayville, R. A., and Peirce, D. C., "An Applieatlon of 
Fracture Meehanlr to a Shlp Controllable Pitch Propeller Crank Ring," Fracture Me- 
chanics: Seventeenth Volume, ASTM STP 905. J. H. Underwood, R. Chait, C. W. 
Smith, D. P. Wilhem, W. A. Andrews, and J. C. Newman, Eds., American Society for 
Testing and Materials, Philadelphia, 1986, pp. 5-21. 

ABSTRACT: A fracture mechanics analysis was conducted to establish the fracture 
toughness of a controllable pitch propeller crank ring material required to prevent a frac- 
ture mode in which loss of a propeller blade occurs. Loss of the propeller was assumed to 
be prevented if fracture instability could not occur before the fatigue crack grew to a size 
beyond which crack growth would proceed radially through the flange of the crank ring 
and not around the circumference. The fracture analysis was conducted by modeling the 
cracked crank ring as a plate with a part-through crack in bending. Numerical solutions 
for part-through cracks in bending were combined with results for large crack length-to- 
plate width geometries for through cracks in bending to determine KI for the large crack 
size of interest. Values of K1 with plastically adjusted crack lengths were converted to 
values of Jj and crack driving force curves were generated. Estimates of the plastic col- 
lapse moment for the crank ring were made as an alternative method of determining frac- 
ture conditions. The results of the analysis are a minimum acceptable value of yield 
strength and curves of yield strength versus minimum acceptable values of Jm and Tm,t at 
a crack extension of 1.27 mm as determined by a J-R curve test. 

KEY WORDS: fracture mechanics, application, bending, ship component 

Controllable pitch propellers are commonly found in current ship propul- 
sion systems. They are used for both small vessels and large ships with power 
as great as 40 000 hp. All controllable pitch propellers require some mecha- 
nism to rotate the propeller blades. In the study described in this paper, rota- 
tion is brought about by a crank ring to which the propeller blade is attached 
by several bolts. An illustration of such a crank ring is shown in Fig. 1. Not 

IArthur D. Little, Inc., Acorn Park, Cambridge, MA 02140. 
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6 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

I 
Axis of Rotation 

il let 

FIG. 1--A controllable pitch propeller crank ring. 

shown in the figure is the protrusion from the underside of the ring to which a 
mechanical "crank" is attached for the purpose of rotating the crank ring. 

On installation, the crank ring is set over a central post which is attached to 
the propeller hub. Next, a narrow bearing ring is threaded into the hub body 
over the crank ring so that if the crank ring were lifted, its flange would con- 
tact the underside of the bearing ring. Finally, the propeller blade is bolted to 
the crank ring. Thus, under the action of centrifugal and hydrodynamic loads 
during operation of the propeller, significant pressure loads are transferred 
between the underside of the bearing ring and the upper surface of the crank 
ring flange. This in turn causes cyclic stresses in the fillet at the point where 
the flange meets the main crank ring body (Fig. 1). These high stresses can 
lead to cracking at the fillet [1], and there is a possibility that the crank ring 
can fracture. In fact, one can imagine a scenario in which rapid fracture from 
a fillet crack could proceed around the circumference of the crank ring and 
lead to separation of the propeller blade from the hub body. 

The objective of the investigation described in this paper was to establish 
through analysis the material fracture toughness for a particular crank ring 
such that, in the unlikely event that a fatigue crack does initiate, a fracture 
mode leading to loss of the propeller would be avoided. Periodic inspection of 
crank rings is generally not conducted, so that in this scenario some other 
incident, such as excessive deformation, must occur to make the failure de- 
tectable. There has been one reported failure incident in which a fillet fatigue 
crack initially propagated around the circumference of the crank ring but 
eventually propagated and broke through the flange. The severed piece of the 
crank ring then prevented rotation on the next attempt at pitch control and 
this led to the discovery of the fracture. It is not clear that fatigue cracks in all 
crank rings will proceed in this manner and, in fact, results of our analysis, 
presented below, show that there is a significant driving force for continued 
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HILTON ET AL ON PROPELLER CRANK RING 7 

circumferential fatigue crack growth. Nevertheless, based on limited evi- 
dence, it has been assumed that the crack will propagate initially around the 
circumference and then through the flange, provided the mode of fracture is 
by fatigue and not by rapid brittle or ductile fracture. Furthermore, loss of 
the propeller is assumed to be prevented if fracture instability cannot occur 
before the fatigue crack grows to a size beyond which crack growth by any 
mode would proceed approximately radially through the flange and not 
around the circumference. 

The first problem in establishing the required crank ring toughness is to 
choose a crack size and geometry from which fracture instability would pro- 
ceed through the flange. Guaranteeing that fracture instability will not occur 
prior to attaining this crack size is then equivalent to finding the conditions-- 
material toughness--required for instability to occur at this crack size; this 
assumes that smaller crack sizes are less severe. 

Crank Ring and Crack Geometry 

A cross section of the single crank ring geometry analyzed in this investiga- 
tion is shown in Fig. 2. A full-scale laboratory test was performed for this 
crank ring resulting in a fatigue crack, the geometry of which was used in our 
analyses and is shown in Fig. 3. The crack had several initiation sites located 
in the fillet on the thrust side of the blade and at discovery extended about 85 ~ 
around the circumference. At its midpoint the crack was inclined approxi- 
mately 45 ~ to the vertical. The crack front extended part way into the flange 
and to within about 8.9 mm of the crank ring bottom at the center of the 

~ /  Fillet ( rodius = 9.Smm) 

+ t!ox 

Rodiol Section Ro = 3 6 9 m m  
t = 49 .3mm 

tmox = 130 mm 

FIG. 2-- Geometry of the crank ring. 
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8 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

crack front. The crack front in its plan view was not parallel to the bending 
axis but was instead curved somewhat (Fig. 3). The geometry of the crack in 
its plane is unknown. Indications are that it grew more to a trapezoidal shape 
than to an elliptical shape. The location, geometry, and orientation of this 
crack are consistent with the tensile stresses developed in the crank ring fillet 
by the hydrodynamically induced bending loads on the propeller. 

No calculations were performed to establish the radial extent of the crack in 
the flange required to ensure that fracture would proceed through the flange 
and not turn in the circumferential direction. Instead, it was assumed that if 
the radial extent of the crack is half-way through the flange, then further 
crack growth will also be radial. 

Calculation of Loads 

Loads on the crank ring arise from centrifugal forces due to propeller hub 
rotation and from bending forces due to hydrodynamic pressure on the pro- 

Crock~~ Front 

Surfoce Crock 

') ) 

/ 
/ 

X'OXiS 

ovo.~8.9mm 
f 

] 
$ 

493mm ~ ,  

SECTION A-A CRACK FACE 

FIG. 3--Crack geometry from laboratory-tested crank ring. 
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HILTON ET AL ON PROPELLER CRANK RING 9 

peller blades. Measurements made with strain gages in the fillet of the crank 
ring during ship operation indicate that these forces result in loads on the 
flange which can be modeled as the sum of a uniformly distributed load and a 
load whose magnitude varies linearly with respect to the y-axis (Fig. 3). 

Two methods were used to estimate the magnitude of the crank ring flange 
loads on the thrust side of the blade: strength of materials calculations based 
on strain gage measurements and finite element analysis. In both cases it was 
assumed that the flange is subjected to a normal line load along its periphery. 

Strain gage measurements made on a crank ring with the geometry shown 
in Fig. 2 in a 35 000 hp ship indicate that the most severe radial tensile stress 
in the crank ring fillet is approximately 503 MPa. This stress, a, is related to 
the nominal bending moment, m, per unit circumferential length at the fillet 
by 

a = K t 6 r n / t  2 

Where t is the flange thickness, 49.3 mm from Fig. 2, and Kt is a stress con- 
centration factor, estimated from Peterson [2] to be 1.5. The load per unit 
length on the outer flange circumference causing the bending moment is p = 
m ( R i / R o ) / ( R o - - R i ) ,  where Ri and Ro are the inner and outer radii of the 
crank ring flange; Ro = 369 mm and Ri z 322 mm. Therefore the maximum 
flange load estimated from the strain gage readings is 

p = 2540 N/mm 

Estimates for load distribution along the flange based on strain gage readings 
are probably upper bound predictions, because the strain gage readings were 
made in the fillet directly adjacent to the bolts that connect the propeller 
blade to the crank ring. Stress in this region may be influenced by the local 
stress concentration effect of the nearest bolt. On the other hand, the load 
distribution along the flange will not be as significantly influenced by load 
concentrations associated with individual bolts, because the distance from 
the bolts to the load transfer region is larger than that from the bolts to the 
fillet where the strain gage was located. 

A simple finite element model of the crank ring was used as an alternative 
method to obtain crank ring load distribution estimates. The crank ring, 
modeled by a ten-element, three-dimensional mesh (Fig. 4), was subjected to 
a combination of axial load and bending moment to simulate the centrifugal 
and hydrodynamically induced bending loads. This loading is obtained by the 
superposition of two solutions, symmetric and skew symmetric with respect to 
an axis, x, that passes through the center of the crank ring and is parallel to 
the neutral axis. The inner circumference of the flange is held fixed, modeling 
its interaction with the stiffer central portion of the crank ring. Displace- 
ments are prescribed at the upper edge of the outer circumference on the as- 
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10 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

49.3rnm 

Y 

Plan View Side View 

FIG. 4--Finite element grid pattern. 

sumption of a rigid bearing ring. Two calculations are carried out: the first 
prescribes a constant downward displacement on the outer circumference 
(modeling the centrifugal load), while the second prescribes a set of displace- 
ments varying linearly in y (modeling the hydrodynamic load). These two so- 
lutions are superposed in such a way that the nodal reaction forces at the 
outer edge of the flange balance the centrifugal load and hydrodynamic bend- 
ing moment. These loads were obtained from the same example used in the 
previous strain gage calculations. 

The maximum load obtained by finite element analysis was approximately 
2100 N/mm.  This differs from the maximum load derived from the strain 
gage readings by 17%. Both of the methods used to estimate the load distri- 
bution along the circumference of the crank ring are approximate, and it is 
difficult to establish which of the estimates is more accurate. Since the finite 
element analysis ensures thai force and moment equilibrium are satisfied and 
avoids the complications associated with load (or stress) concentrations, the 
finite element analysis results are used to perform the fracture mechanics 
analysis to be described later. 
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HILTON ET AL ON PROPELLER CRANK RING 11 

A finite element calculation was also performed to quantify the load redis- 
tribution which occurs in the presence of a crack. The mesh and loading were 
exactly the same as for the uncracked case, except nodes on the inner flange 
circumference were released to simulate a crack that extends 90 ~ around the 
circumference and 75 % through the flange thickness. The center of the crack 
was symmetric with respect to the y-axis. 

The load distributions for the uncracked and cracked crank ring models, 
as calculated by the finite element analysis, are shown in Fig. 5. There is a 
substantial redistribution in load in the presence of a crack. In particular, the 
load at the intersection of the y-axis with the flange periphery, which is the 
location of maximum load in the uncracked crank ring, shows a reduction in 
load to about 700 N / m m  from 2100 N / m m .  Figure 5 also shows that the max- 
imum load in the cracked crank ring occurs at about 50 ~ from the y-axis. 
This is in part  due to the coarseness of the mesh used and the presence of the 
crack tip at this point as well as the reduction in load with y which must occur 
because of the bending nature of the problem. This large load near the crack 
tip suggests that  there may still be a significant driving force for circumferen- 
tial crack growth. 
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FIG. 5--Crank ring flange load distributions. 
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12 FRACTURE MECHANICS:  SEVENTEENTH VOLUME 

The finite element mesh of the cracked crank ring (Fig. 4) does not simu- 
late the actual crack in two important aspects: the actual crack extends into 
the flange instead of just around the circumference, and the crack is inclined 
over much of its length instead of being vertical everywhere. These character- 
istics make the cracked portion of the crank ring more compliant than mod- 
eled by the finite element analysis. Plastic deformation would also increase 
the compliance and decrease the load on the cracked flange. Therefore the 
load distribution for the cracked crank ring shown in Fig. 5 is undoubtedly an 
upper bound to the actual load distribution. 

In the next section, a model of a plate containing a part-through crack 
subjected to uniform remote bending will be used to approximate the fracture 
behavior of the cracked crank ring. The crank ring flange load distribution 
required to give a constant (uniform) moment per unit length with respect to 
the crack plane was calculated and compared with the load distribution from 
the finite element analysis. Figure 6 shows how the moment arm of the line 
load varies along the crack plane. The magnitude of the bending moment 
used was obtained from Fig. 6 with 0 : 0 and p ----- 700 N/ram. The result of 
the calculation is included in Fig. 5 to enable comparison with the finite ele- 
ment predictions. The flange load distribution based on the assumption of 
constant bending moment per unit length is seen to have nearly the same form 
and magnitude as the finite element results for the cracked crank ring over 
the 0 range of interest. Thus,  in the fracture mechanics analysis of the 
cracked crank ring to follow, the approximation is made that the moment per 
unit length or width--when referring to the plate--applied remote from the 
crack is constant and equal to 

m = (700 N/mm) (127 ram) = 88.9 N-m/mm 

per unit length 

322 mm"~J~V" 

Moment Arm= l = 3 6 9 c o s  e - :522 cos 41 ,5  ~ 

Moment per Unit  Length:  m = pi~ 

FIG. 6--Geometry used to estimate flange load distribution for a constant bending moment 
per unit width. 
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HILTON ET AL ON PROPELLER CRANK RING 13 

This bending moment applies for one crack geometry. With continued 
cracking--tearing--and plastic deformation, the compliance of the cracked 
flange will increase and the load will decrease. No attempt has been made to 
quantify this decrease. Instead, the conservative assumption is made that the 
cracked flange is subjected to a constant load. 

Calculation of Crack-Driving Force 

The fracture mechanics analysis for the cracked crank ring is carried out 
using as a model a plate of finite width which contains a part-through crack 
subjected to remote bending. This geometry and loading are illustrated in 
Fig. 7. The model includes many of the important aspects of the cracked 
crank ring configuration shown in Fig. 3: the fatigue crack does not com- 
pletely penetrate the flange thickness and is shallower at its ends; bending 
caused by the flange load appears to be the driving force for crack growth; 
and the crack is close enough to the outer flange edge to experience finite 
width effects. Finite element analyses show that the remote bending model is 
a good approximation even if the moment is produced by a vertical line load 
applied close to the crack plane [3]. The bending moment used in the model 
calculations is the moment per unit width across the cracked section resulting 
from the flange load, as described in the previous section. The problem is 
treated as quasi-static; dynamic effects on the crack driving force and frac- 
ture toughness are not included. 

The finite element calculations for KI by Newman and Raju [4] are used to 
obtain the crack-driving force for the cracked crank ring. Newman and Raju 
conducted analyses to determine K~ for a plate containing a part-through 
crack in bending with the geometry shown in Fig. 7. Fracture in the cracked 
flange under bending is considered to be most critical at or near the surface of 
the flange at the ends of the crack. Therefore it is convenient to present 

II 
II 

r 2c 

m 

FIG. 7--Geometry and loading used to simulate crank ring fracture behavior. 
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14 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

results for KI at the surface in terms of the nondimensional parameter F de- 
fined by 2 

F = K i / O b X f ~ c  

where ab is the nominal outer fiber bending stress equal to 6 m / t  2 and m is the 
applied bending moment per unit width. The assumed crank ring crack is 
characterized by the ratios a / c  : 0.16, a / t  = 0.82, and c / W  = 0.89 (Fig. 
3). Newman and Raju's results closest to this case are for a / c  = 0.2, a / t  = 

0.8 and c / W  : 0.8, which give a value of F = 0.49. This value is certainly 
low because F increases sharply as c / W  approaches unity and there is a con- 
siderable difference between c / W  = 0.8 and c / W  = 0.89. 

Results by Boduroglu and Erdogan [5], who have recently published KI 
solutions for plates of finite width containing through cracks and loaded in 
remote bending, are used to quantify the effect of a greater crack length-to- 
width ratio for the plate containing a part-through crack. Results for the 
through crack case are given for values of c / W  very close to unity. The ap- 
proach in using these results is to assume that the effect of finite width for the 
through crack geometry is the same as the finite width effect for the part- 
through crack geometry. Table 1 lists the factors F for a number of c / W  

values for part-through cracks with a / c  = 0.2 and a / t  = 0.8 as obtained 
from Ref 4 and for through cracks with c / t  = 4 [ = ( a / t ) / ( a / c ) ]  as obtained 
from Ref 5. The ratio of F-factors for the two cases is also listed. 

The results in Table 1 indicate that for a / c  = 0.2 and a / t  = 0.8 the factor 
F for the part-through crack geometry is approximately one half of the factor 
for the through crack geometry. Therefore the approach taken to obtain a 
value of F for the cracked crank ring geometry is to obtain a value of F from 
the through crack analysis for a geometry close to the crank ring geometry 

I and to multiply it by 0.5. The value of F for a through crack geometry with 
i c~ W = 0.89 and c / t  = 5 is F = 1.6 [6] so that for the part-through crack 
F = 0.5(1.6) = 0.8. This is the value used in the fracture mechanics analysis. 

TABLE 1--Effect of finite width on KI at the surface for plates loaded in remote bending 
containing part-through and through cracks. 

Where F = K i / t r b  ~ a/c = 0.2, a/t  = 0.8, c/ t  = 4: 

Fpt (Part-Through Ft (Through 
c / W  W / t  Crack [4]) Crack [5]) Fpt/Ft 

0.2 20 0.33 0.70 0.47 
0.4 10 0.35 0.73 0.48 
0.6 6.7 0.40 0.83 0.48 
0.8 5 0.49 1.13 0.43 

ZThis nondimensional factor differs from that used by Newman and Raju [4]. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



HILTON ET AL ON PROPELLER CRANK RING 15 

Using the dimensions and loading for the cracked crank ring, m = 88.9 
N-m/mm, t ---- 49.3 mm, and c ---- 246 mm, the value of K~ at the free surface, 
without correction for plasticity, is equal to 158 MPa ~ One notes immedi- 
ately that, according to this analysis, a very tough material is needed to avoid 
loss of the propeller in the presence of the assumed fatigue crack. 

The fracture mechanics analysis of the crank ring will account for a cer- 
tain amount of stable crack growth, so it is necessary to quantify the depen- 
dence of F o n  crack length. This is done by employing the dependence of F o n  
crack length for the through crack and multiplying by one half. The variation 
of F with c for the crank ring crack dimensions, c / t  --- 5, W / t  -- [ (c / t ) /  
( c /W)]  = 5.64, is approximately [6] 

Ft = 2.73c -- 24.9 

Multiplying this expression by one half provides the relation to be used in the 
fracture mechanics assessment of the cracked crank ring: 

Fpt = 1.37c -- 12.4 (1) 

Newman and Raju's results can also be used to estimate the stress intensity 
factor at the bottom of the crank ring crack. For a/c  = 0.2 and a/ t  = 0.8 the 
stress intensity factor at the bottom of the crack is approximately one half of 
the value at the surface for 0.2 < c / W  < 0.8; data for c / W  > 0.8 were not 
given. Finite element analyses of an elliptical part-through crack in bending, 
which model the close proximity of the vertical flange loads to the crack plane 
and the short moment arm in comparison to the plate width and surface crack 
length, also indicate that K1 at the deepest point of the crack is about 50% of 
Kl at the surface [3]. This would appear to contradict the possibility of a 
fatigue crack in the crank ring growing to the shape shown in Fig. 3. Without 
attempting to explain this apparent contradiction, it is noted that crack prop- 
agation from the top part of the crack is the fracture that would lead to loss of 
the propeller and is therefore of greatest interest in this analysis. 

The large KI value calculated earlier for the crank ring crack shows that 
tough materials must be used to avoid loss of the propeller according to this 
methodology. This implies that the material will be at or near its upper shelf 
behavior, that it can experience stable tearing, and that elastic-plastic frac- 
ture mechanics techniques are necessary to quantify its resistance to fracture 
(at least to characterize the material toughness with small specimens). Conse- 
quently, crack driving force curves are calculated in terms of J~, since the 
material's fracture resistance is expected to be expressed in terms of J r R  
curves. 

The crack driving force curve is the relation between Ji and crack length or 
crack extension and is estimated from values of KI through the relation 

Jr = K~/E '  (2) 
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16 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

where E '  is the effective elastic modulus equal to E for plane stress and 
E/(1--~, 2) for plane strain: E is Young's modulus and u is Poisson's ratio. 
Plasticity is accounted for in the analysis by making a crack length plastic 
zone correction to KI before converting to Jl: 

ceff= c + ( l /6~r)(Ki/oo)  2 

where K1 on the right-hand side of the equation is calculated using the origi- 
nal crack length, c. Two-dimensional, plane strain conditions are assumed to 
prevail near the flange surface. The crack-driving force relation with the plas- 
tic zone correction is then given by 

JI = P (coff) ~lrc~f f /E '  (3) 

where Eq 1 is used to calculate F, and the applied load or stress oh, is assumed 
to be constant (load control). 

Figure 8 shows a plot of J~ versus crack extension for the crack geometry of 
Fig. 3 and a material with yield strength equal to 690 MPa. The J r R  curve for 
a Ni-Cr-Mo steel with ao : 690 MPa is shown for comparison. 

An alternative driving force for unstable fracture is the attainment of the 
plastic collapse load. A lower bound to the limit moment for a plate with a 
part-through crack in bending is obtained by calculating the moment which 
arises when the axial stress over the entire net section is equal to the yield 
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FIG. 8--  Crack-driving force curve for  the cracked crank ring in comparison to the JI-R curve 
for  a 690 MPa yield strength Ni-Mo-Cr steel. 
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HILTON ET AL ON PROPELLER CRANK RING 17 

strength [ 7]. The idealized cross-sectional geometry shown in Fig. 9 was used 
to perform this calculation. The neutral axis for this section is essentially at 
the lower crack front, and the limit moment per unit width (2 W = 556 mm) 
is given by 

ml im ~-  0.17Oo (4) 

where the units for mlim and Oo are N-m/mm and MPa. Therefore, for Oo = 
690 MPa, mlim : 117 N-m/mm, which is greater than the applied moment 
assumed for the crank ring in this analysis: 88.9 N-m/mm. The actual col- 
lapse moment would be larger because the crack is probably smaller than the 
idealization shown in Fig. 9, the material will harden, and the cracked geom- 
etry induces some constraint to plastic deformation. 

Strength and Toughness Requirements for the Crank Ring 

It is now possible to determine the strength and toughness of the crack ring 
material required to prevent failure from occurring under the assumptions of 
this investigation. In the section on loads, it was determined that the effective 
bending moment per unit width on the cracked section shown in Fig. 3 is 
approximately equal to 88.9 N-m/mm. 

A lower bound estimate of yield strength necessary to prevent collapse from 
occurring can be calculated from Eq 4. In this case: 

~ro = m l i m / 0 . 1 7  = 5 2 3  M P a  

Therefore the minimum yield strength for the crank ring material should be 
greater than 523 MPa. 

Two approaches are taken to specify the crank ring material toughness to 
avoid ductile tearing instability. Both are based on the assumption that the 
material does not fail by a cleavage mechanism of fracture for the tempera- 

4 

~\ 8.9ram 

!~ ~' 64.8mm--~ 

t 
49. 3ram 

556mm =,. 

F I G .  9 - - I d e a l i z e d  crank ring crack geometry used for collapse moment calculation. 
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18 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

ture and loading rates characteristic of the crank ring. This can be accom- 
plished by requiring the minimum upper shelf temperature, say, as deter- 
mined by Charpy tests, to be below the operating temperature. 

In the first approach to specifying required toughness, no crack extension 
by tearing is permitted in the engineering sense; that is, 

J~ (Ac ---- 0) < J~o 

where J~c is determined in accordance with a procedure such as ASTM Test 
for Jlc, A Measure of Fracture Toughness (E 813). 

Equation 3 is used to calculate Ji (Ac = 0) for an arbitrary yield strength 
and this becomes the specified minimum value of J~ for the crank ring mate- 
rial. The required value of J~r for a yield strength of 690 MPa, according to 
this procedure, is 159 kJ /m 2. The value of J~c for the 690 MPa yield strength 
material whose JFR curve is shown in Fig. 8 is 131 kJ/m 2. Therefore a specifi- 
cation permitting no crack extension by tearing in the engineering sense 
would eliminate this steel as a candidate material for the crank ring. Again, 
this is based on the assumption that a large fatigue crack could develop in the 
crank ring. 

A fracture criterion based on Jir alone for a ductile material is conservative, 
because it does not take advantage of the increase in resistance to ductile 
crack extension which generally accompanies small amounts of tearing. A 
more realistic approach is to specify toughness so that tearing will arrest and 
not become unstable. This is accomplished by requiring that the JrAc and 
the J~-R curves intersect and that at the point of intersection the slope of the 
J~-Ac curve is less than the slope of the JFR curve; in other words, Tappe is less 
than  Tma t where T = (E/oo 2) dJ/dc. Such a procedure is illustrated in Fig. 8. 
Quantifying this criterion is difficult, because the JrR curve requires at least 
two parameters to be represented. This means technically that there are an 
infinite number of J~-R curves which intersect the J~-Ac curve. 

A practical implementation of this approach is to specify a minimum value 
of JI-R, for a certain amount of crack extension, which is greater than the 
value of J~ for the same amount of crack extension for the yield strength in 
question. A value of Ac = 1.27 mm (0.050 in.) has been chosen for this inves- 
tigation. This amount of crack extension has a negligible effect on the col- 
lapse moment and is within the range of crack extension investigated in the 
determination of JrR values in accordance with ASTM E 813. 

The required value of JrR for a yield strength of 690 MPa according to this 
criterion as obtained from Fig. 8 is 194 kJ /m 2. An additional requirement is 
that Treat at Ac ----- 1.27 m m b e  greater than Tappe at Ac = 1.27 mm for the 
yield strength in question. The minimum allowable value of Zma t for Oo = 690 
MPa is 13.4. As a comparison, the values of JI-R (Ac ----- 1.27 mm) and Tm~t 
(Ac = 1.27 mm) for the steel whose J1-R curve is shown in Fig. 8 are, respec- 
tively, 368 kJ /m 2 and 68.2. Thus this steel would be considered suitable for 
the crank ring. 
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Application to a Full-Scale Laboratory Test 

The basis for the fatigue crack geometry used in this analysis was the crack 
that occurred in a controllable pitch propeller crank ring assembly. The 
crank ring was made of 4150H steel which has a quoted yield strength of al- 
most 759 MPa. This yield strength is greater than the 523 MPa value required 
to avoid plastic collapse. The corresponding required value of JI-R (Ac = 
1.27 mm) is calculated according to the method described in the previous 
section to be 

J1-R (Ac : 1.27 mm) ----- 175 kJ/m 2 

The toughness data generated for the 4150H steel show that it is not in the 
upper shelf at room temperature, which was the temperature for the full-scale 
laboratory test. The Charpy energy at room temperature is quoted as ranging 
from 8 to 15 J. The value of KI at fracture varied from 60 to 123 MPax/m. Two 
of the tests provided valid K~c values, 60 and 82 MPax/-m, in accordance with 
ASTM Test for Plane-Strain Fracture Toughness of Metallic Materials 
(E 399); the other tests provided invalid values because either too much plas- 
ticity or crack growth occurred--it was not determined which--or the speci- 
men dimensions did not satisfy the plane strain requirements. In any case, the 
criterion proposed in the analysis of this paper, that the fracture mode be 
ductile tearing, was violated. 

The range of critical Ji values converted from the Kc values is 16 to 68 
kJ/m 2, all of which are considerably lower than the required value of JI-R = 
175 kJ /m 2. Therefore the methodology developed in this investigation pre- 
dicts that the 4150H is not a suitable crank ring material. The fact that the 
full-scale laboratory tested 4150H crack ring did not experience unstable 
fracture shows that the analysis is conservative. The degree of conservatism 
on the required JFR value in this case is greater than a factor of two. 

This degree of conservatism arises because of the many assumptions made 
in the analysis. Loads calculated using finite element analysis for an idealized 
crack geometry are undoubtedly too high. Since Ji is proportional to the load 
squared, a decrease in load will cause a substantial-decrease in required Ji. 

Summary and Conclusions 

The objective of the investigation reported in this paper was to set material 
toughness requirements to avoid loss of a ship propeller blade from a control- 
lable pitch propeller crank ring that has a fatigue crack. Loss of the propeller 
was assumed to be prevented if fracture instability could not occur before the 
fatigue crack grew to a size beyond which crack growth would proceed radi- 
ally through the crank ring flange and not around its circumference. Choice 
of this crack size and geometry was based on a full-scale crank ring laboratory 
test in which a large fatigue crack occurred. 
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20 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

The driving force for crack growth is the vertical line load on the flange 
periphery induced by centrifugal and hydrodynamic propeller loads. The 
magnitude and distribution of the flange loads were estimated with finite ele- 
ment calculations. Account was taken of the significant load redistribution 
that occurs in the presence of a crack by simulating a crack in the finite ele- 
ment analysis. 

The fracture mechanics analysis was conducted by modeling the cracked 
crank ring as a plate with a part-through crack in bending. Numerical solu- 
tions for part-through cracks in bending were combined with results for large 
crack length-to-plate width geometries for through cracks in bending to de- 
termine KI for the large crack size of interest. Values of Kl with plastically 
adjusted crack lengths were converted to values of J1 and crack driving force 
curves were generated. 

Fracture instability was considered to be avoided if the JrAc driving force 
curve intersected the JI-R curve and at the point of intersection the slope of 
the Ji-Ac curve was less than the slope of the JI-R curve ( Tappl < Treat). Prac- 
tical implementation of this criterion was achieved by specifying minimum 
values of JI-R and Treat at Ac = 1.27 mm (0.050 in.), as determined from a 
Ji-R curve test. Thus the methodology developed in this paper recognizes the 
increasing resistance to crack growth associated with small amounts of tear- 
ing. An estimate of the crank ring plastic collapse moment and its depen- 
dence on yield strength was made as an alternative for determining fracture 
conditions. 

Application of the toughness requirements to the laboratory-tested crank 
ring, whose geometry and loading were the basis for the analysis, indicated 
that the crank ring material toughness was inadequate. The fact that the 
crank ring did not fracture demonstrates the conservatism of the require- 
ments. This conservatism is believed to arise mainly from an overestimation 
of loads, but may also be influenced by the assumption that fracture occurs 
from a sharp crack under monotonically increasing load; in the actual case, 
high cyclic loads would precede and cause fracture. The influence of this lat- 

t e r  effect on apparent toughness requires further investigation. 
The analysis of this paper was restricted to a single crank ring geometry, 

but it could easily be applied to other crank rings. Use of the toughness re- 
quirements developed here would represent a significant deviation from cur- 
rent material property specifications, in which only tensile properties and 
Charpy energy are used to qualify a material. It is the authors' hope that one 
of the primary results of the investigation is the demonstration that fracture 
control technology can be used as an additional design tool to increase the 
reliability and safety of structures. 

References 

[1] Wind, J., "Hub Size Selection Criteria for Controllable Pitch Propellers as a Means to En- 
sure Systems Integrity," Naval Engineers Journal, Dec. 1978, pp. 49-61. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



HILTON ET AL ON PROPELLER CRANK RING 21 

[2] Peterson, R. E., Stress Concentration Factors. Wiley, New York, 1974. 
[3] Unpublished results obtained by Arthur D. Little, Inc., Cambridge, Mass., 1983. 
[4] Newman, J. C., Jr., and Raju, I. S., "Analyses of Surface Cracks in Finite Plates under 

Tension or Bending Loads," NASA Technical Paper 1578, National Aeronautics and Space 
Administration, Washington, D.C., 1979. 

[5] Boduroglu, H. and Erdogan, F., "Internal and Edge Cracks in a Plate of Finite Width under 
Bending," Lehigh University Report, Bethlehem, Pa., Nov. 1982. 

[6] Private communication with F. Erdogan (from additional, unreported calculations). 
[ 7] Johnson, W. and Mellor, P. B., Engineering Plasticity, Van Nostrand, New York, 1973, p. 

415. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



Kiyoshi  Tanaka,  1 Mi t suo  Sato, 1 Tadashi  Ishikawa,  1 and 
Hironori  Takash ima  I 

A New Wide Plate Arrest Test (SCA 
Test) on Weld Joints of Steels for 
Low Temperature Application 

REFERENCE: Tanaka, K., Sato, M., Ishikawa, T., and Takashima, H., "A New Wide 
Plate Arrest Test (SCA Test) on Weld Joints of Steels for Low Temperature Application," 
Fracture Mechanics: Seventeenth Volume, ASTM STP 905. J. H. Underwood, R. Chait, 
C. W. Smith, D. P. Wilhem, W. A. Andrews, and J. C. Newman, Eds., American Society 
for Testing and Materials, Philadelphia, 1986, pp. 22-40. 

ABSTRACT: As a realistic and practical criterion for brittle fracture arrest in low tem- 
perature storage tanks, the present authors propose the short crack arrest (SCA) concept. 
This aims at arresting brittle fracture before propagation to a catastrophe. In order to 
investigate the capability of steel materials from the viewpoint of this concept, two types of 
wide plate tests, the SCA tests on weld heat-affected zone (HAZ) and base metal, were 
developed. These two test methods were designed to simulate the run-and-arrest pheno- 
menon of brittle fracture in actual storage tanks. 

The two types of tests, together with the compact crack arrest (CCA) test, were applied 
to base metals and welded joints of a wide range of steels for low temperature application. 
Efforts were made to clarify the effects of base metal chemical compositions and condi- 
tions for welding on the weld HAZ characteristics. 

The results revealed that addition of about 3% nickel to the base metal significantly 
improved the weld HAZ arrest toughness. It was also shown that the SCA capability of 
steels could be predicted from the K, values obtained by the CCA test. 

KEY WORDS: low temperature, fracture toughness, crack arrest, brittle fracture propa- 
gation, welded joint, weld heat-affected zone, storage tank 

In Japan, in 1968, there was a catastrophic fracture accident in a spherical 
tank with a diameter of 16.2 m during hydrotest [1]. The tank, made of an 
800 MPa high tensile strength steel, collapsed after fast fracture in three 
fourths of the circumference. The fracture surface consisted of shear fracture 
in the base metal and brittle fracture along the heat-affected zone (HAZ) of a 

1Senior Research Engineer, Research Engineer, Research Engineer, and Chief Research Engi- 
neer, respectively, R&D Laboratories II, Nippon Steel Corporation, Sagamihara, Japan. 
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vertical weld joint with a length of 6.2 m. It is believed that a weld hydrogen 
crack, with a length of 60 mm and a depth of 13 mm, at the toe of the weld 
was the cause of the brittle fracture initiation. The brittle fracture propagated 
in the HAZ along the weld joint and penetrated the entire weld length. Al- 
though the brittle fracture was arrested by the neighboring base plates, duc- 
tile fracture took place and continued to propagate in an unstable manner 
until the tank collapsed. 

In 1977 a disaster occurred in the Middle East in which a gas liquefaction 
and storage plant completely collapsed [2]. It is believed that the cause of the 
disaster was brittle fracture in a liquefied propane gas (LPG) storage tank. In 
this case, the brittle fracture propagated in the base plates. After this acci- 
dent, Cuperus [3] questioned the safety of storage tanks for liquefied light 
hydrocarbons and proposed the double integrity principle. 

From these experiences and other examples of failure accidents, the 
present authors recognized the necessity of a comprehensive investigation of 
the performance of steel plates and their weld joints in terms of brittle frac- 
ture initiation and arrest: 

1. Stringent evaluation of fracture initiation toughness of weld HAZs as 
well as base metals. 

2. Realistic evaluation of fracture arrest toughness by means of suitable 
simulation methods of the brittle fracture run-arrest phenomenon and a con- 
venient test method for arrest toughness. 

This report describes the results of investigations made by the authors for 
establishing these evaluation methods and for collecting a body of data for 
material selection. 

Fracture Initiation Characteristics of Welds 

It is well known that welded joints are heterogeneous in terms of the micro- 
structure and show a large scatter of brittle fracture toughness. Figure 1 
shows examples of zones in a welded joint where initiation points of brittle 
fractures were found after microscopic investigation on specimens which pre- 
sented low initiation toughness. The reasons for, and the amount of, the em- 
brittlement for each of the zones are different depending on the chemical 
compositions of the base metals, the weld thermal cycles, and the hot strain 
during welding. It is therefore quite important to investigate the fracture ini- 
tiation toughness of the welded joint carefully by using many specimens hav- 
ing their crack tips at various points in the welded joint. It is also important to 
apply two kinds of specimen geometries having different notching and crack- 
ing directions (i.e., side-cracked and face-cracked specimens). The notch tip 
in the former specimen can sample a wide range of microstructures but with- 
out a long contact with the same microstructure, whereas that in the latter 
can sample a specific microstructure with a long contact. This difference pro- 
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FIG. 1--Embrittled regions in weld joints. 

duces a significant contrast in the results (i.e., a wider scatter and a lower 
minimum value of fracture toughness for the face-cracked specimens). 

In order to simplify the investigation, the present authors proposed the ap- 
plication of the fatigue crack tip opening displacement (CTOD) test method 
[4,5], the basis of which comes from the fatigue wide plate test by Nibbering 
et al [6] and the fatigue fracture toughness test by Yokobori et al [7]. The 
characteristics of this method, when compared with the ordinary fracture 
toughness test method, are as follows: 

1. Specimens are cyclically loaded at the test temperature, and the fatigue 
crack develops scanning the various microstructures in the crack line. 

2. When the toughness, or the critical CTOD, 8c, of a microstructure is 
lower than the working CTOD, or applied CTOD, brittle fracture takes 
place. 

3. With several specimens, the minimum 6c value of the welded joint tested 
can be determined. The reliability of this value is high because microstruc- 
tures in the area where the fatigue crack passed are all tested by each of the 
cyclic loads. 

When the crack line is misaligned a little from the weld line (Fig. 2) the 
reliability of the test results increases further. It was found, however, that a 
small cyclic range of the stress intensity factor, AK, preferably smaller than 
30 MPa~fm, has to be maintained during the whole period of the low temper- 
ature fatigue loading in order to achieve results consistent with the monotonic 
CTOD test [5]. 
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FIG. 2--Fatigue CTOD test on weld joints. 

Table 1 lists examples of the monotonic and fatigue CTOD test results for 
weld HAZs for three kinds of low temperature steels. Numerous monotonic 
CTOD tests were conducted on each of the weld joints. The results are shown 
in the form of the coefficients in the Weibull distribution equations; these fit 
well the test results. For comparison, 6~ values for 2% cumulative probability 
were taken as the minimum ~ values of the weld joints. The fatigue CTOD 
test showed results conforming to those for the monotonic CTOD test. This 
fact indicates the possibility of economization of fracture toughness tests by 
means of the new test method without losing, or instead with increasing, relia- 
bility. Fracture initiation points in the fatigue CTOD test were also the grain- 
coarsened HAZ close to the fusion line. Moreover, it is surprising to find that 
the low-carbon grain-refined steels showed 6~ values of 0.04 mm or lower 
when some unfavorable combinations of metallurgical and testing conditions 
were met, since these steels have showed satisfactory performance in all con- 
ventional tests and notched wide plate tests as well as in actual application to 
LPG storage tanks for more than 20 years. 

Significance of Local Brittle Zones 

In small-scale tests for fracture initiation toughness, such as the CTOD 
and Kic tests, the first incident which leaves a discontinuity in the load versus 
displacement record is taken as the critical point for investigation. With these 
tests, however, it is difficult to clarify the significance of the incident with 
regard to the total safety of the structures. In order to assess the low ~c values 
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found in the monotonic or fatigue CTOD test, therefore, surface-cracked 
wide plate tests were carried out on one of the welded joints that showed low 6r 
values. Two specimens were prepared from the welded joint described in the 
fourth line of Table 1. A full breadth surface crack was produced by cyclic 
bending so that the fatigue crack tip lay in the same brittle zone as in the 
CTOD specimens. One of the two specimens, when tested at --50~ by a 
20 MN capacity tension test rig, showed brittle fracture with the stress lower 
than the yield stresses of the base and weld metals; the other specimen showed 
brittle fracture with a high stress. Analysis on the crack tip location of the 
latter specimen showed that the initial fatigue crack was too long and had its 
tip in the grain-refined HAZ. The fracture surface of the former specimen 
and its data are shown in Fig. 3. There was no indication of brittle fracture 
arrest. Subsequent study revealed that the fracture initiation point of this 
specimen was the same grain-coarsened region as in the CTOD specimens 
with the low 6r result. The linear elastic fracture mechanics (LEFM) calcula- 
tion for this wide plate specimen led to a 6r value of 0.032 mm, which is almost 
consistent with the values from the monotonic and fatigue CTOD tests. 

Agreement of 6r values from CTOD tests and the wide plate test suggests 
that the results from the small-scale fracture toughness tests can be applied to 
prediction of the fracture initiation stresses of fatigue-cracked wide plate test 
specimens that simulate actual structures with fatigue crack defects. How- 
ever, an infinite surface crack such as that used in the wide plate test is not 
expected in actual structures. It is important to investigate whether or not 
brittle fracture can propagate in the unnotched weld HAZs. 

Development of the Short Crack Arrest (SCA) Test 

The ESSO test has been used widely for the evaluation of brittle fracture 
arrest capability of steel materials including base plates and welded joints. 
The present authors, however, had quite often unexpected results from tests 
on welded joints in the as-welded condition. Figure 4 illustrates examples of 
fracture paths of as-welded joints. It is considered at the present time that the 
compressive weld residual stress, in the direction transverse to the weld line, 
at the specimen edges must be the cause of this deviation, since it is not ob- 
served in welded and center notched wide plate tests. This compressive weld 
residual stress at the edge is considerably high (Fig. 4). Since this situation is 
not expected in actual structures, modification of the test method is neces- 
sary. 

The basic idea for the approach taken here is that the brittle fracture has to 
be initiated at the center of the specimen width to eliminate the effect of the 
compressive residual stress. The present authors recognize the importance of 
the concept proposed by an ASTM committee [8] in 1960. In this concept the 
arrest of a brittle fracture becomes possible, when it propagates just beyond 
the initial surface crack, due to the higher toughness associated with plane 
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FIG. 4--ESSO test results for weld HAZ of a low-carbon fine-grain low-temperature steel 

stress situation (Fig. 5a). When this concept is applied to the weld joints in a 
large panel such as the side shell in an LPG storage tank, one may expect the 
run-and-arrest phenomenon of brittle fracture (Fig. 5b). Here, possibilities of 
three types of brittle fracture arrest are pointed out: the pop-in, the SCA, and 
the long crack arrest (LCA) types. The pop-in type arrest is attributed to the 
local brittle region at the crack tip and the high arrest toughness of the neigh- 
boring material. The LCA may be attained because of the high arrest tough- 
ness of the base plate. As was indicated by Irwin [ 9], the effect of bulging and 
possibilities of brittle fracture re-initiation and ductile fracture should also be 
considered in the LCA concept. In the case of thin-walled vessels, the LCA 
concept seems not to be practicable. 

After these considerations and experimental efforts, a new wide plate test 
method, the SCA test on weld HAZ (HAZ-SCA test), has been developed. The 
specimen geometry, test method, and an example of fracture appearance are 
shown in Fig. 6. The test method applies a brittle starter plate made of 0.45% 
carbon steel which initiates a brittle fracture at the notch tip in it and injects 
the fracture into the specimen. This starter plate has a geometry similar to a 
compact specimen and is welded by a brittle welding material on a specimen 
surface with its crack line meeting the weld HAZ of the specimen. Before 
welding the starter to the specimen, brittle weld beads are planted beneath 
the starter (Fig. 6). This is made in order to secure the penetration of the 
brittle fracture into the specimen. A 120 mm long surface notch has been 
machined with its tip along the weld HAZ for two purposes: (1) to guide the 
brittle crack so that it runs at least once along the HAZ, and (2) to simulate a 
surface defect that may exist in actual structures. This surface crack ensures 
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FIG. S- -Arres t  of  brittle fracture initiating in a weld joint. 

formation of a through-the-thickness crack with the same length as that of the 
surface crack (Fig. 6c). In the test a brittle fracture is initiated at the notch tip 
in the starter by loading it with a small jack having the capacity of 100 kN. 
The brittle crack travels through the brittle beads and penetrates into the 
specimen. Test results are divided into "Go"  and "Arrest".  Unless the brittle 
crack propagated to a total crack length more than the sum of the surface 
notch length and twice the plate thickness, the result is judged as "Arrest".  

HAZ-SCA Test Results 

The new test method has been applied to a wide range of steel materials for 
low-temperature and cryogenic application. Several specimens were prepared 
for each series of welded joints, and the test temperatures and the applied 
stresses were selected so as to obtain a critical temperature versus stress tran- 
sition curve for each series. Examples of the HAZ-SCA test results and the 
transition curves are shown in Fig. 7. Fracture appearances of the test data 
indicated by (a), (b), and (c) in Fig. 7 are displayed in Fig. 8. Photograph (a) 

Copyright by ASTM Int 'l  (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



TANAKA ET AL ON NEW WIDE PLATE ARREST TEST 31 

FIG. 6--Test  sequence and fracture surface of HAZ-SCA test. 
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FIG. 7--Examples of HAZ-SCA test results. 

in Fig. 8 is an example of the test result of "Go" ,  whereas (b) and (c) are 
examples of "Arrest".  

When the fracture surfaces were investigated carefully, it was clear that, 
even though the fracture was originated by the starter, the fracture propaga- 
tion pattern (except the central part of the surface notch) resembled to quite 
an extent that of the ordinary brittle fracture initiating at the tip of a surface 
crack. The specimen shown as (b) in Fig. 8 was taken from the same weld 
joint as that for the full breadth surface crack wide plate test shown in Fig. 3. 
From these test results, it became clear that brittle fracture initiating at a tip 
of a surface crack can be arrested when the length of the surface crack is not 
so long that the driving force of the through-the-thickness crack exceeds the 
fracture arrest toughness of the full thickness material which includes the 
plane stress regions near the plate surfaces. 

In Fig. 7 the significant effect of the weld joint type is observed. The K-joint 
of 31/2% nickel steel shown as No. 2 has a critical temperature 20~ higher 
than that for the X-joint of the same steel shown as No. 3. The reason for this 
is that the weld HAZ of the X-joint is inclined against a line perpendicular to 
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a. (Upper). 31/~z~ Ni steel, K-joint, 6Ni-WM, 
tested at --'/0~ 392MPa. 

b. (Middle). LowC-fine grain low temperature 
steel, X-joint, Ti-B-WM, tested 
at --50~ 147MPa. 

c. (Lower) 3~%Ni steel, X-joint, 6Ni-WM, 
tested at --50~ 392MPa. 

FIG. 8--Examples of fracture appearances of HAZ-SCA tests. 
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the plate surface, whereas brittle fracture tends to propagate in a plane per- 
pendicular to the plate surface. It is also observed that the effect of the nickel 
content in the base metal is noticeable. This effect was investigated further by 
testing a series of steel plates having various nickel contents. Figure 9 illus- 
trates the results of this investigation where the same K-type joint shape and 
the same welding condition were applied for all the materials. It is seen that 
the brittle fracture propagation along the weld HAZ at an applied stress be- 
low yield took place at --50~ when the nickel content of the base metal was 
2V2% or less. 

Compact Crack Arrest (CCA) Test 

Since the SCA test requires a large-scale testing machine and a sophisti- 
cated apparatus for the fracture starter, it is not convenient for wider applica- 
tions at many laboratories. The CCA test is easier to conduct and requires less 
material. It is also advantageous that the fracture arrest toughness value, Ka, 
is obtained by the CCA test. Because of these conveniences of the CCA test, 
the present authors also carried out the tests on the same welded joints as for 
the SCA tests. 
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During the investigation by means of the CCA test the authors made some 
modifications in the test and the calculation methods. These were as follows: 

1. Side Groove--Specimens without side grooves were employed because 
fracture toughness values of the full thickness were of interest. 

2. Fracture Initiation Beads--In order to control the fracture initiation 
stress intensity factor, KQ, the following welding materials were applied: 

�9 For the test at a temperature down to --30~ Murex-Hardex. 
�9 For a temperature between --30 and --100~ Hardfacing elec- 

trode for Hv : 300. 
�9 For a temperature between --100 and --150~ electrode for 800 

MPa class strength. 
�9 For a temperature between --150 and --196~ 6% nickel elec- 

trode. 

3. Application of Pre-Loading--In order to avoid a premature fracture at 
a too low KQ value the pre-loading method at a warm temperature was con- 
ducted. The same K value as an aimed KQ value was applied at a warm tem- 
perature that would not cause fracture initiation. 

4. Calculation of Ka Values--Even though the tests were conducted with 
careful design and preparation of specimens, many specimens showed higher 
KQ and Ka values which exceeded the limitations set by Ripling et al [10] as a 
function of the specimen size and the materials' yield strength. In order to 
utilize as many data as possible, the following modifications in the K,  calcu- 
lation method were made. 

�9 Calculate the KL value corresponding to the limit load for the speci- 
men; this is obtained by means of the equation by Merkle et al [11]. 

�9 When the experimental KQ value is larger than KL, substitute the 
following equation for the original Ka formula which uses displacement for 
calculation of K,.  The new formula was obtained by Crosley et al [12] and 
applies the relationship between initiation K values, crack jump length, and 
Ko: 

K~ = KL [1 -- 0.92 (Aa/W) + 0.33 (Aa/W) 2] 

where Aa is the crack jump length and W is the specimen width. 

The data obtained in this way were compared with the wide plate test 
results and were used for the analysis reported in the following section. 

Discussion 

Effect of Nickel Content of Base Plate on HAZ-SCA Test Results 

As was observed in Figs. 7 and 9 the increase of the nickel content of the 
base metal improves the arrest capability of the weld HAZs. In order to show 
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more clearly the effect of nickel content Fig. 10 was drawn. In this figure, the 
temperature at which the result of "Arrest" is obtained in the HAZ-SCA test 
under the applied stress of 400 MPa is taken as the critical temperature (i.e., 
SCA temperature) and is shown on the ordinate. This SCA temperature be- 
comes lower when the nickel content is raised, K-joint is changed to X-joint, 
or welding material is changed from the ferritic type to the austenitic sort 
which is free from brittle fracture. 

It was also noticeable that the SCA temperatures were very high compared 
with the ordinary transition temperatures, such as the 48 J (35 ft-lb) transition 
temperature in the Charpy test, on the welded joints used. When one has to 
select a material for an LPG storage tank operated at - 4 5 ~  and when one 
takes a combination of such severe conditions as 400 MPa of applied stress 
and a K-joint configuration caused by some unexpected coincidence of vari- 
ous consequences, then one may have to choose the 31/2% nickel steel. 

Relationship Between H A Z - S C A  and Charpy Test Results 

Although it is well known that the Charpy test is not a fracture toughness 
test, it has been used as an industrial small-scale test for a long time. It may 
therefore be useful to correlate Charpy test results with HAZ-SCA test results. 
For the correlation, K values applied to the HAZ-SCA tests were calculated 
by means of Irwin's tangent formula for a center cracked specimen together 
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perature of weld HAZ. 
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with the half crack length of 60 mm (i.e., the half of the length of the surface 
notch in the tests). Figure 11 shows the relationship between the HAZ-SCA 
and Charpy test results. The abscissa is the difference between the test tem- 
perature for the HAZ-SCA test and the fracture appearance transition tem- 
perature (FATT) in the Charpy test. In some ~treas in this figure, the results of 
"Go"  and "Arrest"  are mixed. The line shown in the figure, however, sepa- 
rates the "Arrest"  data from the "Go"  data. This line therefore may show a 
lower bound relationship between the K,  value and the Charpy test results for 
weld HAZs. 

Modification of the SCA Test 

Because the starter plate for the HAZ-SCA test can inject a brittle fracture 
into any part of a steel plate, it can be applied for other objectives. The base 
metal SCA (BM-SCA) test shown in Fig. 12 is one example of such a modified 
specimen. With this test method, fracture behavior of a welded plate having a 
brittle fracture initiation at the weld joint can be studied. The main points of 
this test method are (1) that the weld residual stress is incorporated in the 
same way as in the actual structures, and (2) that the method uses a center 
cracked and hence symmetrical specimen which eliminates the effect of bend- 
ing moment found in single edge cracked specimens used in existing wide 
plate arrest tests. 
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FIG. 11-- Correlation between HAZ-SCA and V-Charpy test results for low temperature steels 
with thickness range of 25 to 30 mm. 
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F I G .  12--Base metal SCA (BM-SCA) test specimen. 

One of the present authors together with co-authors reported results of the 
BM-SCA test on low-temperature steels [13] and those on 9% nickel steels as 
well as the K analysis method by LEFM [14]. The data obtained by the BM- 
SCA test are also included in the analysis shown in the next section. 

Correlation of CCA Test to SCA and Wide Plate Tests 

The compact crack arrest test and the wide plate test results were brought 
together and analyzed by means of LEFM. Besides the two types of SCA tests, 
the duplex ESSO test has been conducted on some materials. The data of the 
duplex ESSO test were also included in the analysis. The applied K values are 
calculated without considering the dynamic situation of the run-and-arrest 
phenomenon of the brittle fracture. The results are summarized in Fig. 13. 
The ordinate is the applied K value in the wide plate arrest tests; the abscissa 
is the K,  value obtained by the CCA tests. Because all the wide plate tests are 
the "Go"  and "Arrest"  type of test, it can be said that a good correlation 
exists between CCA and other tests when solid and blank marks are separated 
by a line. Figure 13 seems to show a considerably good relationship between 
the small-scale and large-scale tests. This is very encouraging, since all the 
calculations were made by static methods. We may conclude that the static 
calculation can be applied to the brittle fracture arrest phenomenon when the 
crack length is not large. The designed half crack lengths were 60 mm in the 
HAZ-SCA and 150 mm in the duplex ESSO test. The half crack sizes ob- 
served in the BM-SCA tests with the results of "Arrest" were approximately 
50 to 65 mm. Therefore the above conclusion may be valid up to a half crack 
length of 150 mm. 

Figure 13 suggests that the CCA test when applied with the modified calcu- 
lation is applicable for the evaluation of fracture arrest toughness of various 
steel plates and their weld joints. 
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C o n c l u s i o n s  

1. It was found that welded joints of steel materials which have been ap- 
plied to actual important applications could show considerably low fracture 
initiation toughness when investigated with numerous CTOD or Kic speci- 
mens or examined by the fatigue CTOD test. 

2. The material that showed a low fracture initiation toughness fin the 
small-scale test will show also a low stress brittle fracture in the notched wide 
plate test when a crack tip is located at the same microstructure found to be 
brittle in the small-scale tests. 

3. The SCA concept, which aims at the immediate arrest of brittle fracture 
when it propagates either beyond the length of the pre-existing surface defect 
or into a tougher material, seems to be the most realistic criterion when appli- 
cation of an arrest concept is necessary. 

4. The HAZ-SCA test is suitable for the investigation on the practical ar- 
rest capability of steel plates and their weld joints. 
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5. The nickel content of the base plate, the joint geometry of the weld, and 
the type of the welding material applied affect the HAZ-SCA test results. 
When severe conditions are expected in service a considerably high nickel 
content of the base plate is required. 

6. From Ka values obtained by the CCA test, results in the HAZ-SCA or 
BM-SCA test can be estimated. The CCA test seems to be a promising test 
method for fracture arrest toughness evaluation. 

7. There was comparatively good correlation between the results of the 
HAZ-SCA and Charpy tests on the same weld joints. 
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ABSTRACT: A study has been conducted to characterize the response of semi-elliptic 
surface flaws to thermal shock conditions which can result from safety injection actuation 
in nuclear reactor vessels. A methodology was developed to predict the behavior of a flaw 
during sample pressurized thermal shock events. The effects of a number of key variables 
on the f/aw propagation were studied, including (1) fracture toughness of the material and 
its gradient through the thickness, (2) irradiation effects, (3) effects of warm prestressing, 
and (4) effects of the stainless steel cladding. 

The results of these studies show that under thermal shock loading conditions the flaw 
always tends to elongate along the vessel inside surface from the initial aspect ratio. How- 
ever, the flaw shape always remains finite rather than becoming continuously long, as has 
often been assumed in earlier analyses. The final shape and size of the flaws were found to 
be rather strongly dependent on the effects of warm prestressing and the distribution of 
neutron flux. 

The improved methodology results in a more accurate and more realistic treatment of 
flaw shape changes during thermal shock events and provides the potential for quantify- 
ing additional margins for reactor vessel integrity analyses. 

KEY WORDS: flaw shape, stress intensity factor, fracture toughness, crack initiation, 
crack arrest, thermal shock loading, warm prestressing, virtual crack extension (VCE) 
method 

T h e  m o s t  ser ious  c h a l l e n g e  to  t he  in tegr i ty  of  a r eac to r  p re s su re  vessel 

comes  f r o m  t h e r m a l  shock  l oad ings  t h a t  can  resu l t  w h e n  the  safety  in jec t ion  

sys tem in jec ts  co ld  w a t e r  in to  t he  n o r m a l l y  h o t  (290~ r eac to r  vessel.  Th i s  

in jec t ion  sys tem is de s igned  to  cool  t he  r e ac to r  core  to  p r e v e n t  its o v e r h e a t i n g  

~Westinghouse Electric Corporation, Nuclear Energy Systems, Pittsburgh, PA 15230. 
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in the event of a loss of water pressure in the system. This thermal shock can 
produce high stresses as well as lowering the temperature and therefore the 
material toughness of the vessel itself. 

During the thermal shock, a flaw, if it exists, will be driven to elongate, 
since the highest stresses and lowest temperature occur near the vessel sur- 
face. The elongation of the flaw is resisted by the combined effect of the de- 
creasing stress intensity factor at the surface as the crack lengthens and better 
material properties due to lower constraint and often more effective heat 
treatment of the plate or forging in that area. Elongation is also resisted by 
the presence of the stainless steel cladding. 

The behavior of postulated flaws in the reactor vessel during a thermal 
shock has long been a subject of active investigation. Early procedures in- 
volved the use of simplified flaw shapes and approximations for calculating 
stress intensity factors. Analytical procedures have continually advanced to 
better deal with the complex interactions which occur between a flaw and the 
thermal shock loading. Several approaches are presently recommended for 
this assessment. 

Section XI of the ASME Boiler and Pressure Vessel Code [1] provides a 
detailed procedure for fracture assessment of nuclear vessels. It is suggested 
that the flaw shape be assumed to retain its original aspect ratio after crack 
propagation has started. The Section XI guidelines state that crack initiation 
occurs when the maximum Mode I stress intensity factor, (KI) . . . .  along the 
crack front exceeds the "K~c" value, which is the lower bound of the static 
crack initiation toughness, with a reference toughness curve for reactor vessel 
steels provided. Moreover, the Section XI guidelines also state that crack ar- 
rest will occur if (K~)max falls below the "Kla" value, which is the lower bound 
of the dynamic crack initiation and arrest toughness, with another reference 
toughness curve also provided. 

Another treatment of the flaw shape is the NRC recommendation [13] in 
which the initial flaw shape is assumed to be semi-elliptical with an aspect 
ratio of 6:1; the flaw is then assumed to become continuous (i.e., infinitely 
long) after crack initiation has started. Apparently, both the ASME Section 
XI guidelines and the NRC assumption are not realistic, because the final 
flaw shape in the reactor vessel beltline region is dependent on the type of 
load, the material properties, and other factors. The NRC assumption will 
normally lead to much more conservative results than those which are based 
on the ASME guidelines. A more realistic flaw shape would fall between these 
two bounds. This has been demonstrated in a series of thermal shock tests 
conducted at Oak Ridge National Laboratory (ORNL) on scale-model ves- 
sels, in which a thick-walled cylinder with a 19 mm (0.75 in.) deep semi-circu- 
lar axial flaw on the inside surface was exposed to a severe thermal shock 
load. The results of the experiment showed that the crack propagated only 
axially and extended only to a finite length [2]. It should be mentioned that 
this experimental cylinder was not clad, and so the results do not reflect the 
complete set of interactions involved. 
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Many experimental programs were conducted in laboratories such as Fra- 
matome [14], Knolls Atomic Power Laboratory [20], and Oak Ridge Labora- 
tories [21-23] to study the effect of stainless steel cladding on failure load of 
carbon steel specimens. All test results showed that the unirradiated cladding 
did significantly improve the load carrying capacity of the specimens. 

The purpose of this paper is to study the flaw behavior as a function of the 
toughness related parameters while the flaw shape is allowed to vary during 
the crack propagation. 

Method of Flaw Shape Change Analysis 

In evaluating fracture behavior of a structural component both the mate- 
rial properties and the crack driving forces should be considered. Assume 
that very little plastic deformation is involved in the fracture process. Based 
on linear elastic fracture mechanics (LEFM), only the fracture toughness and 
the stress intensity need to be considered for the analysis. Methods of deter- 
mination of material properties and the stress intensity factors are briefly de- 
scribed below. 

Determination of Material Properties 

Based on LEFM, Klc and Kin are the material properties that can be used to 
determine, respectively, whether crack initiation or arrest will or will not oc- 
cur. For conservatism, the Klc and Kla data to be used in the analysis are 
taken from the lower bounds of all tests. 

Since the fracture toughness varies with temperature, for convenience, a 
temperature scale is defined relative to the reference nil-ductility transition 
temperature, R TND T. The R TND T is a nonphysical constant related to the brit- 
tle-to-ductile fracture transition temperature. 

The reactor vessel steels (A-533 and A-S08) and the weld metal are suscep- 
tible to fast neutron fluence or irradiation damage. As a result of the irradia- 
tion damage the fracture toughness is decreased with the time of exposure. 
The reduction in toughness due to irradiation damage is enhanced with the 
increasing content of copper and nickel. The degree of irradiation damage 
can be assessed by measuring or determining the shift to higher temperatures 
of the reference transition temperature, ARTNDT. 

ARTND T is generally determined by so-called "trend curves", which corre- 
late the fluence and copper content to ARTNDT. Based on the initial RTNDT 
value of the material at a specific location, the RTNDT values at the end of the 
power plant design life can be determined from the trend curves. These final 
RTNDT values are used to calculate Kit and Kla. 

Determination of Klfor Surface Flaws 

The stress intensity factors for most of the two-dimensional problems under 
simple loading conditions can be found in handbooks [e.g., 3]. In the case 
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where the body is subjected to generally distributed symmetric loads, Kl may 
be computed by Bueckner's weight function method [4, 5]. For surface flaws, 
three-dimensional calculations are involved in determination of the Ki-distri- 
bution along a crack front. A brief review of the works on this subject is given 
in Refs 6 and 7. In general, numerical analysis is required to deal with this 
type of problem. Recently, Parks [10] developed the virtual crack extension 
(VCE) method to determine the Jrvalues for three-dimensional problems. 
The VCE method is used in the present paper to determine the Ki-distribu- 
tion for semi-elliptical cracks in a reactor vessel. 

In practice, direct fracture mechanics analysis for the entire transient his- 
tory experienced by a reactor vessel is prohibitively expensive because the load 
is time varying. More economic approaches have been developed by, for ex- 
ample, McGowan and Raymund [6], Heliot et al [7], and Raju and Newman 
[8], using the superposition technique. In the superposition technique, the 
stress intensity factors for a given crack are first computed for the uniform, 
linear, quadratic, and cubic (or higher order) loads which act on the crack 
surface. Then, in the actual evaluations, the stress (for example, the thermal 
stress due to a thermal transient) is given approximately by a polynomial 
function. The coefficients of the polynomial represent the weight of each load 
component that comprises the total load. Therefore the total stress intensity 
factor is determined by combining the contributions from each component 
load. 

Assume that the normal stress distribution across a vessel section can be 
represented by a polynomial equation 

(~ : ~AjxJ  ( j  : O, 1, 2, .3) (1) 
J 

where x is measured from the inside surface of the cylinder (Fig. 1) and Aj ' s  
are the coefficients of the stress distribution that can be determined by the 
least-square curve fitting technique. 

Ri 

FIG. 1--Schematic of a longitudinal semi-elliptical flaw on the inside surface of a cylinder. 
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The corresponding KI is given by [8] 

K~= ~ Q  ~j AjGjaJ ( j  = O, 1, 2, 3) (2) 

where Q is the shape factor or the complete elliptical integral of the second 
kind and can be approximated by Q = 1 + 1.464 (a/c) 1"65, and a and c are 
defined as in Fig. 1. Gj is the influence coefficient corresponding to load com- 
ponent %-. It should be noted that Gj is a function of the shape of crack, shape 
of the body containing the crack, and the position of the crack front consid- 
ered. 

In principle, if the G-data for a sufficient number of crack shapes are avail- 
able, the Krvalue  at any point along the crack front of a semi-elliptical crack 
of any shape and size within the range considered can be computed using Eqs 
1 and 2 with the aid of an interpolation technique. The flaw shape analysis 
presented in this paper is mainly based on the results of Raju and Newman [8] 
for semi-elliptical cracks with a/c ratio ranging from 0.2 to 1.0 and a/t ratio 
ranging from 0.2 to 0.8 in a cylinder with t/R = 0.1. For the shape with 
a/c = 0.1, the results of Heliot [9] are used. 

Owing to the fact that during a thermal transient the stress near the inside 
surface of the vessel is rather high and the temperature there relatively low, 
the crack would likely grow, if it initiates, primarily only in length to result in 
a very small a/c ratio. Therefore additional G-data for a longitudinal semi- 
elliptical surface crack with a very small aspect ratio (a/c = 0.047, a/t = 0.2, 
and t/R = 0.1) were generated using the VCE method [10] in conjunction 
with the finite element computer program ADINA [11]. This geometry was 
selected as a benchmark problem under a Westinghouse-ORNL exchange 
program [24]. 

The finite element model of this geometry consists of 216 isoparametric 
brick elements and 1282 nodes which results in a system approximately 3500 
degrees of freedom. The model is shown in Fig. 2. In the VCE computation, 
nodes at the crack tip are perturbed to simulate a virtual crack extension [12]. 
The change in potential energy corresponding to such a perturbation, cSP, can 
be evaluated in the finite element analysis. The Ji value is then calculated by 

6t' 
J~ -- (3) 

~A 

where 5A is the virtual crack area created by the nodal perturbation. The 
stress intensity factor can be determined using the well known relation K~ = 
~/J1E', where E '  = E for plane stress condition and E '  = E/(1 - v 2) for 
plane strain condition, E = Young's modulus, and v = Poisson's ratio. 

In general, the Ji-value varies along the crack front, so the nodal perturba- 
tion has to be performed individually for all nodes along the crack front. For 
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(a) Overall View (b) Close-up View at Location S 

FIG. 2--Finite element model of a cylinder with a semi-elliptical crack, a /c  : 0.047, a / t  = 
0.2, t / R  = 0.1. 

each local nodal perturbation, the associated energy perturbation can be ex- 
pressed by 

~P = - I J ( s )  ~e (s)ds (4) 
J R 

where s is the arc length along the crack front, 6f(s) is the crack front dis- 
placement at s resulting from the nodal perturbation, and R is the region in 
which a local virtual crack extension is covered. Both J(s) and 6g(s) can be 
expressed in terms of nodal values using interpolation functions. The J-distri- 
bution, or the J-value at the nodes along the crack front, is obtained by solv- 
ing a system of linear equations transformed from a system of the integral 
equations (Eq 4). 

The G-data corresponding to this crack shape are shown in Table 1. It was 
found that the Westinghouse and ORNL results are in very good agreement 
[24]. These data, together with those given by Raju and Newman [8] and He- 
liot [9], form the basis for the variable flaw shape analysis. Some of the data 
are plotted in G versus c/a frames (Figs. 3 and 4). It can be seen from these 

TABLE l - - Inf luence  coefficients, G, for semi-elliptical surface 
flaw in cylinder t / R  = 0.1, longitudinal, inside surface. 

a / t  ---- 0.2. a /c  = 0.0472. 

2 ~ / ~  Go G~ G2 G3 

0 O. 195 0.062 0.026 0.010 
0.25 0.697 0.218 0.090 0.043 
0.50 0.975 0.453 0.239 0.147 
0.75 1.164 0.655 0.453 0.341 
1.00 1.221 0.744 0.561 0.456 
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FIG. 3--Influence coefficients as a funct ion of  aspect ratio, c/a, semi-elliptical crack on the 
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FIG. 4--Influence coefficients as a funct ion of  aspect ratio, c/a, semi-elliptical crack on the 
inside surface of  a cylinder, at (a : 0 ~ (surface). 

figures that the G-data obtained in the present study are a reasonable exten- 
sion of those given in Refs 8 and 9. The G-data for another semi-elliptical 
surface flaw with a / t  = 0.2, a / c  = 0.4, and t / R  : 0.1 were also computed 
using the VCE method. The results are in excellent agreement with those 
shown in Ref 8 and therefore are not shown in this paper. 

For cracks with a / t  ratios other than 0.2, the G-data corresponding to a /c  

ratios smaller than 0.1 (i.e., very long cracks) were extrapolated directly from 
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the G versus c/a curves. However, the exact G-data for very long cracks 
should be determined for more accurate analyses. 

The second step of variable flaw shape analysis is to determine the local 
values of Kic and Kia at points on the crack front. Crack initiation or arrest 
occurs when the local KI/KIc or Kl/Kla ratios are, respectively, equal or 
greater than unity. Using these criteria the flaw shape can be predicted. It 
should be noted that the crack may propagate either radially (into the wall) or 
lengthwise (along the surface) depending upon the actual local KI/KI~ and 
KI/KIa ratios. When KI/KI~ near the surface is greater than unity, a small 
increment is given to elongate the crack shape. Then the K1/Kk and the 
KI/KIa are re-evaluated for the "new crack". This process of crack propaga- 
tion continues until the KI/KIa ratios are less than unity all along the crack 
front. 

Similar procedures are used for the radial propagation when KI/KI~ and 
K~/K~ ratios in the region near the deepest point of the flaw are greater than 
unity. It should be noted that although the crack may independently propa- 
gate axially (or azimuthally in the case of circumferential flaws) and radially, 
the shape of the flaws remain semi-elliptical in the analysis. However, the 
geometry of the flaw (i.e., the aspect ratio) and its size are changed. 

These procedures can be applied to any initially assumed semi-elliptical 
surface flaws for the entire history of a transient. The final shape and size of 
the postulated flaws are determined based on the type of transient and the 
material properties. 

Control Parameters for Flaw Shape Studies 

Parameters Evaluated 

In order to study the flaw shape change phenomenon during a thermal 
transient, a systematic investigation was performed to determine the sensitiv- 
ity of the factors that affect the crack propagation. The results of these inves- 
tigations provide information regarding the history of the crack propagation 
from which more appropriate methods of fracture analysis may be developed. 
Basically, the variables that are used in the present flaw shape change study 
are RTND T at the inside surface, the added toughness contributed by the 
stainless cladding on the inside surface, the warm prestressing effect, the 
fracture toughness gradient on the surface, and one-dimensional versus two- 
dimensional flux (1D/2D) effects. The significance of these parameters is de- 
scribed below. 

(1) RTNDT--As stated earlier, RTNDT is a parameter indexing the fracture 
toughness of the material. RTNDT is the sum of the initial RTNDT (R TNDTi) and 
the Z~kRTND T which is an additional shift due to irradiation damage. RTNDT is 
a function of material residual elements and neutron fluence. Therefore, by 
specifying the RTNDT value at the inside surface, along with a given copper, 
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nickel, and phosphorus content, the toughness at any point in the vessel wall 
can be determined. Curves correlating these data are called "trend curves". 

The Guthrie trend curve [13], which represents the current NRC preferred 
method of determining the shift in R TND T in the reactor vessel beltline region, 
was selected for the present study. This trend curve is represented by 

( f ~0.27 
ARTNDT = ol[--10 + 470 Cu + 350 (Cu • Ni)] \1019/  (s) 

where Cu and Ni are the weight percent of copper and nickel, respectively;f is 
the fluence, n/cm2; and a is a unit conversion factor with cx = 1 for British 
units and tx = 0.56 for SI units. 

The study was carried out based on a series of specified values of surface 
RTNDT. Once this is specified, the value of RTNDT (and thus toughness) as a 
function of distance into the vessel wall is a function of the fluence gradient 
and slope of the trend curve. 

(2) Added Toughness from Cladding--The reactor vessel stainless steel 
cladding is believed to have superior toughness to the ferritic steel at the in- 
side surface of the reactor vessel, particularly after irradiation has lowered the 
toughness of the ferritic steel. Although this benefit has not been quantified 
as yet, an analytical simulation of the effect was carried out as part of the 
parametric study. To accomplish the simulation, the innermost portion of the 
reactor vessel wall (4 mm) was assumed to have a constant fracture toughness 
equal to 165 MPa 4-m (150 ksi x/~-. ), and the remainder of the vessel wall had 
a toughness based on the ASME Code reference toughness, which is a func- 
tion of the irradiation-induced change in RTNDT. The clad toughness was 
based on results from a series of sandwich specimen tests conducted in France 
[14]. The stainless steel cladding does not have a transition to lower toughness 
values in the temperature range experienced during a thermal shock. 

(3) Warm Prestressing Effect--Warm prestressing (WPS) [15] is an em- 
pirically observed phenomenon that prevents crack initiation during reactor 
vessel thermal shock transients as long as the stress intensity of the flaw is 
decreasing with time. A detailed review of the WPS phenomenon is given by 
Pickles and Cowan [16]. Basically the WPS effect is believed to be caused by 
two principal factors: increase of the yield strength due to temperature de- 
crease, and formation of a compressive residual stress field at the crack tip 
due to unloading. 

(4) Fracture Toughness Gradient in the Base Metal--It is welt known that 
near the inside and outside surfaces of a unirradiated reactor vessel, the frac- 
ture toughness is significantly greater than the interior of the vessel material. 
This fact is indicated by the Charpy data [I 7] shown in Fig. 5. The data indi- 
cate that the surface layer has an approximately 28~ (50~ lower value of 
RTNDT than at the quarter thickness position. This toughness gradient can 
affect the shape of the flaw. 
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FIG. 5--Variation of  Charpy values with location where the specimens are cut f rom a plate. 

(5) ID/2D Flux Effect--It is well known that the neutron fluence (flux) 
varies axially, radially, and azimuthally. This means that a postulated crack 
started at the most severely damaged location will grow, if the local KI/K~c 
ratio value is greater than 1, to a less damaged location during the thermal 
transient, and increases the possibility of arrest. 

Parameters Not Evaluated 

Although the parameters discussed in the previous section are the key vari- 
ables involved in a pressurized thermal shock analysis, there are several other 
phases of the analytical procedure which have not been treated here. The in- 
teraction between the base metal and cladding was not dealt with completely, 
although a first attempt was made to account for the beneficial effect through 
increased toughness. This is a very complicated situation in reality, because 
in addition to the presence of the two materials, there is a complicated resid- 
ual stress field which will be redistributed due to the presence of a flaw. This 
redistribution has not been characterized either analytically or experimen- 
tally, so it was not possible to deal with it here. 

Another aspect of a pressurized thermal shock analysis that was not treated 
directly here is the temperature variation which can occur when safety injec- 
tion flow does not mix completely with the water already in the system. This 
has no impact on the fracture analysis for most locations, because the flow 
which does not mix tends to form a layer whose effect on heat transfer is 
rather easily evaluated. The only case where this aspect could be important is 
where a cold water streaming effect occurs in the inlet nozzle. The presence of 
the hot-cold interface in these cases will affect the propagation of a flaw, but 
this interaction was not considered in the work reported here. 
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S a m p l e  Calculat ions  

A small-break loss-of-coolant accident (LOCA) transient was selected for 
the analysis. This is a typical pressurized thermal shock (PTS) transient. The 
temperature history of the transient analyzed here is approximately repre- 
sented by 

T = 282 -- 0.306t + 0.133 • 10-3t 2 -- 0.187 • 10-7t 3 (6) 

where t is the time (seconds) and T is the temperature (~ The pressure 
remains constant at 6.895 MPa (1000 psi) during the first 2000 s of the tran- 
sient and then decreases nearly linearly to 2.19 MPa (318 psi) when t = 
4000 s. Both the temperature and pressure remain constant thereafter. 

The thickness-to-radius ratio is 0.1 and the thickness is 219 mm (8.625 in.). 
The crack is semi-elliptical on the inside surface in the longitudinal direction. 
The upper shelf toughness is 220 MPax/m (200 ksix/~.); the initial RTNDv is 
-- 18~ Using these data, 16 eases were investigated to study the effect of the 
control variables described earlier. Descriptions of these eases are given in 
Table 2. For each ease, five initial crack depths, ranging from 10 to 30% of 
the wall thickness, were evaluated. The shape of these cracks are all semi- 
elliptical with the initial aspect ratio 2 c / a  = 6.0.  

Results  of  F law Shape  Analys is  

The crack propagation history for each of these postulated flaws for all 
cases was calculated. For some cases there was no initiation at all, while for 
other cases the flaws initiated but were arrested. There were some cases where 
the flaw initiated and arrested but then re-initiated and eventually penetrated 
the wall. The crack propagation histories of all the cases studied are summa- 
rized in Table 3. This table provides a qualitative description of the manner of 
flaw shape change and its sensitivity to the various parameters studied. In 
general, the WPS effect provides significant benefits in resisting crack propa- 
gation. The benefits given by the other parameters are moderate. 

TABLE 2---Description of the cases analyzed. 

Cladding Toughness 
Case ~ WPS? Effect? Gradient? b 

l to4 no no no 
5to8 no no yes 
9to12 yes no no 

13to16 no yes no 

"Four RT~DT in each case group 111, 139, 167, 194~ (200, 
250, 300, 350~ 

b28~ (50~ lower RTNor at surface than at V4T position. 
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TABLE 3--Results of flaw shape change analysis. 

R T~DT Flaw Shape 
Case (~ Evolution Summary" Remarks 

1 200 E,D/P 
2 250 E,D/E,D/P 
3 300 E,D/E,D/P 
4 350 E,D/E,D/P 

No beneficial factors are 
considered in this group. 

5 200 E,D/P Penetration only occurs on 
6 250 E,D/P those with initial a/t = 
7 300 E,D/P 0.2 flaws. Surface tough- 
8 350 E,D/P ness gradient effect is 

moderate. 

9 200 E/ Strong benefit due to WPS 
10 250 E/ is obvious. 
11 300 E,D/E,D/  
12 350 E,D/E,D/P 

13 200 E,D/ Added toughness from clad- 
14 250 E,D/P ding only benefits the low- 
15 300 E,D/P est RTNI~T case. 
16 350 E,D/P 

"Abbreviations: E = elongated, D = deepened, P = penetrated, / = 
arrest event. 

The results of the evolution of the flaw shape during the postulated tran- 
sient are presented in Figs. 6 and 7 to show the change in the aspect ratio 
(a/c) and the flaw depth (a/t). The ASME Code Section XI guideline would 
allow the initial flaw shape, a/c = 0.333, to remain constant, while the NRC 
approach described in Ref 13 would require the flaw to be treated as a contin- 
uous flaw, with infinite length. These approaches are shown graphically in 
the figures. 

Four different surface RTNDT values were investigated, namely 93, 121, 
150, and 177~ (200,250,300, and 350~ in association with other parame- 
ters. Point I of Figs. 6 and 7 represents the initial shape of the crack and is 
shared by four different cases in each diagram, as indicated by four different 
symbols in a large circle. When the transient occurs, the tough material, rep- 
resented by low RTNDT values, may be able to resist the load induced in the 
transient and no crack will initiate. In this case no curve can be developed in 
the flaw shape evolution diagram (i.e., Point I represents both the initial and 
the final geometric conditions). In other cases, the flaws will propagate and 
generally will be elongated and deepened. This is represented by the decreas- 
ing a/c values and the increasing a/t values. 

There are cases where multiple arrest-reinitiation events occur. Each time 
when an arrest occurs, a symbol corresponding to the specified RTNDT is 
marked in the diagram to show the new flaw geometry. This procedure may 
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FIG. 6--Flaw shape evolution based on various specified RTNDT values (1D flux, WPS effect 
considered). 

FIG. 7--Flaw shape evolution based on various specified RTNDT values (no beneficial factors 
are considered). 

continue depending upon the load and the material properties. It can be seen 
from these diagrams that for some cases the flaws are permanently arrested at 
a finite shape and depth, while for other cases the flaws will penetrate the wall 
after several reinitiations and re-arrests. 

Figure 6 shows the flaw shape evolution with the presence of the benefit of 
the WPS effect, while Fig. 7 shows the results without WPS. In all cases, the 
postulated crack grows longer as well as deeper, if it initiates. The initial 
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shape is denoted by ' T ' .  The crack gets progressively narrower until it 
reaches 50 to 60% of the wall thickness, and after this point it begins to get 
fatter, as shown by the rise in the curves for very deep cracks. For this tran- 
sient the flaw shape changes from a/c  = 0.333 to a minimum of about 0.025, 
which corresponds to a length-to-depth ratio changing from 6: 1 to 80: 1. Af- 
ter this time the flaw becomes fatter, to a length-to-depth ratio of between 
30: 1 and 50: 1. 

It can therefore be seen from the flaw shape change results discussed here 
that the flaw will always elongate from an initial 6:1 shape. However, the 
shape always remains finite, rather than becoming continuously long, as the 
NRC has assumed [13]. 

The effects of flaw shape on the results of reactor vessel integrity analysis 
are shown in Fig. 8 for a series of analyses employing a longitudinal flaw. In 
this figure, two sets of analysis results are presented, showing the relationship 
between the final flaw shape and the acceptable surface RTNDT. The curve on 
the left was taken from results previously presented by the NRC [Fig. D-19 of 
Ref 13]. Here the flaw shape was assumed to be constant as the flaw propa- 
gated. The results show that the acceptable surface RTNDT of the a/c  = 0.333 
flaw (length-to-depth ratio 6: 1) is considerably higher than that of the contin- 
uous flaw (a/c  z 0). 

The right-hand curve in Fig. 8 shows results for a similar transient analyzed 
in this work. This transient is slightly less severe than the transient used in 
Ref 13 but is more realistic. For this transient, results are plotted for an arrest 

a / c  
0 . 4  

A 03 S /  
0 . 2  - -  

0.1 - -  B 

o.o I ~ I I 
160 200 240  280 320  360 400  

S u r f a c e  R T N D  T ( ~  

NRC results (constant aspect ratios) D3"J ~ Present analysis 
A: a / c  = 0 .33,  arrest a / t  = 0.5 1: cons tan t  a/c  = 0.33,  arrest a / t  = 0.6 
B: a/c  = 0 .10 ,  a r res t  a/ t  = 0.5 (a lso 2 - f l aw  cr i te r ion  resul ts)  
C: a / c  = 0 .00,  no a r res t  2: var iab le  a / c ,  arrest a / t  = 0.6, 1D f lux  

3: initial a / c  = 0 .33,  then a / c  = 0 .0  after initiation, 
no arrest 

�9 cons tan t  a/c  = 0.33,  arrest a / t  = 0 .72  
�9 var iab le  a / c ,  arrest a / t  = 0 .55 ,  2 D f lux  

F I G .  8--Effect of flaw shape treatment on reactor vessel integrity acceptability. 
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depth of 60% as compared with 50% for the left-hand curve. The use of the 
60% arrest depth resulted from the availability of results and should not im- 
ply any criterion for arrest. The use of the ASME Code suggested arrest depth 
of 75% of the vessel wall would result in another curve to the right of this 
curve, as shown by the square symbol plotted to the right of the curve. 

Again it is seen that the shape affects the acceptable surface R TNDT, with 
the trend similar to that observed in the left-hand curve. The end points of 
this curve were determined based on the ASME guidelines and the NRC as- 
sumptions, while Point 2 was a result of variable flaw shape treatment 
(Fig. 8). 

An additional analysis using 2D flux variations was performed, where the 
flaw was allowed to take a variable shape. The use of this variable shape 
results in significant further improvement in results compared with the as- 
sumption that the flaw becomes continuous. Furthermore, use of the more 
accurate representation of the flux gradient (2D variation versus 1D varia- 
tion) improves the result considerably, by nearly 28~ (S0~ It also results 
in a final flaw shape which is not as long, having a length-to-depth ratio of 
about 27: 1. 

For the transient considered in Fig. 8, the resulting acceptable RTND~r for 
the 6 : 1 constant aspect ratio flaw is precisely the same as the result obtained 
using the two-flaw criterion to approximate the shape change. This criterion 
employs a 6:1 aspect ratio flaw, which is assumed to become a continuous 
flaw when the maximum value of K~ along the crack front equals or exceeds 
that for a continuous flaw of the same depth. This criterion has been used in 
many previously published analyses [e.g., 18] and the variable shape change 
results obtained in Fig. 8 confirm its applicability for this transient. The 
results are the same for both the constant aspect ratio and the two-flaw crite- 
rion in this case because the stress intensity factor along the crack front never 
exceeds that for a continuous flaw. 

Perhaps the key conclusion from this work is that the use of a variable 
shape flaw improves the results for this transient by approximately 44~ 
(80~ in terms of RTNoT, compared with the results obtained from the 
NRC-suggested methodology (where the flaw is assumed to become continu- 
ous as soon as it initiates). The arrest depth obtained from this more accurate 
treatment is shallower, and clearly the final flaw shape is less elongated than 
would have been expected. It is also important to realize that the transient 
analyzed is the small loss-of-coolant accident, which is a dominating transient 
with regard to risk to reactor vessel integrity. 

Summary and Conclusions 

One of the key elements in a fracture assessment of the integrity of the 
reactor vessel following a pressurized thermal shock is the size and shape of 
the postulated flaw. If the thermal shock event is sufficiently severe, the flaw 
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will initiate, and its impact on the integrity of the reactor vessel is strongly 
dependent on the shape which the flaw takes as it extends. This report has 
been prepared to provide a state-of-the-art assessment of flaw shape change 
effects resulting from a range of material variables including the presence of 
the cladding. 

The variable flaw shape analysis was performed to study the flaw behavior 
as a function of toughness-related parameters and to assess the conservatism 
of presently used analytical methods for thermal shock analyses. The results 
are shown in Table 3 and Figs. 6 to 8. The effects of the control parameters 
were evaluated and are summarized below: 

1. Warm prestressing was found to have a significant impact on the analy- 
sis results. The major effect given by warm prestressing is that it can reduce 
the depth of flaw penetration considerably. 

2. The cladding effect evaluated in the analysis is not as strong as the ex- 
perimental results. The difference is primarily due to the approximations in- 
corporated in the analysis. 

3. The effect of the surface toughness gradient in the base metal (i.e., a 
28~ lower value of RTNDT at the surface than at the quarter thickness posi- 
tion) was found to be mild. The improved surface toughness would retard t h e  
crack initiation from the surface, but  since this effect does not exist beyond 
the quarter thickness point, there is no impact on propagation in depth direc- 
tion. 

4. Two-dimensional fluence consideration was found to have a significant 
impact on the analysis results. The final flaw length is shorter and the depth is 
shallower. 

The parametric study showed that the use of a variable flaw shape for the 
analysis of a small LOCA transient improved the results in terms of accept- 
able RTND T by about 44~ (80~ compared with the results obtained from 
currently used methodology, where a continuous flaw is used for arrest, as 
shown in Fig. 8. Thus, accurately accounting for the shape change of a postu- 
lated flaw during a thermal shock can have a significant beneficial effect on 
the results of the analysis. 

Finally, it should be noted that the present analysis is based on the LEFM 
theory and that plasticity, which may be significant in some cases, was not 
included. This generally leads to a conservative result. Moreover, the irradia- 
tion effects on the fracture of the cladding were not taken into account. It has 
been reported [e.g., 25,26] that irradiation could seriously affect the tough- 
ness of austenitic stainless steels. The purpose of the present paper, however, 
was to develop a methodology of analysis that allows the crack to grow in a 
more realistic manner than those adopted currently. Any other significant 
factors that can affect fracture behavior may be included in the analysis. The 
accuracy and quality of the analysis can only be judged by comparing it with 
carefully performed experimental results. 
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A c k n o w l e d g m e n t s  

T h e  a u t h o r s  wish to  a c k n o w l e d g e  t h e  f inanc ia l  s u p p o r t  of  t he  Wes t i ng -  

house  O w n e r ' s  G r o u p  fo r  th is  r e s e a r c h  p r o g r a m .  T h e  con t r i bu t i ons  of  Dr .  

J. J. M c G o w a n  of O a k  R i d g e  N a t i o n a l  L a b o r a t o r i e s  in b e g i n n i n g  the  deve lop-  

m e n t  of  t he  f law shape  c h a n g e  c o m p u t e r  code  are  g rea t ly  app rec i a t ed .  A p p r e -  

c i a t i on  is a lso due  R.  D .  Cheve r ton ,  D .  G.  Ball ,  a n d  R.  N a n s t e a d  of  O a k  

R i d g e  N a t i o n a l  L a b o r a t o r i e s  for  t he i r  c o o p e r a t i o n  in c o m p a r i n g  stress in ten-  

sity f a c t o r  so lu t ions  a n d  in d i scuss ions  of  the i r  c l a d d i n g  effects  tests .  
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in the Circumferential Plane of Solid 
and Hollow Cylinders 

REFERENCE: Forman, R, G. and Shivakumar, V., "Growth Behavior of Surface 
Cracks in the Cireunfferentlai Plane of Solid and Hollow Cylinders," Fracture Mechan- 
ics: Seventeenth Volume, ASTM STP 905, J. H. Underwood, R. Chait, C. W. Smith, 
D. P. Wilhem, W. A. Andrews, and J. C. Newman, Eds., American Society for Testing 
and Materials, Philadelphia, 1986, pp. 59-74. 

ABSTRACT: Experiments were conducted to study the growth behavior of surface fa- 
tigue cracks in the circumferential plane of solid and hollow cylinders. In the solid cylin- 
ders, the fatigue cracks were found to have a circular arc crack front with specific upper 
and lower limits to the arc radius. In the hollow cylinders, the fatigue cracks were found to 
agree accurately with the shape of a transformed semiellipse. A modification to the usual 
nondimensionalization expression used for surface flaws in flat plates was found to give 
correct trends for the hollow cylinder problem. 

KEY WORDS: fatigue (materials), stress cycling, crack propagation, stress-intensity 
factor 

One of the  most  impor t an t ,  bu t  still  l i t t le researched ,  p rob lems  in f rac ture  
mechanics  is the  growth behavior  of surface c racks  in the  c i rcumferent ia l  
p lane  of solid and  hollow cylinders.  The  p rob lem occurs  in a lmost  all f ields of 
f rac ture  control ,  such as a i rcraf t ,  aerospace ,  off-shore oil dri l l ing,  p ip ing  sys- 
tems,  or  any o ther  s t ruc tura l  app l i ca t ion  conta in ing  cyl indrical  par t s  s t ra ined  
in e i ther  tens ion  or  bending .  Not only is there  a lack  of app l icab le  stress- 
intensi ty  fac tor  solut ions to the  p rob lem,  b u t  even the  geometr ica l  model ing  
of the  c rack  has  not  been  sufficiently def ined.  

Mos t  expe r imen ta l  results  for  the  solid cyl inder  p rob l e m have shown tha t  
the  crack  f ront  has  the  geomet ry  of a c i rcular  arc.  One  of the  first  numer ica l  
solut ions to the  p rob l em for tens ion  loading  was given by Johnson [1] using 

LNASA, Lyndon B. Johnson Space Center, Houston, TX 77058. 
2Lockheed-EMSCO, Houston, TX 77258. 
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the boundary integral method. Athanassiadis et al [2] also used the boundary 
integral method to obtain solutions for tension and bending problems, and 
showed experimental results that fitted a near circular crack front. Nezu et al 
[3] conducted finite element analysis of a solid cylinder in tension and con- 
firmed the circular shape of the crack front with experimental results on alu- 
minum and steel bars. Bush [4] obtained dimensionless stress-intensity factor 
results for single-edge-cracked (i.e., straight crack front) round bars loaded 
in tension by using experimental compliance measurements, and the results 
are applicable to the limiting condition of crack front radius. Daoud and 
Cartwright [5] also analyzed the single-edge-cracked round bar with the finite 
element method and calculated the strain energy release rate for the cases of 
both uniform tension and pure bending. 

Finally, Wilhem et al [6] used fatigue crack growth test data on surface 
cracked round bars loaded in tension to obtain an empirical expression for 
the stress-intensity factor, KI, that is applicable to the circular arc crack front 
geometry. 

The research conducted on hollow cylinders with part-circumferential sur- 
face cracks is even more limited than that for solid cylinders. Delale and Er- 
dogan [7] derived numerical results for exterior cracks of semielliptical shape 
by using the line-spring model and by approximating the cylinder as a shallow 
shell. No experimental work has been published which explicitly defines the 
geometry of the crack front or compares it with the semielliptical shape nor- 
mally found for flat plates. 

In this paper, experimental results are presented which define more pre- 
cisely the natural shape of part-circumferential surface cracks grown in fa- 
tigue in cylindrical bodies. The circular shape of the crack front for the solid 
cylinder is confirmed, and equations are presented for the upper and lower 
bounds for the radius of curvature. Assuming the most severe case, a stress- 
intensity factor expression is presented for the solid cylinder with applied ten- 
sion and bending stresses. 

The hollow cylinder results for internal and external cracks are compared 
with a transformed shape of a semielliptical crack developed by Raju and 
Newman [8]. The results provide a more accurate and valid model for numeri- 
cal analysis by finite element, boundary integral, or other methods. 

Experimental Details 

The crack growth studies were conducted using machine-notched speci- 
mens of 6061-T6 aluminum pipe for the hollow cylinder experiments and 6A1- 
4V annealed titanium and mild steel round bar for the solid cylinder experi- 
ments. The hollow cylinder dimensions were approximately 30 mm outer 
diameter and 22 mm inner diameter for the externally flawed specimens and 
38 mm outer diameter and 25 mm inner diameter for the internally flawed 
specimens. The titanium rod diameter was 16 mm and the steel rod diameter 
was 25 mm. 
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The cyclic tension loads were applied using a hydraulic servo-operated fa- 
tigue machine. The bending loads were applied using a rotary cam machine 
with cantilever-type specimen support and the notch located approximately 
2 mm from the support. All fatigue stress levels were less than the material 
yield stress levels, and the cyclic stress ratios were approximately zero for all 
experiments. The total number of fatigue cycles for each specimen was usu- 
ally between 100 to 500 kilocycles, most of which occurred during the crack 
propagation stage. Since fatigue crack growth properties for the specific bar 
stock materials were not known, no attempt was made to obtain data for de- 
riving or correlating AK versus d a / d N  type results. 

The steel and titanium specimens were heat tinted at different increments 
of crack growth to obtain more data from each specimen. After fatigue crack- 
ing and breaking the specimens open to expose the fracture faces, the fatigue 
crack surfaces were photographed at approximately • 6.5 magnification. All 
the geometrical fitting for the solid cylinder results was performed directly on 
the photographs. Because the hollow cylinder analysis involved comparing 
the crack geometry with a modified elliptical equation, a digitizer connected 
to a desktop computer and plotter was used to digitize the crack shape and 
plot the fitted equation. 

Results and Discussion 

Solid Cylinder Resu l t s  

Typical examples of the crack geometry obtained in the experiments are 
shown in Figs. 1 and 2 for the tension fatigue specimens and in Figs. 3 and 4 
for the bending fatigue specimens. The circular arcs drawn in the figures for 
the tension specimens show the good fit and the accurate nature of the circu- 
lar crack front. The bending fatigue results also show the circular crack shape 
but with a greater radius which is approximated by the equation 

a(2R --  a) 
r -- (1) 

2(R -- a) 

In Eq 1, the radius, r, is obtained by using the assumption as shown in 
Fig. 5 that the crack front of depth a intersects the cylinder surface of radius 
R at perpendicular angles. The corresponding arc length 2b of the crack on 
the cylinder surface is given by 

2b = 2 R  t a n - l ( r / R )  (2) 

Also shown in Fig. 5 is the crack front for the case in which the radius is 
equal to the depth a. The arc length for this geometry is given by 

2b '  = 417 s i n - l ( a / 2 R )  (3) 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



62 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

FIG. 2--Fatigue crack b~ titanium rod specimen cyclic loaded in tension. 
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FIG. 3--Fatigue crack in steel rod specimen cyclic loaded in bending. 
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FIG. 4--Fatigue crack in titanium rod specimen cyclic loaded in bending. 

Equations 2 and 3 can be hypothetically assumed to give limiting condi- 
tions to the crack arc length. The length 2b'  occurs when the crack front 
extends as concentric circular arcs with the origin at a point on the cylinder 
surface. The length 2b occurs when the crack tip intersects the surface at 
right angles, as generally happens for flat plates. 

To confirm the hypothesis, the ratio of crack depth to surface arc length, 
a/b, and depth to diameter ratio, a/D, were calculated from measurements 
on each specimen photograph; the results are plotted in Figs. 6 and 7. The 
lower curve in each figure is based on Eq 2 and the upper curve is based on 
Eq 3. The plotted data show that the ratio a/b is essentially bounded by the 
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FIG. 5--Geometry of surface crack in a solid cylinder. 

two curves. The limiting conditions thus reduce the a /b  values of practical 
interest to between 0.64 and 1.0 for a / D  < 1/2. 

Published numerical results, both from the boundary integral analysis by 
Athanassiadis and the finite element analysis by Nazu, indicate that the 
stress-intensity factor, K~, varies along the crack front for the solid cylinder 
problem. The boundary integral results also show that for both tension and 
bending, KI is almost constant along the crack front for an a / b  ratio equal to 
0.7. Since the crack shape should stabilize at a geometry producing a con- 
stant KI, this behavior appears to be confirmed by the bending test results 
shown in Fig. 7. The tension test results do not agree as closely with the crack 
front shape shown by the bending results, probably because of the high re- 
straint against specimen rotation inherent in the tension fatigue load system 
and friction grips. In many practical applications, however, the perpendicu- 
lar intersection criteria may give the best correlation for the stabilized flaw 
shape for tension fatigue loading. 
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FIG.  6--Comparison of crack shape with relative crack depth for solid cylinders cyclic loaded 
in tension. 
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FIG.  7--Comparison of crack shape with relative crack depth for solid cylinders cyclic loaded 
in bending. 
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A common approach used for fatigue flaw growth analysis of semielliptieal 
surface flaws is to predict the growth rate at the major and minor axes based 
on the stress-intensity factor values at these respective points. This approach 
requires a significantly more comprehensive set of stress-intensity factor solu- 
tions than for one-dimensional growth problems, such as through-type cracks 
in plates. Even though the crack geometry for a solid cylinder has been shown 
to be a circular arc, the variation in K1 makes it a two-dimensional growth 
problem (i.e., the increase in both depth and surface length must be calcu- 
lated separately). 

A simpler growth analysis method for the circular crack in a solid cylinder 
is to assume that the crack extends in the worst configuration. Since the ex- 
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FIG. 8--Variation of Kl as a function of relative crack depth for a solid cylinder loaded in 
tension. 
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perimental measurements show significant scatter within the upper and lower 
limits, a reasonable assumption is to let the crack have the configuration pro- 
ducing the highest K1 value, or that prescribed by Eq 2. With the crack shape 
given explicitly, the growth rate analysis reduces to a one-dimensional 
problem. 

Using the earlier referenced results, an approximate equation for Kt was 
developed for applied tension and bending stresses. Comparisons of the equa- 
tion with published data are shown in Figs. 8 and 9. The equation should be 
applicable to fatigue crack growth analysis and is expressed as 

Kx = [(XoFo(X) + erBFB(k)]xf~a (4) 

E 
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0.S 

t i I I i 
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O 
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FIG. 9--Variation of Kl as a function of relative crack depth for a solid cylinder loaded in 
bending. 
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where ao;and aB are the applied uniform tension and bending stresses, and 
) o ~ o 

F0(k) arid' Fa(k) are magmflcatlon factors given by 

F0(k) ~- g(k)[0.752 + 2.02X + 0.37(1 -- sin ~rk/2) a] 

FB(k) ---- g(k)[0.923 -t- 0.199(1 -- sin ~rk/2) 4] 

where g(k) ---- 0.92(2/Tr)[(tan 7rX/2)/(vk/2)]l/2/cos 7rk/2 and k ---- a/D. 
The magnification factors are essentially the rectangular bar solutions of 

Tada [9] which have been multiplied by the factors (1.03/1.12)(2/7r) to agree 
with the results of Smith [10] for a circular arc front. Equation 4 should have 

1 
(a) SEMIELLIPSE 

�9 X 

y' 

R \ 
(b) TRANSFORMED SEMIELLIPSE, INTERNAL 

X' 

(C) TRANSFORMED SEMIELLIPSE, EXTERNAL 

X' 

FIG. lO--Transformed geometry for  a semielliptical crack in a hollow cylinder. 
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good accuracy for a << D, reasonable accuracy for a < D/2, and the proper 
limiting condition for a --, D. 

Hollow Cylinder Results 

The assumed transformation of a semieUiptical surface crack in a flat plate 
to either an internal or external surface crack in a hollow cylinder is illus- 
trated in Fig. 10 and given mathematically by the following equations: 

(a) For the flat plate with a semielliptical crack: 

x 2 y2 
~- + ~-  = 1 (5) 

(b) For the cylinder with an internal ( + )  or external (--) crack defined by 
radial and circumferential coordinates a and fl: 

S ]2 [en(1 + a/R)] 2 
b(1 + a/R) + [~n(1 + ~-R)] = 1 

(6) 

where 

x , R +  o, sin( + 

R] 
0 ~ a ,  --b ~ f l ~ b  

Comparisons of Eq 6 with digitized experimental results are shown in Figs. 
11 and 12 for tension and bending fatigue cracks. The results verify that the 
transformation gives an accurate representation of the flaw geometry. Also, 
the results show that the transformed semielliptical geometry is attained rela- 
tively early with respect to the amount of fatigue crack growth for both the 
rectangular and circular arc starter notches. 

In addition to the experimental studies of transformed semielliptical 
cracks, studies are being made concerning the stress-intensity factor repre- 
sentation. A method often used when expressing K~ for surface flaws in flat 
plates is to nondimensionalize the results with the embedded crack solution 
given by 
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THEORETICAL PROFILE 
" ' ' ' ' " ' ' ' " " ' "  DIGITIZED PROFILE 

(b) BENDING 

F I G .  l l--ProftTes of internal cracks in hollow cylinder specimens. 

where �9 is the elliptic integral expressed as 

and 

f, ~r/2 

= J ~o ~/(sin2q~ -4- (a /b)  2 cos2q~)dq~ 

f(c~) = [sin2r + (a /b)  2 COS2(~] 1/4 

(8) 

(9) 

If a similar nondimensionalization procedure is used for the crack in a cyl- 
inder, a modified form of cI, andf(O) is required. The authors are investigat- 
ing this problem and have derived a preliminary expression for a transformed 
integral. Since �9 gives the ratio of the arc length of a semiellipse to the length 
of the major axis, a similar representation can be derived for the transformed 
ellipse. By performing this derivation, the modified integral, �9 ', has the form 

~r/2 

~ '  = 3 ~o (1 +__ a / R )  sin~ ~/sin24~ + ( A / B )  2 cosZt~dt~ (10) 
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THEORETICAL PROFILE 
. t , . H . , , . . o e . .  DIGITIZED PROFILE 

- - =  . , - - =  . 

FIG. 12--Profiles of external cracks in hollow cylinder specimens. 

where 

A = en(1 + a/R), and 
B = b / R .  

Values for the transformed integral are plotted in Fig. 13 where ~ ' / ~  is 
compared with a/b for different values of b/R.  The results appear to have the 
proper trend. Specifically, the external crack which has a more flattened 
shape shows a decrease in ~ ' / ~  (or increase in Kx at maximum crack depth). 
The internal crack which transforms into a more circularized shape has an 
increased ~ ' / ~  or lower KI than the flat plate crack. The modified integral 
also reduces to cb' ---- cb = I for a/b = 0. This agrees with the Nied and Erdo- 
gan [11] solution for the limiting case of an axisymmetric circumferentially 
cracked cylinder. 

Conclusions 

1. Experimental results for surface fatigue cracks in solid cylinders indi- 
cate that  the geometry is accurately represented by a circular arc. The as- 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



FORMAN AND SHIVAKUMAR ON SOLID AND HOLLOW CYLINDERS 73 

1 . 2 5  

1.20 

1.15 

1.10 

1.05 

u 1.oo 

0.95 

0.90 

0.85 

0.80 

0.75 

I I I t 

INTERNAL CRACK 0.5 
. . . .  EXTERNAL CRACK ~ / ~ 0 . 4 -  

0.3- 

~ 0 . 2 -  

0.1 

~ _  0.5 

I I I I 

0 0.2 0.4 0.6 0.8 1.0 
a/b 

FIG. 13--Variation of the transformed elliptic integral as a function of the shape factor, a/b. 

sumption of perpendicular intersection of the crack tip with the cylinder sur- 
face gives the maximum value for the arc radius of the crack. 

2. A transformed semiellipse gives an accurate representation of the geom- 
etry for interior and exterior surface fatigue cracks in the circumferential 
plane of hollow cylinders. 

3. A modified expression for nondimensionalizing stress-intensity factors 
for surface flaws in hollow cylinders is proposed and is shown to have the 
correct trends. 
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ABSTRACT." The dynamic fracture behavior of ductile cast iron and cast steel has been 
studied to better explain why blunt notched Charpy bars indicate ductile iron has a quite 
inferior fracture toughness compared with cast steel with similar tensile properties (15 
versus 75 J) while fracture mechanics tests indicate a much less significant difference in 
fracture toughness between the two materials. Using standard and fatigue precracked 
side-grooved Charpy specimens, it has been shown that the different predictions are due 
to a difference in constraint, the standard Charpy bar experiencing loss of constraint for 
the cast steel but remaining fully constrained for the ductile iron. For fatigue precracked 
and side-grooved Charpy specimens, initial crack extension occurred in both materials 
under conditions of full constraint, and the cast steel upper shelf fracture toughness was 
found to be only modestly better than the upper shelf fracture toughness of the ductile 
iron. Because of its lower ductile-to-brittle transition temperature, ductile iron has been 
found to have a superior fracture toughness to cast steel with similar tensile properties at 
temperatures below ambient. 

KEY WORDS: ductile iron, cast steel, dynamic fracture, fracture toughness, Kid 

Ductile iron was introduced in the 1950s as an alternative to cast steel that 
was both more easily cast and machined. Unlike gray iron, it had good ductil- 
ity which was achieved through the controlled addition of magnesium to the 
melt. The effect of magnesium additions was to cause the graphite to form as 
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spherical nodules rather than as flakes as it does in gray cast iron. The spheri- 
cal graphite nodules were much less detrimental to the ductility of the cast 
iron than were the graphite flakes, allowing the elongation in a 5 cm gage 
section to be increased from the 1 to 2~ in gray iron to more than 20% in 
ductile iron. 

Unfortunately, the timing of the application of magnesium to the melt to 
achieve spherical graphite nodules in the so-called ductile iron is rather criti- 
cal, and occasionally gray iron with graphite flakes and poor ductility was 
accidentally made and marketed as ductile iron. The result was that ductile 
iron achieved a rather poor reputation for toughness in some industries in the 
1950s. This poor reputation was further  reinforced by its relatively low 
Charpy impact energy compared with cast steel. Thus ductile iron has been 
restricted to applications where toughness was not thought to be a significant 
design consideration. 

In recent years, the evaluation of ductile iron using fracture mechanics test- 
ing has suggested that the toughness is much better than one would expect 
based on the low Charpy impact energies [1-4]. For example, recently mea- 
sured values of critical stress intensity for ferritic ductile iron of 80 to 90 MPa 
x / ~  indicate that this material could tolerate a through-crack of 3.92 cm 
length in static applications approaching the yield strength (see Results and 
Discussion section). In fact, it has been certified to be suitable for construc- 
tion of nuclear waste transport containers in Germany and is being consid- 
ered for the same application in this country. 

Reductions of 30 % or more in component cost typically result when ductile 
iron is substituted for cast carbon steel due to a lower melting point and better 
machinability. Despite this impressive economic advantage and the new frac- 
ture mechanics indications of an acceptable level of toughness, ductile iron is 
still excluded from many applications because of concern over its presumed 
low fracture toughness, as indicated by Charpy impact values which seldom 
exceed 20 J [5,6]. 

The purpose of this project has been to carefully study the fracture behavior 
of ductile iron using Charpy specimens, modified to more nearly resemble the 
kinds of specimens used in fracture mechanics testing, to try to better under- 
stand this apparent discrepancy in the fracture toughness predicted by the 
two different methods. A cast steel with similar tensile properties has also 
been studied to further clarify the reason for the very different Charpy impact 
energies but modestly different Kit values when one compares cast steel with 
ductile iron. Finally, two different quality ductile irons have been studied to 
determine the degree of sensitivity of the fracture toughness to processing. 

In the next section, the rationale for the approach used in this work will be 
explained along with the details of the experimental approach that has been 
taken. The data analysis using fracture mechanics will also be outlined. In the 
following section, the results will be presented and their significance dis- 
cussed. Finally, the conclusions of this work will be summarized. 
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Experimental Design, Procedures, and Analysis 

The Charpy impact test differs from fracture mechanics tests in several im- 
portant ways. Firstly, the fracture mechanics test coupon is always fatigue 
precracked before testing to give a very sharp crack (crack tip radius less than 
0.0025 mm). The Charpy specimen, by comparison, is relatively blunt 
notched, having a V-notch with a root radius of 0.25 mm. Secondly, the frac- 
ture mechanics specimen is sufficiently large to give a triaxial tensile state of 
stress which approaches plane strain. Generally, fracture mechanics speci- 
mens are approximately 6.25 by 6.25 cm square and 2.5 cm thick. The stan- 
dard Charpy specimen is only 1.0 cm thick, which is insufficient to give plane 
strain constraint in more ductile alloys. Thirdly, the Charpy specimen is 
tested under impact loading conditions at between 335 and 518 cm/s,  
whereas the standard fracture mechanics test for fracture toughness is con- 
ducted quasi-statically (ASTM Test for Plane-Strain Fracture Toughness of 
Metallic Materials [E 399]). Fourthly, fracture mechanics tests measure the 
energy required to initiate crack extension from a pre-existing flaw, but the 
Charpy test measures crack initiation energy plus crack propagation energy 
from a blunt notch. 

The very different indications of relative toughness between ductile iron 
and cast steel previously noted for Charpy testing and fracture mechanics 
testing must somehow be related to these differences in test coupon geometry, 
rate of loading, and differentiation between fracture initiation energy and 
fracture propagation energy. These differences can have a significant effect 
on the ductile-to-brittle transition temperature as well as on the magnitude of 
the upper shelf fracture energy. For example, as one goes from a thin to a 
thick specimen, the state of stress may change from plane stress to plane 
strain, giving a significant increase in the transition temperature. 

The presence of shear lips on the fractured surface of a Charpy specimen is 
clear evidence that plane stress conditions were present over a significant por- 
tion of the specimen adjacent to the surface. It is worth noting that Charpy 
specimens of cast ferritic/pearlitic steel always exhibit shear lips when tested 
at temperatures corresponding to the upper shelf. In contrast, ductile iron 
specimens do not develop shear lips at any temperature. Thus any compari- 
son of upper shelf Charpy values for ductile iron and cast steel is an "apples to 
oranges" comparison that is bound to be misleading, particularly when the 
application envisioned involves components sufficiently thick to give plane 
strain constraint for both materials. 

Materials also vary in their notch sensitivity (i.e, the reduction in strength 
as one goes from a blunt to a sharp notch). This variation might be due to 
differences in the respective fracture processes and the scale on which critical 
events must occur. Since manufacturing flaws or fatigue cracks introduced in 
service are sharp, the fracture behavior in the presence of sharp notches or 
cracks is far more important than the blunt notch behavior measured in a 
Charpy test. 
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To study the effect of notch acuity and constraint in Charpy tests, standard 
ductile iron and cast steel Charpy specimens were modified by side grooving 
and fatigue precracking. Half of the Charpy specimens were side grooved to a 
depth of 0.75 mm on each side from the Charpy V-notch to the back face of 
the specimen. Half of the regular and half of the side grooved Charpy speci- 
mens were then fatigue precracked to a notch plus crack depth of approxi- 
mately 5.0 mm (a/w : 0.5). A total of 48 specimens of ductile iron and 48 
specimens of cast steel were tested in this portion of the investigation. An 
additional 20 specimens of a better quality ductile iron were tested in a subse- 
quent portion of the study to evaluate the sensitivity of the fracture toughness 
to materials processing. Since it was determined that side grooving had a min- 
imal effect on the fracture toughness measured using fatigue precracked duc- 
tile iron specimens, these additional specimens were all tested without side 
grooving. 

Material Selection and Sample Preparation 

Ductile iron grade 60-40-18 (ASTM Specification for Ductile Iron Castings 
[A 536]) has a minimum yield strength of 276 MPa. The selection of a compa- 
rable grade of steel was based on yield strength. Valve grade WCB (ASTM 
Specification for Steel Castings, Carbon Suitable for Fusion Welding for 
High-Temperature Service [A 216]) was selected because it is a widely used 
steel casting alloy with a minimum yield strength of 248 MPa. Typical micro- 
structures of the materials are shown in Figs. 1 and 2. 

It was necessary to reduce the yield strength of the ductile iron to match 
that of the cast steel. This was accomplished by producing the iron with a 
silicon content of 2.20%, which is lower than "normal".  A typical range for 
silicon concentration for this grade of ductile iron is from 2.50 to 2.80%. 

The ductile iron used in this study was produced in two separate heats in 
grade 60-40-18 (as-cast) as specified by ASTM A 536. The metallic charge, 
consisting of 19% high purity pig iron, 38% steel scrap (#1 bushelings), and 
43% ductile iron returns, was melted in an acid-lined channel induction fur- 
nace. The nodulizing treatment employed a 5% magnesium ferrosilicon in a 
covered ladle, with subsequent "post" inoculation using 75% ferrosilicon (in- 
oculating grade). The molds used for the bars (8.75 by 8.75 by 45 em) and 
keel blocks were made with an air setting resin/catalyst binder. Chemical 
composition and mechanical properties are summarized in Tables 1 and 2, 
respectively. 

The first heat of ductile iron met the ASTM A 536 specification, but the 
toughness data were below expectation due to minor quantities of dross, mi- 
croshrinkage, and degenerate graphite (Fig. 2). Appropriate changes were 
made in the processing so that the second heat of ductile iron was generally 
free of the imperfections of the first heat (Fig. 3). This was done by changing 
the gating and risering system and by changing the geometry from a 10 cm 
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FIG. 1--Microstructure of cast steel. 

square bar to a 2.5 cm thick plate. The first heat will be called average quality 
ductile iron throughout the remainder of this paper, while the second heat 
will be called good quality ductile iron. 

The cast steel used in this study was produced in accordance with ASTM 
A 216 to give cast steel grade WCB (normalized at 940~ in three bars mea- 
suring 7.5 by 7.5 by 50 cm. The metallic charge consisting of 40% steel scrap 
(cut structural and plate steel) and 60% steel returns was melted in a basic 
lined arc furnace. The molds used for the bars and keel blocks were made 
with an air setting resin/catalyst binder. 

Experimental Procedures and Analysis 

All Charpy specimens were tested using an instrumented Charpy impact 
tester to give a dynamic load-time record which could be analyzed to give the 
initiation energy, propagation energy, total fracture energy, and dynamic 
critical stress intensity factor for fracture. Instrumentation for the impact test 
consisted of an instrumented tup, dynamic response module, digital storage 
oscilloscope, X- Y plotter for hard copy output, and a microcomputer for data 
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FIG. 2--Microstructure of average-quality ductile iron showing (a) some slag, (b) shrinkage, 
and (c) vermicular graphite. 
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TABLE 1--Chemical composition (wt%) of materials studied. 

Material C Mn Si P S Cr Ni Mo Cu Mg 

Average-quality 
ductile iron 

Better-quality 
ductile iron 

Cast steel 

3.77 0.294 2.15 0.015 0.020 0.042 0.030 0.017 0.063 0.05 

3.84 0.280 2.20 0.019 0.011 0.030 0.030 <0.01 0.110 0.047 
0.25 0.82 0.38 0.014 0.012 0.190 0.180 0.080 0.280 . . .  

TABLE 2--Mechanical properties of materials studied. 

Material 

Yield Tensile 
Strength, ksi Strength, ksi Elongation, Reduction of 

(MPa) (MPa) % Area, % 

Average-quality 
ductile iron 

Better-quality 
ductile iron 

Cast steel 

43.0 (297) 60.4 (417) 24 24 

46.4 (320) 65.0 (448) 23 23 

46.0 (317) 80.3 (554) 28 50 

FIG. 3--Microstructure of better-quality ductile iron. 
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reduction. Standard momentum transfer equations were used to calculate the 
various energies of initiation and propagation from the measured load-time 
records as follows: 

E = Vo I Pdt. (1-- Vo I Pdt/4Eo) (1) 

where V0 is the velocity of the tup on impact, E0 is the initial potential energy, 
and P is the measured load as a function of time. 

Crack initiation was assumed to occur at maximum load for dynamic load- 
ing. Such behavior has been verified for quasi-static fracture of ductile iron 
[4] and was also found to be the case in this study. On the other hand, the 
quasi-static fracture testing of the cast steel in this program indicated that 
crack extension began somewhat before maximum load. This would make the 
initiation energies and the fracture toughnesses calculated assuming crack 
initiation began at maximum load somewhat nonconservative upper bounds 
for the cast steel, overestimating the actual value of Klo by 10 to 15%. 

The dynamic critical stress intensity K10 was estimated by first calculating 
the value of Jld using the standard relationship J = 2A/Bb, where A is the 
area under the load-displacement curve to maximum load, B is the specimen 
thickness, and b is the uncracked ligament width, W -- a [8]. The equivalent 
dynamic stress intensity is then calculated using the relationship K~d = Jx/jE, 
where E is the Young's modulus for the particular material. It is worth noting 
that ASTM E 813 requires the measurement of a J-R curve to obtain a valid 
Jlc. Thus the Jld values measured in this work by assuming crack growth be- 
gins at maximum load are not valid results as per ASTM E 813. It is believed 
by the authors that the upper shelf values of Jld and Kid calculated with the 
approach described herein are accurate. The most significant potential error 
introduced by this approach is that the actual transition temperature mea- 
sured on larger specimens might be higher than the results obtained in this 
work. 

Several fatigue precracked Charpy specimens and several compact tension 
specimens were tested quasi-statically to determine values for Klc on the up- 
per shelf for the cast steel and ductile iron. The KI~ values were calculated 
from Jl~ values as measured per ASTM E 813 using a single specimen ap- 
proach with unloading compliance measurements made for the compact ten- 
sion specimens. Crack growth was assumed to begin at maximum load for the 
fatigue precracked Charpy specimens tested quasi-statically. 

Several of the fractured Charpy specimens were sectioned perpendicular to 
the fracture surface and polished so that a hardness map could be made using 
a Tukon hardness tester. A similar map was made after polishing an outside 
surface of fractured Charpy specimens. The hardness mapping allowed the 
extent of the plastic deformation zone to be determined for both initiation 
and propagation, at the center and on the surface of ductile iron and cast steel 
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specimens. These results were subsequently correlated with the measured ini- 
tiation and propagation energies. 

Results and Discussion 

Typical load-time traces measured during the dynamic fracture process are 
presented in Fig. 4. Note the different load scale used for the blunt notch 
specimen and different time scale used for the typical brittle fracture results. 
The initiation energy for the blunt notch specimens (assumed to be related to 
the area under the load-time trace to maximum load) is seen to be quite large 
compared with the initiation energy for fatigue precracked specimens. The 
propagation energies are much less sensitive to original notch geometry. The 
precipitous drop in load after crack initiation seen in Fig. 4a is a result of the 
fact that the load the specimen can support with an initially blunt notch is 
much greater than the load it can subsequently support once a sharp crack 
has grown from the blunt notch. 

Figure 4b shows a typical load-time trace for ductile fracture of a fatigue 
precracked specimen. A best-fit curve was approximated through the mea- 
sured curve, which includes some inertial effects. A maximum load in the 
absence of inertial effects was estimated, and is indicated by " b "  in Fig. 4b, 
as distinct from the measured maximum load labeled " a "  in Fig. 4b. 

The first peak prior to maximum load in Figs. 4a and 4b is thought to be 
the result of displacement of the specimen to a more firm position against the 
anvil than it had when initially placed in position [8]. Thus the first portion of 
the load-time trace represents displacement of the specimen rather than 
bending of the specimen and therefore should be ignored in the calculation of 
the J-integral. 

The total energy absorbed in fracture for the various ductile iron and cast 
steel specimens tested over a range of temperatures is presented in Fig. 5. 
Because some specimens were side-grooved, some fatigue precracked, and 
some both side-grooved and fatigue precracked, the total fracture energy was 
normalized to the area of material fractured to make the comparison from 
these various geometries more meaningful. 

The decrease in fracture energy with fatigue precracking and side grooving 
is greater in the cast steel than in the ductile iron. It should be noted that the 
average quality ductile iron specimens with fatigue precracking had essen- 
tially the same results with and without side grooving. Thus the better quality 
ductile iron was tested with fatigue precracking only, without side grooving. 
When compared with the average quality ductile iron, the better quality duc- 
tile iron showed only a slightly improved Charpy impact energy for fatigue 
precracked specimens, whereas the dynamic fracture toughness as measured 
by Kld will be seen presently to be quite improved. This suggests that the 
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FIG. S--Total energy absorbed in dynamically fracturing standard Charpy specimens, Charpy 
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difference in quality of the ductile iron had a much larger effect on crack 
initiation than on crack propagation. 

A more direct comparison of the ductile iron to cast steel is seen in Fig. 6, 
where total fracture energy for fatigue precracked Charpy specimens is pre- 
sented. The cast steel is seen to be quite superior on the upper shelf; however, 
the ductile iron appears to be better below ambient temperatures due to a 
much lower ductile to brittle transition temperature. 

The calculated values of K~d for the average quality and good quality duc- 
tile iron are presented in Fig. 7. Though the standard Charpy values for the 
two ductile irons were similar, the critical stress intensity for crack initiation 
is seen to be much higher in the better quality ductile iron. The Kid values for 
the cast steel and the better quality ductile iron are presented in Fig. 8. The 
upper shelf Kid values for the cast steel should be considered upper bound 
values because crack growth probably began somewhat before maximum 
load (which was assumed to be the moment of crack growth) and because the 
ASTM E 813 values for B were not quite satisfied, meaning plane strain con- 
straint was probably not achieved, even at the center of the test specimens. 
Subsequent quasi-static fracture mechanics tests on 2.5 cm thick compact 
tension specimens gave J:c values with corresponding Klc values of 150 to 160 
MPa~fm compared with 180 MPa,,/m for Kld measured on side-grooved 
Charpy specimens and 200 + MPa,fm-on Charpy specimens without side 
grooving. 
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FIG. 6--Comparison of  total energy absorbed during dynamic fracture of fatigue precrack 
Charpy bars of cast steel and ductile iron (l ft-lb/in. 2 = 2100J/m2). 
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The lower shelf values for Kid are seen to be somewhat high than one would 
expect for cleavage in ductile iron or cast steel. The most likely explanation 
for this apparent overestimate of Kid for brittle fracture is the effect of speci- 
men inertia. There is still significant inertial loading to accelerate the speci- 
men at the moment of crack extension for brittle fracture. Thus the load mea- 
sured by the tup at this time is the sum of the load-producing acceleration of 
the Charpy specimen and the load that is bending the same specimen. Only 
the bending load should be included in the fracture mechanics calculations of 
Kid. If one assumes that the average velocity of the specimen at the moment of 
crack growth is one half the tup velocity (ends of specimen being stationary 
and center moving at tup velocity), one can calculate the amount of kinetic 
energy imparted to the specimen during the fracture initiation process. If this 
kinetic energy is subtracted from the total energy used in a J-integral calcula- 
tion, then a Jld for specimen bending apart from specimen acceleration can 
be calculated. The lower shelf Kid values calculated from the Jld values are 
found to be approximately 30 and 25 MPax/m for the cast steel and ductile 
iron, respectively, which are typical toughness values for cleavage in ferritic 
material. 

The most interesting result from this work is the observation from Fig. 8 
that the ductile iron has a superior fracture toughness as measured by Kid 
when compared with cast steel from 25~ (77~ down to --40~ (--40~ 
Furthermore, the upper shelf Kid values are not nearly as different as one 
might have expected based on a comparison of ductile iron Charpy values to 
cast steel Charpy values (15 versus 75 J). The superior behavior of the ductile 
iron below ambient temperature is due to a 60~ (140~ lower ductile-to- 
brittle transition temperature. 

The reason why the fracture toughness of ductile iron is superior to a cast 
steel with similar tensile properties when tested at room temperature or below 
is clearly seen in the fractographic results presented in Fig. 9. The cast steel 
fails by cleavage when loaded dynamically at temperatures below ambient, 
whereas the ductile iron fails by void coalescence, or ductile, fracture. For 
comparison purposes, quasi-static fracture of both materials at room temper- 
ature is also shown; both are seen to fracture in a ductile manner. The reason 
for this difference in transition temperature will be discussed later. 

Returning to the question posed at the beginning of this paper, the discus- 
sion concludes by attempting to explain why the Charpy results indicate a 
relatively poor toughness for ductile iron while fracture mechanics results 
suggest a quite good toughness for this material. Since fracture initiation en- 
ergy is related to critical stress intensity squared, one might expect the differ- 
ences in Kid determined in this work to give a 3 • difference in Charpy energy 
rather than the 5 • difference we actually measured. The upper shelf stan- 
dard Charpy energy for the cast steel was approximately 83 J, for the average 
quality ductile iron 16 J, and for the good quality ductile iron 17 J. 

The upper shelf Charpy results for the cast steel and the two different qual- 
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FIG. 9 Fractographic results f rom S E M  taken on/?ucturedfatigue precraeked Charpy bars 
o]" (a) cast steel, ,fi'actured dynamically at room temperature; (b) cast steel, fractured quasi- 
statically at room temperature: (c) ductile h'on fractured dynamically at room temperature; atzd 
(d) ductUe iron fractured quasi-statically at room temperature. 

ity ferritic ductile irons in the four types of specimens tested are presented in 
Table 3. The initiation and propagation energies are shown so that the effect 
of notch acuity and constraint on each of these can be determined. It should 
be noted that the standard Charpy test measures the total energy to fracture 
the specimen. Thus initiation and propagation energies are combined. By 
contrast, fracture mechanics considers only the initiation energy in calculat- 
ing J~c and Jld or Klc and Kld. 

Comparing the effect of notch acuity on initiation energy, the cast steel 
showed a 68% decrease in going from a blunt notched to a fatigue precracked 
specimen, while the good quality ductile iron showed a 53% decrease (Table 
3). A more significant difference in the behavior of the two materials is seen 
by the effect of side grooving, where the initiation energy of the cast steel is 
seen to drop by an additional 35~ Side grooving the ductile iron produced 
essentially no difference in the fracture behavior for the fatigue precracked 
specimens. The combined effect of notch acuity (blunt notch versus fatigue 
precracking) and constraint (side grooved versus no side grooving) reduces 
the fracture initiation energy for the standard Charpy bar test of cast steel by 
79%, while the same effects reduced the initiation energy of the good quality 
ductile iron by only 53~ Thus only 21% of the fracture initiation energy on 
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the upper shelf will be realized as initiation energy in a fatigue precracked, 
fully constrained specimen of cast ferritic/pearlitic steel, while 47% of the 
upper shelf fracture initiation energy measured in a good quality ductile iron 
Charpy test will be required to initiate crack extension in a fracture mechan- 
ics test or, more importantly, in a real component with a sharp flaw. This 
accounts for the very different indications of toughness found between a 
Charpy test of the ductile iron and a fracture mechanics test of the same ma- 
terial. 

Microhardness mapping was used to define the region of plastic deforma- 
tion which accompanied crack initiation and crack growth in the cast steel 
and ductile iron (Fig. 10). This information helped to further explain the dif- 
ferent indications of relative toughness given by Charpy and fracture mechan- 
ics results for ductile iron and cast steel. The ductile iron was found to have a 
plastic zone that is fully constrained (surrounded by elastic material) at the 
moment of crack extension for both the blunt notch and fatigue precracked 
specimens. By contrast, the cast steel formed a fully plastic hinge for the 
blunt notched specimen prior to crack extension, whereas the fatigue pre- 
cracked specimen was nearly fully constrained at the moment of crack exten- 

J 
Blunt notched Charpy specimen of cast steel 

Blunt notched specimen of ductile iron 

Fatigue precracked specimen of cast steel 

Fatigue precracked specimen of ductile iron 

FIG. lO--Plastic zone size at initiation of cracking for blunt notched and fatigue precracked 
Charpy specimens of ductile iron and cast steel (as inferred by microhardness testing). 
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sion, since the plastic zone was fully surrounded by elastic material. Thus the 
comparison of blunt notch Charpy values for cast steel, which forms both 
shear lips and a plastic hinge before crack initiation, with blunt notch Charpy 
values for ductile iron, which forms no shear lip and is constrained by sur- 
rounding elastic material, is most inappropriate. 

Since the fatigue precracked, side-grooved cast steel specimen has neither 
shear lips nor loss of constraint during Charpy impact testing, it gives a much 
more meaningful comparison to the ductile iron, which neither forms shear 
lips nor has loss of constraint. It is this significant difference in constraint in 
the standard Charpy test that gives such erroneous indications of relative 
toughness when comparing cast steel to ductile iron. 

It is important to emphasize that the absolute toughness of the cast steel is 
still seen to be quite superior to ductile iron on the upper shelf. However, the 
degree of superiority is greatly overestimated by a Charpy test. Also, the su- 
periority of the cast steel over the ductile iron used in this study is only ob- 
served at temperatures above room temperature, where one is generally less 
concerned about brittle fracture. 

A comparison of the average quality and good quality ductile iron used in 
this study is given in Table 3. The data emphasize the importance of casting 
and metallurgical quality in achieving optimum toughness properties. Avoid- 
ing defects caused by shrinkage, slag, and other inclusions, as well as achiev- 
ing a high degree of nodularity, are very important. It is also worth noting 
that the Charpy tests did not seem to be very sensitive to the very different 
fracture toughness behavior noted for the two ductile iron heats. 

A few final comments are in order regarding the reasons why ductile iron 
has a lower value for upper shelf fracture toughness and a lower ductile to 
brittle transition. It is believed that the lower value for the upper shelf frac- 
ture toughness energy for the ductile iron is a result of graphite nodule de- 
bonding in the region of the crack tip, which leads to local softening of the 
matrix, strain localization, and final fracture. The cast steel having no graph- 
ite nodules will require a considerably greater degree of straining to achieve 
strain localization via void nucleation and growth at second-phase particles. 

The lower ductile-to-brittle transition temperature of the ductile iron is 
thought to be the result of the different strengthening mechanisms employed 
in the two materials. While the yield strengths of the two alloys are similar, 
the matrix of the ductile iron is strengthened by silicon in solid solution, 
whereas the matrix of the ferritic cast steel is strengthened by a dispersion of 
pearlite. Cleavage cracks are more easily nucleated in pearlite than in ferrite, 
which may explain the higher observed ductile-to-brittle transition tempera- 
ture of the cast steel. 

Finally, the upper shelf fracture toughness of ferritic ductile iron needs to 
be converted into an equivalent critical flaw size to give a better physical feel 
for the material's flaw tolerance. Using the originally measured values of Jlc 
previously reported as equivalent values of Klc (via J l c E  = 2 Klc), one may 
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calculate the critical crack tip opening displacement for plane strain fracture 
toughness using the standard relationship 

Jle ----- 1.8Sy (~r (2) 

Assuming a typical upper shelf value of 90 MPax/-m-for Klc, a value of 173 
GPa for modulus, and a yield strength of 320 MPa, the critical crack opening 
displacement may be calculated to be 0.00817 cm. Then, using British Stan- 
dard PD 6493:1980, "Guidance on Some Methods for the Derivation of Ac- 
ceptance Levels for Defects in Fusion Welded Joints," one may determine the 
critical flaw size to be 1.96 cm for a specimen with a through-crack loaded to 
its yield strength. Finally, recognizing that the PD 6493 has a built in safety 
factor of 2 •  the actual critical flaw size for a specimen with a through crack 
loaded to its yield strength would be 3.92 cm. This relatively large value indi- 
cates that ferritic ductile iron is much more flaw tolerant than is widely recog- 
nized. 

Conclusions 

The conclusions of this study may be summarized as follows: 

1. Charpy impact tests give an erroneous indication of relative toughness 
when comparing ferritic ductile iron to cast steel due to the loss of constraint 
in the blunt notched Charpy bars of cast steel. 

2. The fracture toughness of ductile iron as measured by the dynamic criti- 
cal stress intensity factor Kid is actually superior to that of cast steel at tem- 
peratures below ambient because of its much lower ductile-to-brittle transi- 
tion temperature. 

3. The upper shelf dynamic fracture toughness of cast steel is superior to 
that of ductile iron, but by a much smaller amount than one would predict 
based on the 5 • larger blunt notched Charpy values. 

4. Good quality ferritic ductile iron can tolerate a through crack up to 3.92 
cm long at stresses up to its yield strength. 

5. The fracture toughness of the ferritic ductile iron is sensitive to process- 
ing. 

6. The blunt notch Charpy test may not be very sensitive to variations in 
processing in ductile iron which significantly affect the fracture toughness as 
measured by a fracture mechanics approach. 
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ABSTRACT: Wedge-loaded, modified tapered double cantilever beam (WL-MTDCB) 
specimens under impact loading were used to determine the room temperature dynamic 
fracture response of reaction bonded silicon nitride (RBSN). The crack extension history, 
with the exception of the terminal phase, was similar to that obtained under static load- 
ing. Like its static counterpart, a distinct crack acceleration phase, which was not ob- 
served in dynamic fracture of steel and brittle polymers, was noted. Unlike its static coun- 
terpart, the crack continued to propagate at nearly its terminal velocity under a low 
dynamic stress intensity factor during the terminal phase of crack propagation. These and 
previously obtained results for glass and RBSN show that dynamic crack arrest under a 
positive dynamic stress intensity factor is unlikely in static and impact loaded structural 
ceramics. 

KEY WORDS: dynamic fracture, dynamic stress intensity factor, dynamic crack arrest, 
ceramics, reaction bonded silicon nitride, impact loading 

Nomenclature 

h Crack  ve loc i ty  

Aa C r a c k  e x t e n s i o n  

C1 D i l a t a t i o n a l  s t ress  wave  ve loc i ty  

KIo D y n a m i c  in i t i a t ion  f r a c t u r e  t o u g h n e s s  

KID D y n a m i c  f r a c t u r e  t o u g h n e s s  
K dyn D y n a m i c  s tress  in tens i ty  f a c t o r  

t T i m e  

~Department of Mechanical Engineering, University of Washington, Seattle, WA 98195. 

95 
�9 Copyright 1986 byASTM International www.astm.org 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



96 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

Introduction 

Despite the inherent brittleness of structural ceramics, linear elastic frac- 
ture mechanics (LEFM) has been used to analyze ceramic failures with lim- 
ited success. The difficulty lies in the quoted fracture toughness, which is an 
order of magnitude lower than those of common structural metals, resulting 
in critical flaw dimensions that approach the grain size. The stress intensity 
factor formulas, which are used to quantify ceramic fracture, thus violate the 
basic LEFM postulates of isotropy and homogeneity and lead to inconclusive 
or incorrect results. The smallness of the critical flaw size also taxes the sensi- 
tivity limit, which is barely adequate for detecting critical flaws in metals, of 
nondestructive inspection. On the positive side, LEFM has been used some- 
what successfully for proof testing and for predicting the life of a ceramic 
structure that is subjected to stable crack growth. The life-time prediction 
procedure for ceramics is to relate the residual strength after proof testing to 
the uniaxial tensile strength without involving any fracture toughness or crack 
geometry. These and other unconventional applications of LEFM in ceramic 
fracture are the precursors to a mature state-of-science that is emerging from 
this field. 

Despite extensive research efforts in dynamic fracture of metals, a compa- 
rable effort in structural ceramics is virtually nonexistent. The dynamic frac- 
ture initiation toughness, K~d, which was found to be essentially constant 
throughout the range of room temperature to 1400~ for silicon carbide has 
been reported [ 1 ]. The dynamic stress intensity factors of rapidly propagating 
cracks in plate glass [2] and reaction bonded silicon nitride [3], which were 
subjected to static overloading at room temperature, have also been deter- 
mined. Unlike their metal counterpart, the terminal crack velocity in ce- 
ramics is preceded by a crack acceleration phase which has been observed in 
glass ceramics [4]. Also unlike its metal counterpart, the crack continues to 
propagate in ceramics under a dynamic stress intensity factor approaching 
zero. The unique gamma-shaped KID versus t~ relations of polymers [5] and 
metals [ 6] apparently do not exist and the propagating crack will not arrest in 
ceramics. The purpose of this paper is to further explore this unusual dy- 
namic fracture response of structural ceramics under impact loading. 

Method of Approach 

A hybrid experimental-numerical procedure [ 7, 8], where the experimen- 
tally determined crack extension history drives a finite element code in its 
generation mode, was used in this study. The dynamic finite element analysis 
in turn yields numerically the dynamic stress intensity factor [ 9] and energy 
partitions [10] during crack propagation. 

Material and Specimen 

The material used was a reaction bonded silicon nitride (RBSN) with 3% 
iron in its green state that was nitrided to 86% of its theoretical density of 
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2700 kg /mm 3. The fracture specimen, which is a wedge-loaded, modified- 
tapered double-cantilever beam (WL-MTDCB) specimen, was then finished 
ground to the dimensions shown in Fig. 1. The long, tapered beam section of 
the MTDCB specimen was designed to reduce the friction at the contact point 
between the loading wedge and the specimen. Extensive numerical experi- 
ments showed a 1% difference in the static stress intensity factors for the two 
extremes of friction effects (i.e., complete adhesion and complete slippage) 
for this specimen [3]. The specimen was loaded through a 60 ~ wedge which 
was impacted by a 2.1-kg tup which in turn was dropped from a height of 140 
mm. Figure I also shows the arrangement for static loading that was reported 
in Ref 3. 

I n s t r u m e n t a t i o n  

Crack extension was measured by a 25-mm long KRAK-GAGE 2 that was 
mounted on the flat side of the WL-MTDCB specimen. The transient voltage 
due to the increased electrical resistance of the tearing KRAK-GAGE was 
routed through a FRACTOMAT, 2 which was custom-built for full-scale out- 
put in 2 #s, to a waveform recorder. 3 This system for dynamic crack length 

,o ,  o c E , ,  . . 4 _ _  

~ . _ = l . f S ~ E L  cup ~" STEEL 1 
J45"*/'~ P: SiC PIN WEDGE - - -~ ,~ , ,~  
, ? , ~ .  , / 6 , 4  DIA 

�9 ,I. ,I. , I , ~  

ONE SIDE ONLY 

2.1 kg DROP 
WEIGHT TUP 

O 

E 
LOAD CELL 

(o) STATIC LOADING (b) IMPACT LOADING 

FIG. 1-- WL-MTDCB RBSN specimen (dimensions in millimetres). 

2TTI Division, Hartrum Corp., Chaska, Minn. 
3Model 2805M Biomation, Gould, Inc., Santa Clara, Calif. 
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measurement was calibrated with a fracturing 7075-T6 single-edge-notch 
specimen, where the crack length recorded by an image converter camera was 
within 5% of that measured by the KRAK-GAGE [11]. The impact load, 
which was measured by a load transducer, 4 was also recorded on the wave- 
form recorder. 

Dynamic Finite Element Analysis 

An implicit dynamic finite element code with the Newmark beta integra- 
tion algorithm was executed in its generation mode by successively releasing 
crack-tip nodes according to the experimentally determined crack length ver- 
sus time history. The experimentally determined wedge load versus time his- 
tory was also prescribed. A linearly varying crack-tip nodal force release 
mechanism was used to model the smooth motion of the crack tip. The work 
done at the released crack-tip node was used to compute the dynamic stress 
intensity factor of the moving crack tip [12]. Crack opening displacements 
were used to compute the stress intensity factor prior to crack extension. 

Figure 2 shows the finite element breakdown for the WL-MTDCB speci- 
men. This finite element model was used to compute the static and dynamic 
stress intensity factors, /~i tat and "~I/(dyn, respectively. Past experiences [8,9] 
show that despite the coarseness in the finite element breakdown of Fig. 2, the 
static and dynamic stress intensity factors computed by the work done at the 
released crack tip are generally within 5% of the correct values. 

Results 

Experimental Results 

Six RBSN WL-MTDCB specimens were impacted and two specimens were 
statically loaded to failure. Figures 3a and 3b show typical crack extension 
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FIG. 2--Finite element breakdown of WL-MTDCB specimen. 

4PCB Model 482A, Piezotronics, Inc., Depew, N.Y. 
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(b) STATIC LOADING (SPECIMEN STATIC-I.) 

FIG. 3--Crack extension and loads of fracturing RBSN specimens subjected to impact and 
static loadings. 

and load transducer records for impact and static loadings, respectively. Fig- 
ures 4a and 4b show the crack extension, Aa, versus time histories, which 
were all within a narrow scatter band, of six impacted and two static speci- 
mens. The crack acceleration phase, which is prototypical of ceramic fracture 
specimens, at the onset of rapid crack propagation is noted. The maximum 
crack velocity of approximately 925 m/s  or h/Cl = 0.11, where t~ and C1 are 
the crack and dilatational wave velocities, respectively, is in agreement with 
that reported in Refs 2 to 4. 

Figure 5 shows the impact load variations prior to crack propagation for 
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FIG. 5- -  Tup loads and crack extensions of  two RSSN specimens subjected to impact loading. 

two specimens. The 500 #s delay between the impact and the onset of rapid 
crack propagation at the blunt starter crack is consistent with other experi- 
mental observations [13,14]. Despite the 120 #s difference in the first peak 
loads, the subsequent load histories are in qualitative agreement with each 
other. Such reproducible load histories contributed to the reproducible crack 
extension histories shown in Fig. 4a. 

Numerical Results 

The precursor, which preceded the onset of dynamic fracture, requires a 
dynamic finite element analysis of the WL-MTDCB specimen corresponding 
to this 500/zs in addition to the 30/~s of rapid crack propagation. In an at- 
tempt to reduce, if not eliminate, this costly additional computation, the ef- 
fect of this precursor on the computed dynamic stress intensity factors was 
assessed through a numerical experiment involving the entire precursor and 
its truncated version (Fig. 6). The former and latter for Impact test No. 1 
(i.e., IMPACT-I) are designated as Cases 1 and 2, respectively. Figure 7 
shows the differences in dynamic stress intensity factors when the entire pre- 
cursor (Case 1) and its abbreviated version (Case 2) are used in the dynamic 
finite element analysis. Despite significant differences in the g dyn variations 
with Aa for Cases 1 and 2, the ~/C1 versus K dy" relation in Fig. 8 exhibits 
little differences. 
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FIG. 6-- Transient dynamic stress intensity factors prior to fracture in a RBSN specimen sub- 
jected to impact loading (Specimen IMPACT-l). 

Figure 7 also shows the  KI dyn versus crack Aa relation for specimen 
IMPACT-2 with the precursor shown in Fig. 5. Although the 1"aYn "'I versus Aa 
relations of IMPACT-1 and IMPACT-2 vary, these differences are obscured 
when replotted as ti versus KI dy" in Fig. 8. For comparison purposes, Figs. 7 
and 8 also show the corresponding g dyn [3] for the RBSN WL-MTDCB speci- 
mens fractured under the static loading shown in Fig. 4b. 

Discussion 

The inertia effect and the necessity of dynamic analysis are shown in Fig. 6, 
where the onset of rapid crack propagation was not triggered at the maximum 
load peak. While such effects could be anticipated in massive notch bend 
steel specimens [15], Fig. 6 shows that inertia and stress wave effects cannot 
be ignored in the smaller and light, impacted ceramic specimens. 

Despite the qualitative agreements between the k'dyn for static and impact --i 
loaded RBSN WL-MTDCB specimens in Fig. 7, the ~ versus KI Oy" relations 
for the two loadings are different (Fig. 8). Under impact loading, the terminal 
crack velocity is observed under the high KI dyn as well as the low K Oy" at the 
terminal phase of crack propagation. The kinetic energy, which remained 
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FIG. 7--Dynamic stress intensity factors in a fracturing RBSN specimen subjected to static 
and impact Ioadings. 

negligible prior to crack propagation (Fig. 9), continually increased during 
crack propagation (Fig. 10). In contrast, the kinetic energy in the WL- 
MTDCB specimen loaded statically hovered about the zero line toward the 
terminal phase of crack propagation (Fig. 11). The strain energy also reached 
its minimum value in Fig. 10, while the strain energy in the impact loaded 
WL-MTDCB specimen continued to increase in Fig. 10. 

The above results suggest that the rapidly propagating crack is not only 
driven by K~ r" but also by the surplus kinetic energy that rapidly separates the 
two open halves of the specimen as fast as the crack tip region fractures under 
the low K~ y". Again in contrast, the low kinetic energy in the statically loaded 
specimen inhibits the separation of the two open halves and thus retards the 
crack propagation. It is interesting to note that limited experimental and nu- 
merical results also suggest that the terminal crack velocity in ductile fracture 
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in low strength steel is likewise governed by the inertia of separating two 
halves [16,17]. 

Conclusions 

1. The terminal phases of the dynamic stress intensity factor, K1 dyn, versus  

crack velocity, ti, relations of impact and statically loaded RBSN WL- 
MTDCB specimens are different. 

2. A crack can continue to propagate at its terminal velocity under a low 
dynamic stress intensity factor. 

3. Crack velocity can be influenced by the inertia of the separating halves 
of the fracturing specimen. 
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pp. 108-123. 

ABSTRACT: The delamination growth resistance of composites under Mode I (opening 
mode) has been investigated. It is shown that composites exhibit increasing resistance 
with increasing growth. The double cantilever beam specimen has been used to obtain 
delamination growth resistance curve over a wide range of delamination extension. The 
delamination growth resistance curve is shown to be path independent. 

Delamination growth resistance curves have been obtained for current resin materials 
and high toughness materials. It is shown that the delamination growth resistance de- 
pends not only on the resin material but also on the fiber used. AS4/3501-6 material 
exhibits higher resistance than AS1/3501-6. The influences of temperature and porosity 
on delamination growth resistance have been investigated. It is found that AS1/3501-6 
has lower resistance at --54~ (--6S~ than at room temperature ambient conditions. 
Porous laminates exhibit slightly lower resistance to delamination growth than nonporous 
laminates. 

KEY WORDS: composites, delamination, fiber, matrix, Mode I, resistance curve, tough 
resins 

Composi te  mater ia ls  are f inding increasing use in aerospace structures. 

Present  day composi te  resins are susceptible to impact  damage  and hygro- 

the rmal  environments .  The  l imitat ions of the current  resins and the mission 
requ i rements  for fu ture  aircraf t  have led manufac ture rs  to look into produc- 

ing resins with improved  propert ies .  The  desired improvements  in properties 

are increased resistance to impac t  damage  and to de laminat ion  growth, and 
higher  glass t ransi t ion t empera tu re .  In order  to character ize  different resins 

~Manager, Structures Research Department, and Engineering Specialist, Strength & Life As- 
surance Research Department, respectively, Northrop Corporation, Hawthorne, CA 90250. 
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and compare their resistance to impact damage and delamination growth, the 
property measure commonly used is fracture toughness. For composite mate- 
rials the fracture toughness measure is taken in terms of strain-energy release 
rate (G). The experimental evaluation of critical strain-energy-release rate 
(G1c) under Mode I has been investigated in Refs I to 9. Three different spec- 
imen configurations, namely, double cantilever beam, delamination initia- 
tion, and free-edge delamination, have been discussed in these references. 
The relative merits and demerits of the specimens have been discussed in Ref 
4. It is pointed out in Ref 4 that the double cantilever beam specimen is the 
most promising in obtaining strain-energy-release rates. 

The experimental results in Ref 1 showed fatigue crack growth under 
Mode I at strain-energy-release rates above G~c. The experimental results in 
Ref 9 showed increasing G~c values with increasing extensions. These results 
indicate that composite materials exhibit stable crack growth resistance 
above Glc and any failure criterion based on Gl~ will be conservative. Gic 
alone cannot define failure in a composite laminate. 

A more realistic approach to describing delamination growth resistance of 
a composite laminate is by resistance curves. This concept has been used to 
describe plane-stress failure behavior of metallic materials [10-12]. A similar 
concept is developed for composites here. 

Experimental Program 

Specimen Geometry 

Center crack tension and crackline wedge loaded specimens are commonly 
used to obtain resistance curves for metallic materials. The use of these speci- 
men configurations to obtain resistance curves to characterize composite res- 
ins is not feasible, since the growth of delaminations in composites is an in- 
plane phenomenon and these specimen configurations would give resistance 
of the composites to fiber breakage which is not representative of resistance to 
delamination growth. The tapered double cantilever beam configuration has 
been used in Ref 13 to obtain resistance curves for adhesives. A specimen 
configuration similar to the double cantilever beam is considered suitable to 
obtain resistance (R) curves for composites under Mode I. 

The untapered double cantilever beam (DCB) specimen was selected for 
the Mode I delamination growth tests conducted in the present program. The 
DCB specimen was 16 plies thick with a doubly symmetric (0 /+  45/90/90/ 
q:4S/0)s layup and contained a simulated delamination located at the lami- 
nate midplane. Overall specimen geometry and delamination location are 
shown in Fig. 1. A similar specimen geometry with different laminate stack- 
ing sequences has been successfully used in several other Mode I delamina- 
tion growth studies for composites [1-4] to determine Glc values and delami- 
nation growth rates in fatigue. 
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FIG. 1--Double cantilever beam specimen (laminate layup: (O/ + 45/902/+--45/0),. 

Test Procedure 

Mode I tests were conducted in a servohydraulic machine under displace- 
ment control. A displacement-controlled loading was applied at the alumi- 
num tabs to break the Kapton film simulating the delamination and then to 
cause slow delamination growth in predetermined length increments. After 
initiation of the delamination by breaking the Kapton film, the applied dis- 
placement was returned to zero and then increased at a slow constant rate to 
cause delamination growth. The applied displacement was then reduced to 
zero and this 16ading-unloading cycle started again to cause further delami- 
nation growth. The process was continued until the delamination had grown 
by approximately 102 mm (4 in.). During the loading and unloading tests, the 
load was continuously plotted as a function of the applied displacement, and 
the critical load value (Per) required to cause a fixed increase in delamination 
length was also noted for each case. A typical set of loading and unloading 
plots obtained under room temperature dry (RTD) environmental conditions 
for AS1/3501-6 material is shown in Fig. 2. These data were used to deter- 
mine material resistance to delamination growth. 
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FIG. 2--Loading~unloading data for AS1/3501-6 DCB specimen under RTD conditions 
(constant delamination growth). 

Calculation of  Strain-Energy-Release Rate 

The strain-energy-release rate (GI) was calculated using a strength-of-ma- 
terials analysis of the double cantilever beam which results in the following 
expression for GIR [1]: 

(1) 

where C is the compliance and w is the specimen width. 
Since Per is proportional to the inverse of the delamination length and the 

compliance is proportional to the cube of the delamination length, Eq 1 was 
written in the form 

GIR = 3Al A~/2w (2) 

where 

C = Al a 3 (3) 

and 

Per = A z / a  (4) 
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The constants A~ and A2 were determined from the load displacement 
plots of Fig. 2 by fitting Eqs 3 and 4 to the compliance versus delamination 
length and critical load for delamination growth versus delamination length 
data, respectively. Typical curves for compliance and critical load for the test 
data of Fig. 2 are shown in Fig. 3. 

Development of Resistance Curves 

Two different approaches, namely, incremental extension and cumulative 
extension, were used to obtain resistance curves. 

I n c r e m e n t a l  E x t e n s i o n  

In the incremental extension method, the delamination extension A a  i was 
gradually increased with increasing number of load/unload cycles. For exam- 
ple, the delamination size was increased by 3.3 mm (0.13 in.) in the first cy- 
cle, 5.1 mm (0.20 in.) in the second cycle, 8.9 mm (0.35 in.) in the third cycle 
and so on, to a delamination length increment of 15.7 mm (0.62 in.) in the 
final cycle (Fig. 4). GIR values were calculated for each cycle using Eq 1 and 
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FIG. 3--Determinat ion of  coefficients A1 and A2 (Eqs 3 and 4) f rom curve f i t  to C versus a 3 
and P~ versus a -~ data. 
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F I G .  4--Loading~unloading data for AS4/3501-6 DCB specimen under RTD conditions (in- 
cremental delamination extension). 

the resistance curve obtained by plotting ~ versus the corresponding de- 
lamination length increase (Aa). This procedure, therefore, provides a direct 
measure of the resistance curve. A typical set of data for AS4/3501-6 compos- 
ites is shown in Fig. 5. 

Cumulative Extension 

In the cumulative extension method, approximately constant extension Aa 
was used in the test procedure. The extension Aai is computed as the differ- 
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ence between the delamination length ai corresponding to the i th loading- 
unloading cycle and the initial delamination length a0. It should be noted that 
the crack length a0 corresponds to the delamination length reached after the 
Kapton film has been broken through; thus the loading-unloading cycle to 
break through the Kapton is ignored. In order to calculate x/G the expression 
in Eq 1 is used where Per corresponds to the load level required to make the 
delamination grow from its initial length a0. The rate of change in compliance 
dC/da for a delamination length increment Aai is computed using 

dC AC C i -  Co 
= - -  - -  ( 5 )  

da Aa a i -  ao 

where C; is the compliance determined from the loading/unloading curve for 
delamination length ag. In this approach, it is assumed that the resistance 
offered by the material to a delamination length increase from an initial 
length a0 to a final length a;+l does not depend on whether or not a loading/ 
unloading cycle was carried out at an intermediate delamination length ai. 
The validity of this assumption is demonstrated by test data from DCB speci- 
mens. 

The experimental resistance curve for AS4/3501-6, obtained using the cu- 
mulative extension procedure, is shown in Fig. S. The figure also shows the 
resistance curve from the same specimen using the incremental extension pro- 
cedure. It is seen that the resistance curves obtained by the two methods are 
very similar. The slight difference in the two curves is within experimental 
data scatter, and the cumulative extension procedure gives a smoother resis- 
tance curve. Figure 6 compares the two resistance curves in Fig. 5 with that 
derived from another specimen using the cumulative extension method. It is 
seen that scatter in the data from the two tests is well within the expected 
range for composites. 

E x p e r i m e n t a l  R e s u l t s  

Using the specimen configuration and method discussed earlier, resistance 
curves have been obtained for composite laminates, and the influences of var- 
ious parameters such as matrix-fiber combination, porosity, and environ- 
ment on the resistance curve have been investigated. The resizlts obtained are 
discussed in the following subsections. 

Resistance for AS1/3501-6 Laminate 

Resistance curve data (x/-G versus Aa) from three specimens are shown in 
Fig. 7. The test data show very little scatter, except for a data point from 
Specimen 3. The figure also shows a fitted resistance curve which has been 
extrapolated to the region of crack extensions less than 12.7 mm (0.S in.) The 
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F I G .  4--Loading~unloading data for AS4/3501-6 DCB specimen under RTD conditions (in- 
cremental delamination extension). 

the resistance curve obtained by plotting ~ versus the corresponding de- 
lamination length increase (Aa). This procedure, therefore, provides a direct 
measure of the resistance curve. A typical set of data for AS4/3501-6 compos- 
ites is shown in Fig. 5. 

Cumulative Extension 

In the cumulative extension method, approximately constant extension Aa 
was used in the test procedure. The extension Aai is computed as the differ- 
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extrapolation of the ~/GIR curve to values of Aa below the experimental data is 
shown by dashed lines in Fig. 7 and all subsequent R-curve figures. This ex- 
trapolation was accomplished by analogy to the shape of R-curves obtained 
for metals and as such illustrates only trend information. It is recognized that 
additional data for delamination extensions less than approximately 12.7 mm 
(0.5 in.) are needed to verify the nature of the resistance curve for small exten- 
sions. 

In f luence  o f  F iber -Res in  Combinat ion on Resis tance Curve 

The resistance curve for AS4/3501-6 is shown in Fig. 8a. The figure also 
shows the resistance curve for AS1/3501-6 laminate. It is seen that the AS4/ 
3501-6 resistance curve is higher than that for AS1/3501-6. Thus AS4/3501-6 
material offers higher resistance to delamination growth than AS1/3501-6 
even though the resin is the same in both laminates. Figure 8b compares 
SEM photographs of the AS1 and AS4 fibers. As can be seen from this figure, 
the AS1 fiber has a larger diameter and a considerably rougher surface than 
the AS4 fiber. These results indicate that the type of fiber and the fiber matrix 
interface have a definite influence on the resistance to delamination growth. 
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FIG. 8a-- Comparison of resistance curves for AS4/3501-6 and ASI/3501-6 composites. 
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AS1 FIBER AS4 FIBER 

FIG. 8b--Comparison of AS1 and AS4 fiber microstructure (SEAl photos originally at 
5000X, reduced here 3855). 

Influence of Environment on Resistance 

The resistance curves for AS1/3501-6 material, discussed earlier, were ob- 
tained under room temperature dry environment. The growth of delamina- 
tions is influenced by environment and hence the resistance curve should de- 
pend on the test environment. The resistance curves, obtained from two 
specimens, for AS1/3501-6 at --54~ are shown in Fig. 9. The test data from 
Specimen 1 are not considered reliable because the tests indicated ice forma- 
tion at the edges of the delamination, resulting in compression loads when the 
specimen is unloaded. This resulted in a higher G value and thus a higher 
resistance curve. No such phenomenon was observed in Specimen 2, since 
adequate precautions were taken to minimize moisture in the environmental 
test chamber. Comparison of the resistance curves obtained under room tem- 
perature dry and --54~ dry environments is shown in Fig. 10. In this figure, 
only the central tendencies of the data are shown, and it is seen that the resis- 
tance curve at --54~ is lower than the resistance curve under room tempera- 
ture dry environment, indicating that the material resistance is reduced at 
--54~ 

Influence of Porosity on Resistance Curves 

The resistance curves obtained from three test specimens with about 2% 
porosity are shown in Fig. 11. It is seen that the test data have more scatter 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



118 FRACTURE MECHANICS :  SEVENTEENTH VOLUME 

39 

26 

e- 

~o 

I I I I 

25 50 

DELAMINATION EXTENSION Aa (ram) 

F I G .  9--Resis tance curve for  AS4/3501-6 at --54~ 
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F I G .  lO--Comparison of  resistance curves under room temperature and - -54~  environ- 
ments tAS1/3501-6). 
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F1G. 11--Resistance curves fo r  porous laminates. 

than nonporous laminates and do not lie on a smooth curve for any specimen. 
This is caused by the delamination front progressing through a porous inter- 
face and resulting in larger growth than would normally occur. If the first two 
data points from Specimen 3 are ignored, the remaining data show scatter 
typical of porous laminates. The first two test points in Specimen 3 show 
higher values of , fG, perhaps due to a strong bond between the Kapton insert 
simulating the delamination and the resin. 

A comparison of resistance curves for AS1/3501-6 porous and nonporous 
laminates is shown in Fig. 12. The curves shown in this figure represent the 
central tendency of the test data. It is seen that the resistance curve for porous 
laminates is not significantly different from that for nonporous laminates and 
is within the scatter commonly encountered in composites. This does not im- 
ply, however, that delamination growth resistance is unaffected by porosity. 
An explanation for the absence of porosity effects was obtained from a micro- 
structural examination of the specimen. The photomicrograph showed that 
porosity in the specimen was distributed across the cross section and was not 
uniform or concentrated at the delamination plane. 

Resistance Curves for T300/5208 

The GIc test data for T300/5208 obtained in Ref 2 were used to obtain the 
resistance curve for the material which has properties in the same class as 
AS1/3501-6 material. The central tendencies of the R-curve data for the two 
materials are shown in Fig. 13. It is evident that AS1/3501-6 has a higher 
resistance to delamination growth than T300/5208 material. 
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FIG. 12--Comparison of resistance curves for porous and nonporous laminates. 
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FIG. 13--Comparison of resistance curves for AS1/3501-6 and T300/5208 materials. 
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Resistance Curves for Tough Materials 

The resistance curve approach was used to characterize materials with en- 
hanced toughness such as AS4/5245C and AS4/X2220-1. The resistance 
curves for the two materials are shown in Fig. 14. It is evident that the resis- 
tance curve for AS4/5245C is much higher than the curves for the other mate- 
rials, indicating that AS4/5245C has a significantly larger resistance to de- 
lamination growth (i.e., a much higher toughness). AS1/3501-6 has the 
lowest resistance curve or the lowest resistance to delamination growth. The 
surprising result is that the resistance for AS4/3501-6 is higher than the resis- 
tance curve for AS4/X2220-1. These results indicate that AS4/X2220-1 ma- 
terial does not have the higher toughness property expected. 

Conclusions 

The studies undertaken in the present research program have resulted in 
the following conclusions: 

1. The resistance curve approach can be used to characterize composite 
laminates and to compare the toughness of new resin materials. 

2. The delamination growth resistance of composite materials under Mode 
I depends not only on the resin but also on the fiber used in the material 
system. Laminates with AS4 fibers in 3501-6 resin show higher resistance to 
growth than AS1 fibers in the same resin. 
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FIG. 14--Resistance curve for new tough resins. 
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3. The delamination growth resistance curve for a given material system 
can be obtained by either the incremental or the cumulative extension meth- 
ods. 

4. Porous laminates have lower resistance to delamination growth than 
nonporous laminates. 

5. The AS1/3501-6 material system has lower resistance to delamination 
growth at -- 54~ (-- 65~ F) than at room temperature ambient environmental 
condition. 
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ABSTRACT: An experimental study of the effects of specimen configuration and lami- 
nate thickness on the fracture behavior of notched laminated composites is presented. 
The behavior of [0/--+4S/90]ns, [0/90Ins and [0/+45]ns graphite/epoxy T300/5208 lami- 
nates was studied. When fracture toughness was computed at the failing load of the cen- 
ter-cracked tension specimen, laminate thickness significantly influenced fracture tough- 
ness. If fracture toughness was computed at the interception of the 5% secant line with 
the load-COD record, fracture toughness was found to be independent of both laminate 
thickness and specimen configuration. Defined in this manner, fracture toughness can be 
physically interpreted as an indicator of the onset of significant notch-tip damage. 

KEY WORDS: fracture toughness, composite, graphite/epoxy, center-cracked tension, 
compact tension, three-point bend, thick laminates 

The effect of l amina te  thickness on the fracture behavior of laminated 
graphi te /epoxy composites is the subject of an extensive, ongoing research 

p rogram at Virginia Polytechnic Inst i tute  and  State University. The primary 

objective is to exper imental ly  study the influence of thickness on the fracture 
toughness  of notched lamina tes  and on the development  of crack-tip damage 

prior to fracture.  Associated with this objective is the comparison of fracture 

toughness and  damage  development  for the center-cracked tension,  compact  
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tension, and three-point bend specimen configurations. Discussion of test 
results from these three standard specimen configurations is the subject of 
this paper. 

The first specimen configurations utilized for fracture toughness testing of 
metals and composites were the center-cracked and double-edge notched ten- 
sion specimens. Problems associated with testing these configurations began 
to surface when test results identified the dependence of fracture toughness 
on specimen thickness. The thick specimens required higher loads that ex- 
ceeded the load capacity of many testing machines. Also, problems developed 
with regard to gripping the specimens. (The gripping problem is especially 
acute for laminated composites.) Three-point bend and compact tension 
specimens were proposed as alternative configurations and were verified as 
being acceptable for plane strain fracture toughness testing of metals by 
ASTM [1,2, and ASTM Test Method E 399]. No such verification of the simi- 
larity of test results from the three specimen configurations has been estab- 
lished for composite materials. 

The preponderance of experimental investigations of notched laminated 
composites have been conducted utilizing the center-cracked tension speci- 
men geometry. This is because most laminates that have been investigated 
were thin sheets and, for thin specimens, the center-cracked tension specimen 
is a more stable geometry. However, there have been several investigators that 
utilized the three-point bend and compact tension specimens in addition to 
the double-edge or center-cracked tension specimen. Cruse and Osias [3] re- 
ported test results from ten angle-ply graphite/epoxy laminates utilizing the 
three-point bend and center-cracked tension specimens. They generally con- 
cluded that fracture toughness was independent of specimen geometry. How- 
ever, other investigators who utilized several specimen types, such as Prewo 
[4], Reedy [5], and Shih and Logsdon [6], concluded that the modes of frac- 
ture and the fracture toughness varied considerably with specimen configura- 
tion. 

In order to address this issue of specimen configuration, the authors stud- 
ied the fracture behavior of center-cracked tension M(T), compact tension 
C(T), and three-point bend (SE(B)) specimens. Tests were conducted utiliz- 
ing specimens obtained from laminates with three basic stacking sequences 
and thicknesses ranging from 6 to 120 plies. The specimen dimensions were 
selected in accordance with ASTM E 399 where practical, and fracture tests 
were generally conducted in accordance with this standard. The experimental 
program is described in more detail below, followed by a discussion of the 
program results. 

Experimental Program 

The laminate panels were prepared from graphite/epoxy, T300/5208, us- 
ing a standard tape layup and autoclave curing process. The basic lamina 
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tensile data were determined experimentally from [0]s, [90]8 and [ +__ 4512s cou- 
pons. Using the average of four or five replicate tests, the lamina properties 
were: Ell = 138.7 GPa (20.11 • 106 psi), E22 = 10.77 GPa (1.56 • 106 psi), 
G~2 = 5.98 GPa (0.867 • 106 psi), and v~2 = 0.318, where subscript "1" 
refers to the direction parallel to the fibers and "2" refers to the transverse 
direction. These property values are typical of those reported in the literature 
for T300/5208. 

The laminate stacking sequences selected for the study were [0/+__ 45/90]ns, 
[0/90],s and [0/___ 45]ns where the subscript "ns" means multiple layers of the 
repeated stacking sequence symmetric about the laminate midplane. The 
[ 0 / +  45/90],s and [0/90],~ M(T) laminates were tested at thicknesses of 8, 32, 
64, 96 and 120 plies, where the individual ply thickness was approximately 
0.127 mm (0.005 in.). Only the last three thicknesses were used for the C(T) 
and SE(B) specimens. The thicknesses for the [0/+45],~ M(T) laminates 
were 6, 30, 60, 90 and 120 plies. Again, the last three thicknesses were used 
for the C(T) and SE(B) specimens. In all cases the 0 ~ fiber orientation was 
perpendicular to the machined notch. 

The M(T) specimen was 50.8 mm (2 in.) by 203 mm (8 in.) with a center 
notch cut by an ultrasonic cutting tool. The notch tip radius was 0.203 mm 
(0.008 in.); no attempt was made to sharpen the notch tips. The effect of the 
notch root radius on test results is summarized in Ref 7. Based on reported 
results, the effect of radius (for all those types of specimens) on the fracture 
toughness values is negligible. For the M(T) specimens the crack length-to- 
width ratio (2a/W) was 0.50. Also, 50.8 mm (2 in.) C(T) specimens and 25.4 
mm (1 in.) by 127 mm (5 in.) SE(B) specimens with a/W at 0.50 were tested 
at the three highest laminate thicknesses. In most cases four or more replicate 
tests were conducted. Further details may be found in Ref 7. 

All fracture tests were conducted at a constant crosshead displacement rate 
of 0.02 mm/s  (0.05 in./min).  The M(T) specimens were held in 51 mm (2 in.) 
wide wedge-action friction grips such that the specimen length between grip 
ends was approximately 127 mm (5 in.). The thin M(T) specimens, six or 
eight plies, were tested with an antibuckling support to prevent out-of-plane 
motion. The C(T) specimens were loaded through 9.5 mm (3/8 in.) loading 
pins. The SE(B) specimens were supported on 25.4 mm (1 in.) diameter cylin- 
drical rods positioned 102 mm (4 in.) apart and loaded via a 19 mm (3/4 in.) 
radius ram. The supports were spring loaded to allow proper initial position- 
ing and free movement once the test commenced. X-ray examinations of the 
loading regions of the C(T) and SE(B) specimens did not reveal any measur- 
able amount of local bearing or cracking damage. Also, because of the thick- 
ness of the C(T) and SE(B) specimens (>_ 60 plies), no out-of-plane buckling 
occurred. 

Crack-tip damage that formed prior to fracture was investigated using 
X-ray radiography and the laminate de-ply technique [8]. Zinc iodide en- 
hanced X-ray examinations were used to establish the load levels where signif- 
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icant damage developed. Also, the progression of damage as the load ap- 
proached the failure load was documented using X-ray radiography. Using a 
gold chloride agent to mark delamination regions, the through-the-thickness 
damage was studied using the destructive laminate de-ply technique. This 
technique allowed the study and documentation of the damage in each indi- 
vidual ply. The de-ply technique was especially useful for studying the details 
of broken fibers and for establishing the extent of delaminations as well as 
their exact interface location [7]. 

Determination of Fracture Toughness 

Values of stress intensity factor were computed from a finite element analy- 
sis for each of the three specimen configurations [ 7]. The finite element code 
[9] computed the Mode I stress intensity factors and strain energy release 
rates based on linear elastic fracture mechanics (LEFM). The laminate mate- 
rial behavior was considered to be homogeneous and orthotropic. 

Values of fracture toughness were computed at the maximum test load 
(Pro) and at the 5% secant intercept load (P~). The fracture toughness (Km) 
at the maximum load was defined as the value of the LEFM orthotropic stress 
intensity factor at the maximum test load. Fracture toughness (KQ) at the 5 % 
secant load was defined as the value of the LEFM orthotropic stress intensity 
factor at the load PQ which was defined in accordance with ASTM E 399. The 
load PQ was defined as the intercept of the 5% secant line with the load-COD 
test record (Ps) or a higher load if one preceded Ps. The 5% secant line was 
drawn through the origin with a slope that was 0.95 times the slope of the 
initial linear portion of the load-COD test record. 

Results and Discussion 

The three specimen configurations exhibited fundamentally different load- 
COD test records. In the constant cross-head displacement mode of testing, 
the M(T) specimen failed catastrophically at the maximum test load. As illus- 
trated in Fig. la ,  the typical M(T) specimen exhibited discontinuities in the 
load-COD record prior to failure. These discontinuities were associated with 
the formulation of discrete amounts of damage at the notch tip [ 7]. After the 
formation of significant damage, the specimen compliance changed and the 
specimen behavior was no longer linear elastic. On the other hand, the SE(B) 
specimen (Fig. lb) and the C(T) specimen (Fig. lc) did not fail catastrophi- 
cally at the maximum test load. (Note that the scales in Figs. la ,  lb, and lc 
are different). This was because of the compression zone at the back face of 
the specimen opposite the advancing crack front. In addition, the SE(B) and 
C(T) specimens exhibited several load reductions at or near the maximum 
test load. These load reductions corresponded to the formation of discrete 
amounts of notch-tip damage [ 7]. As an example, Fig. 2 provides a compari- 
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FIG. 1--Typical  load-COD test records for (a) center-cracked tension specimen, (b) three- 
point bend specimen, and (c) compact tension specimen. 

son of radiographs of the damage for the [0/90116s laminate. In each case the 
radiograph was taken just after the first discontinuity in the load-COD re- 
cord. As can be seen, the damage is similar in content and magnitude. 

The effect of laminate thickness is best illustrated by computing fracture 
toughness at the maximum test load. This corresponded to catastrophic fail- 
ure of the M(T) specimen and is consistent with the usual definition of 
notched laminate strength. Fracture toughness versus laminate thickness is 
shown in Figs. 3 to 5 for the [0/90],s, [0/-----45/90]ns and [0/q-45]ns laminates, 
respectively. The plotted values are the average of the four replicate tests. For 
the thin laminates the maximum deviation from the mean value was 8 to 
12%, whereas for the thicker laminates the maximum deviation from the 
mean was 2 to 5%. 

The change in fracture toughness was primarily attributed to the influence 
of laminate thickness on the notch-tip damage that formed prior to fracture. 
A detailed discussion of how the damage zone varied with laminate thickness 
is provided in Ref 7. 

There was very little difference in the values of fracture toughness for the 
[0/90],s and [0/-t-45/90],s laminates obtained from the three specimen con- 
figurations. The difference between the high and the low value for the [0/90]n~ 
laminate was 952 MPa~m-m (27.4 ksi i,,/Tn~.) (C(T)) and 841 MPa~m--~ (24.2 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



HARRIS AND MORRIS ON THICK LAMINATED COMPOSITES 129 

FIG. 2--Comparison of damage at the first COD discontinuity for the [0/90116s laminate. 

ksi i~mn.) (M(T)). For the [0/+---45/90]ns laminate the high value was 1081 
MPax/mm (31.1 ksi i~Jim.) (M(T)) and the low value was 973 MPavr-mm (28.0 
ksix/~.) (SE(B)). However, there was considerable difference in the values of 
fracture toughness for the [0/4-_ 45]ns laminate, where the high value was 1387 
MPa~,/-mm (39.9 ksi ix/Tn~.) (M(T)) and the low value was 1112 MPa~fmm (32.0 
ksi ix/~n.) (C(T)). Previously, differences in the load-COD records of the M(T) 
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FIG.  3--Fracture toughness at maximum load versus thickness for  a [0/90].s laminate. 
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specimen and the other two specimen configurations were discussed. Perhaps 
a more consistent comparison of fracture toughness values would occur if 
fracture toughness were computed at the first COD discontinuity for the 
M(T) specimen and at the first load reduction for the other two configura- 
tions. As the radiographs in Fig. 2 show, these load values were for a similar 
notch-tip damage zone, and the load records were nearly linear prior to the 
first load-COD discontinuity. 

There were other differences in some load-COD records that further sug- 
gested the utilization of an alternative load to the maximum load. For exam- 
ple, sometimes one specimen from a set of four replicates would not have any 
discontinuities in the load-COD record, while the other specimens exhibited 
several discontinuities. The failure load of the specimen without discontinui- 
ties was very close to the loads where major discontinuities occurred in the 
load-COD records of the other specimens. 

In the case of metals, ASTM E 399 provides a method for reconciling the 
types of differences in load-COD records discussed above. (While the basis 
for the approach outlined in ASTM E 399 may not be valid for a heteroge- 
neous composite material, the approach may be applicable to the reduction of 
composite materials test data.) A secant line is constructed through the origin 
of the test record with a slope that is 0.95 times the slope of the initial portion 
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of the load-COD record. The intersection of the 5% secant line with the test 
record defines a candidate load, Ps, for computing fracture toughness. The 
basis for using a 5% slope offset is due to the requirement to minimize crack- 
tip plasticity and stable crack growth (for metals) so that linear elastic frac- 
ture mechanics applies. (A detailed discussion of the basis for the 5 % offset is 
given in Broek [10].) For the M(T) specimens of this study, the 5% secant line 
typically intercepted the load record at a discontinuity. Similarly, the load at 
the first load reduction was usually the Ps value for the C(T) and SE(B) speci- 
mens. Therefore the load defined in accordance with ASTM E 399 at the 5% 
slope offset intercept was selected for computing the fracture toughness (Ks) 
of the laminates discussed herein. The fracture toughness versus laminate 
thickness is shown in Figs. 6 to 8 for the [0/90],~, [0/+45/90],~ and [0/+_ 
45]n, laminates, respectively. The Ks fracture toughness can be physically in- 
terpreted as a measure of the onset of significant crack-tip damage. 

As seen in Figs. 3 to 5 and Figs. 6 to 8 the Km and Ks values for the C(T) 
and SE(B) specimens are practically identical. This was because the load at 
the first load reduction was always quite close to the maximum value. By de- 
fining fracture toughness at the onset of damage, the influence of the notch- 
tip damage zone on the final fracture was minimized. Therefore the Ks frac- 
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ture toughness is seen to be independent of laminate thickness. However, 
there is some thickness dependence for the [0/+45/90]ns laminate (Fig. 7). 

The implication of this result is potentially quite significant. On the one 
hand, a design value of fracture toughness may be obtained by testing C(T) or 
SE(B) specimens. Alternatively, very thin center-cracked tension specimens 
may also yield a conservative design value when fracture toughness is defined 
at the onset of damage rather than at the failing load. 

In conclusion, in a separate but related study the authors [11] have shown 
that fracture toughness computed at the onset of damage (Ks) was indepen- 
dent of laminate stacking sequence and thickness for M(T) specimens. 
Twenty-seven stacking sequences of graphite/epoxy T300/5208 laminates 
were included in the study. Including from three to six replicate tests in all 
cases, the mean value of fracture toughness was 990 MPaVmm (28.5 ksi ix/~.) 
with a standard deviation of 104 M P a ~  (2.99 ksi ivan.). This compares 
favorably with the mean values shown in Figs. 6 to 8. 

Conclusions 

The results from this study showed that fracture toughness computed at the 
maximum test load was significantly influenced by laminate thickness. This 
was due to the effects of laminate thickness on the size and type of damage 
zone that formed at the notch-tip prior to fracture. However, fracture tough- 
ness was independent of laminate thickness when computed at the onset of 
damage (utilizing the 5% slope offset intercept similar to ASTM E 399). The 
values of fracture toughness obtained from thick center-cracked tension, 
compact tension, and three-point bend specimens were nearly identical when 
computed at the onset of damage. Furthermore, the type and magnitude of 
the notch-tip damage zone of the three specimen configurations were similar 
at the first discontinuity in the load-COD test record. 
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Residual Strength of Five 
Boron/Aluminum Laminates with 
Crack-Like Notches After Fatigue 
Loading 

REFERENCE: Simonds, R. A., "Residual Strength of Five Boron/Aluminum Laminates 
with Crack-Like Notches After Fatigue Loading," Fracture Mechanics: Seventeenth Vol- 
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Andrews, and J. C. Newman, Eds., American Society for Testing and Materials, Phila- 
delphia, 1986, pp. 136-152. 

ABSTRACT: Boron/aluminum specimens were made with crack-like slits in the center 
and with various proportions of 0 ~ and •  ~ plies. They were fatigue loaded and then 
fractured to determine their residual strengths. The fatigue loads were generally in the 
range of 60 to 80% of the static tensile strength of the specimen as determined from a 
previous study, and the stress ratio was 0.0S. For virtually all of the specimens the fatigue 
loading was continued for 100 000 cycles. The spcimens were radiographed after the 
fatigue loading to determine the nature of the fatigue damage. A few specimens were 
sectioned and examined in a scanning electron microscope after being radiographed in 
order to verify the interpretation of the radiographs and also to get a better insight into the 
nature of the fatigue damage. 

The results indicate that the fatiguing does not significantly affect the strength of the 
specimens tested. The results of the radiography and of the scanning electron microscopy 
indicate that the 4S ~ plies suffer extensive damage in the form of split and broken fibers 
and matrix cracking in the vicinity of the ends of the slit. By contrast, the only significant 
damage to the 0 ~ plies was a single 0 ~ matrix crack growing from the ends of the slit. 

KEY WORDS: boron/aluminum, fatigue, fracture 
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ent B/AI laminate configurations, several slit lengths, and several specimen 
widths. Thus the strength of "damaged" specimens could be compared with 
the strength of "undamaged" specimens determined by prior experiments 
[2]. The present study seeks to amplify that knowledge by adding fatigue 
damage to the ends of the slits. The specimens are fatigued at a level high 
enough that significant fatigue damage develops, yet not at such a high level 
that the specimen fails in fatigue before 100 000 cycles. The present study 
seeks to document the fatigue damage and to see what the effect of the fatigue 
damage is on the residual strength of the specimen. 

Mater ia l  and  S p e c i m e n s  

The B/AI laminates were made by diffusion bonding 0.152-mm-diameter 
boron fibers and 6061 aluminum foil. The laminates were tested without any 
subsequent heat treatment. The laminate orientations were [016T, [02/-----45]s, 
[+--45/02]s, [0/___45k, and [+--45hs. The volume fractions were 50% for the 
[016T laminate and 45% for the cross-plied laminates. Fatigue/fracture, frac- 
ture, and tensile specimens were cut from each sheet of material. Results of 
the tensile tests were reported in Ref 2; some of the average tensile results are 
given in Table 1. The results are for specimens 19.1 mm wide except for the 
[ _  4512~ laminate where the results are for 102-mm-wide specimens. There is 
a significant width effect for the [+---4512s laminate, so the [+_4512~ data in- 
eluded in Table 1 are for the same width specimens as the specimens included 
in the present study. No appreciable width effect was found for the other lam- 
inate orientations. 

The fatigue/fracture specimens were all 102 mm wide. Crack-like slits were 
machined into the center of each specimen with an electrical-discharge pro- 
cess. The slits were perpendicular to the loading direction and had lengths of 
10.2, 30.5, and 50.8 mm. Figure 1 shows a sketch of the fatigue/fracture 
specimens that identifies fiber angles and shows the location of the grips. 

The static fracture strengths of the various types of specimens were known 
prior to the present study from Ref 1. 

TABLE 1-- Tensile strengths of laminates. 

Laminate S p e c i m e n  Strength, 
Laminate Thickness, mm Width, mm MPa 

[016T 1.07 19.1 1670 
[02-----45k 1.49 19.1 800 
[----- 45/02], 1.51 19.1 910 
[0/+__45]~ 1.11 19.1 581 
[ +--- 45]z, 1.52 102 221 
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FIG. 1--Specimen geometry (dimensions in millimeters). 

Test Procedures and Equipment 

The specimens were tested in a hydraulically actuated, closed-loop, servo- 
controlled testing machine. The load, which was measured by a conventional 
load cell, was used for the feedback signal. For the fatigue portion of the 
tests, a function generator produced a sinusoidal command signal of 10.0 Hz. 
The testing machine was set so that the maximum cyclic load was a certain 
percentage of the average static failure load for each slit length and laminate 
orientation as determined in Ref 1. The ratio of minimum to maximum stress 
was generally equal to 0.05. Most of the specimens were fatigued for 100 000 
load cycles. The residual strength fracture tests were accomplished on the 
same testing machine by resetting the function generator to output a slow 
linear ramp command signal so that the specimen failed in about 2 rains. 

Many of the specimens were radiographed after, and sometimes during, 
the fatigue portion of the testing in order to determine the damage caused by 
the fatigue loading. The radiographs were made with an industrial-type 
"soft" X-ray machine with a 0.254-mm beryllium window and a tungsten tar- 
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get. The voltage and current were set for 50 kV and 20 mA, respectively. The 
window of the X-ray tube was 607 mm from the specimen, and a high-resolu- 
tion photographic plate was mounted directly on the opposite side of the spec- 
imen. The exposure time for each radiograph was 12 min. 

A few specimens were destructively examined after the fatigue portion of 
the testing instead of being fracture tested. Typically, pieces were cut out of 
the specimen from the vicinity of the ends of the slits, and then leached in a 
sodium-hydroxide solution to enhance cracks in the aluminum matrix, to re- 
move the matrix and expose the fibers, or to remove entire plies and expose 
the fibers of the underlying plies. The amount of material removed was de- 
pendent on the amount of time the piece was submerged in the solution. The 
leached pieces could then be examined in a scanning electron microscope. 

Results and Discussion 

Figure 2 compares the fracture strength of the fatigued specimens with the 
average strength of the specimens from Ref I that were fractured without any 
prior fatigue loading. The percentage of the static failure load that was used 
for the fatigue loading is indicated for each data point. More than one per- 
centage indicates two or more specimens whose post-fatigue strength was the 
same. The graphs indicate that the difference in strength between the unfa- 
tigued specimens of Ref 2 and the fatigued specimens of the present study are 
relatively insignificant. This happened even though substantial damage often 
developed in the fatigued specimens as discussed below. 

Fiber Damage 

With the exception of one of the laminates, the preponderance of fiber 
damage occurred in the +45  ~ plies rather than in the 0 ~ plies. Figure 3 shows 
radiographs taken of the slit ends of Specimen 04022, which was a [016T lami- 
nate, after the specimen was fatigued for 100 000 cycles at 35% of the static 
fracture strength. The few fibers that are broken, as indicated by the gaps in 
the white line images of the tungsten fiber cores, all occur in the immediate 
vicinity of the ends of the slit. Specimen 04022 experienced a very slight in- 
crease in fracture strength over the average unfatigued strength. 

Figure 4 is a radiograph of the ends or the slit of Specimen 43032, a [02/+ 
45]s laminate. Negligible damage to the fibers can be seen in the radiographs. 
Figure 5 shows the first and second plies, both 0 ~ of the same specimen after 
matrix removal, as viewed in the scanning electron microscope. Zero degree 
fibers, except those actually cut by the slit, are intact. However, the 45 ~ fi- 
berS, as shown in Fig. 6, show extensive damage that was not apparent in the 
radiographs. The 45 ~ fibers appear to have split and to have washed away 
during matrix removal. The fibers in the [• laminates suffer similar 
damage as those in the [02/+ 45]~ laminate even though the stacking sequence 
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FIG.  2--Strengths of fatigued specimens compared with strengths of unfatigued specimens. 

is different: negligible damage to 0 ~ fibers and splitting of the 45 ~ fibers and 
their subsequent washing away when the matrix is removed. 

Laminate [ 0 / +  45]s was the only one of the five laminates to show signifi- 
cant damage to the 0 ~ fibers as a result of the fatigue loading. Some of the 
radiographs of specimens of this laminate show broken 0 ~ fibers as far as 
eight fibers away from the ends of the slit. Figure 7 is a radiograph of Speci- 
men 31022 showing broken 0 ~ fibers as well as broken 45 ~ fibers. Figure 8 
shows the results of fatiguing Specimen 31012 for 100 000 cycles at 70% of 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



SIMONDS ON BORON/ALUMINUM LAMINATES 141 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



142 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



SIMONDS ON BORON/ALUMINUM LAMINATES 143 

o 

r~  

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



144 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

FIG. 6--Scanning electron micrograph of 45~ of Specimen 43032. 

the estimated failure load, sectioning the specimen, then leaching the matrix 
away with sodium hydroxide to expose broken 0 ~ fibers. Further leaching re- 
veals extensively damaged 45 ~ fibers as seen in the other laminates containing 
45 ~ fibers. 

Damage to fibers in the [ +__ 4512s laminates appears to be similar to the dam- 
age to 45 ~ fibers in the other laminates even though there are no accompany- 
ing 0 ~ fibers. Figure 9 shows the results of fatiguing Specimen 13013 for 
100 000 cycles to 70% of its average unfatigued static strength. A portion of 
the specimen taken from the area of one end of the slit was leached in sodium 
hydroxide to remove the top three plies to reveal the middle two plies, both 
parallel to one another, and portions of the underlying sixth ply. The fibers 
are extensively damaged and many of the broken pieces simply fell away from 
the section once the matrix was dissolved away. 

Unpublished work by C. C. Poe, Jr., of NASA Langley Research Center 
indicates that the 45 ~ fibers are subjected to large tensile stresses transverse to 
the fibers. Thus the 45 ~ fibers could have broken because their transverse fa- 
tigue strength is low. The asymmetrical pattern of damage in Figs. 6 and 9 is 
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FIG. 8--O~ at the end of the slit of  Specimen 31012 after fatiguing and with matrix par- 
tially removed. 
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FIG. 9--Scanning electron micrograph of Specimen 13013 showing fourth and fifth (+45 ~ 
plies and sixth (--45~ at the end of the slit with matrix removed after fatiguing. 

consistent with such a failure mode. Similar fiber damage was noted in Refs 3 
and 4. 

Matrix  Damage 

Matrix damage in the boron/aluminum laminates subjected to fatigue 
loading appeared to take two forms: (1) cracks in the 0 ~ plies which started at 
the ends of the slits, grew parallel to the 0 ~ fibers, through the specimen 
thickness, and towards the grips with increasing numbers of cycles, and (2) 
cracks in the 45 ~ plies originating at split 45 ~ fibers. In addition, some cracks 
were observed between 0 ~ plies and adjacent 45 ~ plies. In the [016T laminates, 
cracks developed very quickly at the ends of the slits and grew very quickly 
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FIG. lO--Photograph of fatigued and fractured Specimen 04022. 
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along the 0 ~ fibers towards the grips. The matrix cracks in the [016 T speci- 
mens grew so quickly that the [016T specimens were fatigued at lower percent- 
ages of their static fracture strengths. Figure 10 is a photograph of Specimen 
04022 showing that the fatigue cracks grew from the ends of the slit and that 
the specimen then fractured at the ends of the fatigue cracks rather than at 
the ends of the slit. Pencil marks were made on the surface of the specimen at 
the visible ends of the fatigue cracks after the fatigue portion of the testing. 
During the subsequent fracture testing, the specimen fractured from the ends 
of the fatigue cracks rather than from the ends of the original slit. This behav- 
ior is in agreement with the predictions of shear lag analysis (Ref 5). At frac- 
ture, there was some additional cracking in the 0 ~ directions as there was in 
the fracture testing of unfatigued [016T specimens with slits (Ref 1). 

Figure 11 is a cross section of Specimen 43032, [02/+45]s, slightly above 
the slit. The section has been etched with sodium-hydroxide to enhance the 
matrix cracks. It shows cracks at the end of the slit in the 0 ~ plies, between 
the 0 ~ and +45  ~ plies, and in the 45 ~ plies. The [+45/02]s specimens show 
virtually identical matrix cracking even though the stacking sequence is dif- 
ferent: cracks between the 0 ~ fibers growing from the ends of the slit and 
cracks in the 45 ~ plies growing from the split fibers. 

Fatiguing of [0/+_45]s laminates with slits does not appear to create a sin- 
gle dominating matrix crack in the 0 ~ plies as it does in the other laminates 
containing 0 ~ plies. Instead, several cracks appear between adjacent 0 ~ fibers 
as can be seen in Fig. 12. Note that the matrix cracks in the 0 ~ plies are be- 
tween the fibers as opposed to connected with split fibers as in the 45 ~ plies. 

Matrix damage to [+  4512s laminates took the form of matrix damage in the 
45 ~ plies as in other laminates: coincident with splits in the 45 ~ fibers. 

Summary 

Boron/aluminum specimens containing crack-like slits in their centers per- 
pendicular to the loading direction were fatigued. The fatigue loading was 
sufficient to cause damage to occur at the ends of the slits but not so high as to 
cause the specimens to fail in fatigue. The specimens were radiographed in an 
effort to determine the resulting damage. Broken fibers are fairly easy to de- 
tect in the radiographs; however, matrix damage is virtually indiscernible ra- 
diographically. In a few cases, specimens were sectioned and examined mi- 
croscopically in order to verify the existence of the broken fibers as seen in the 
radiographs and in order to determine the matrix damage. 

Fatigue damage at the ends of the slits takes the following forms: 

1. Extensively broken 45 ~ fibers in all the laminates containing 45 ~ fibers. 
2. In specimens in which at least 50% of the plies are 0 ~ plies, there are 

cracks in the matrix in the 0 ~ direction in the 0 ~ plies starting at the ends of 
the slits, and growing towards the grips. 
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3. Matrix cracking in the 45 ~ plies associated with split and/or  broken 45 ~ 
fibers. 

In addition, there are some broken 0 ~ fibers in the [0/+_45]s laminate spec- 
imens, and in those specimens containing both 0 ~ plies and 45 ~ plies there is 
a tendency of the matrix to crack between a 0 ~ ply and an adjacent 45 ~ ply. 

In spite of the aforementioned damage, there is virtually no change in the 
strength of a fatigued boron/aluminum specimen containing a slit in the cen- 
ter compared with a similar specimen without fatigue. 
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ABSTRACT: An experimental investigation was conducted to evaluate the effects of hold 
times on the fatigue crack growth rate of Inconel 718 at 649~ using compact tension 
specimens. Tests were run under computer-controlled constant K conditions using com- 
pliance to determine crack length. Hold times ranging from 5 to 50 s were applied at 
maximum, minimum, and intermediate load levels, The data show that the hold times at 
maximum load were the most damaging in terms of crack growth rate. Hold times greater 
than 5 s led to purely time-dependent crack growth behavior which was predictable from 
sustained load data using K as a correlating parameter. Hold times at minimum or inter- 
mediate load levels had little or no effect on crack growth rate. A linear cumulative dam- 
age model based solely on fatigue and sustained load data was found to be adequate for 
spectrum loading so long as the hold times were at maximum load. 

KEY WORDS: fatigue crack growth, time-dependent crack growth, creep/fatigue inter- 
actions, spectrum loading, nickel-base superalloy, cumulative damage model 

C r a c k  g r o w t h  ca l cu l a t i ons  fo r  cr i t ica l  s t r uc tu r a l  c o m p o n e n t s  in U . S .  A i r  

F o r c e  gas  t u r b i n e  eng ines  h a v e  b e c o m e  an i m p o r t a n t  p a r t  of  t he  des ign a n d  

life m a n a g e m e n t  p r o c e d u r e s  in r ecen t  years .  A c c u r a t e  c r ack  g rowth  pred ic-  

t ions  a re  r e q u i r e d  as p a r t  o f  a d a m a g e  t o l e r a n t  des ign  a p p r o a c h  r e q u i r e d  by 

t h e  A i r  F o r c e  fo r  all  new eng ine s  u n d e r  t he  recen t ly  a d o p t e d  E n g i n e  St ruc-  

tu ra l  I n t eg r i t y  P r o g r a m  ( E N S I P )  spec i f ica t ions .  F u r t h e r ,  i m p l e m e n t a t i o n  of  

a r e t i r e m e n t - f o r - c a u s e  o r  o n - c o n d i t i o n  l i f t ing pol icy  for  ex is t ing  engines  re- 

qu i re s  t h e  capab i l i t y  to  p r e d i c t  c r a c k  g rowth  ra tes  in eng ine  c o m p o n e n t s  un-  
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der actual operating conditions. These conditions include variations in tem- 
perature, cyclic frequency, stress ratio, and sustained load hold time, as well 
as interactive effects in a typical load spectrum. One of the major concerns is 
to address the effects of hold times at the highest operating temperatures, 
where turbine disk alloys demonstrate a varying degree o f  time-dependent 
material behavior. In particular, the effects of hold times between single or 
multiple cyclic loads are not fully understood. 

Hold times in a typical load spectrum for a turbine engine disk represent a 
condition of constant engine speed and constant temperature. For high-per- 
formance military aircraft engines, hold times ranging from a few seconds to 
a few minutes are common throughout the load spectrum, which is comprised 
primarily of low frequency fatigue cycles of varying frequencies, amplitudes, 
and stress ratios. The hold times can occur at maximum load or at some inter- 
mediate load level between the maximum and minimum of the fatigue load- 
ing. These hold times can contribute to crack growth at high temperatures 
through a combination of creep and environmental degradation, primarily 
oxidation, near the crack tip. In nickel-base superalloys, sustained load crack 
growth is primarily an environmentally enhanced phenomenon with little or 
no creep present. In the absence of oxygen, sustained load crack growth rates 
have been observed to decrease by more than an order of magnitude [1]. 

Prior work has shown that sustained load crack growth in nickel-base su- 
peralloys can be characterized using the linear elastic fracture mechanics 
(LEFM) stress intensity factor, K, as the correlating parameter [2,3]. It has 
also been shown that for very low frequency cycles, fatigue crack growth rates 
can be deduced from sustained load crack growth data using simple integra- 
tions of the fatigue loading cycle [4]. Hold-time effects at maximum load be- 
tween fatigue cycles were also well predicted from sustained load data. What 
has not been evaluated, however, is the contribution of sustained loads at 
stress levels below the peaks of the fatigue cycles and the interactions between 
cyclic and sustained loads in complex mission spectra. This paper presents 
the results of a systematic investigation to evaluate hold-time effects in ele- 
vated temperature fatigue and guidelines for the prediction of engine spec- 
t rum crack growth rates at high temperatures. 

Experiments 

A series of tests was performed on compact-type specimens of Inconel 718 
involving combinations of cyclic loading and hold times. All test specimens 
were of identical dimensions having H / W  = 0.6, B = 10 mm, and W = 40 
mm. The Inconel 718 was heat treated to the standard treatment detailed in 
Table 1. All tests were conducted at a temperature of 649~ in an MTS servo- 
hydraulic test machine using a microcomputer in the feedback loop to control 
the load on the machine. In addition, a microcomputer was used to acquire 
and process the raw data in real time. All tests were conducted under condi- 
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TABLE 1--Heat treatment for Alloy 718. 

Step 1: 

Step 2: 

Step 3: 

Step 4: 

Anneal at 968~ (1775~ for 1 h, then air cool to temperature 

Age harden at 718~ (1325~ for 8 h, then furnace cool at 56~ (100~ to 
621~ (1150~ 

Age harden at 621~ (1150~ for a total aging time in Step 2 and Step 3 of 18 h 

Air cool to room temperature 

tions of constant m a x i m u m  stress intensity, K,  until steady-state crack 
growth had been achieved. Crack length was determined indirectly from com- 
pliance measurements  using digital displacement data from an MTS clip 
gage with quartz extension rods. The specimen was kept in a resistance- 
heated furance, while the air- or water-cooled extensometer was kept outside 
the furnace through the use of the extension rods. Temperature in the furnace 
was controlled to less than I~  and the total temperature gradient on the 
crack path was kept to less than 10~ 

Digital load-displacement data were fit to a straight line using a least- 
squares minimization procedure incorporated in the microcomputer to deter- 
mine compliance. Compliance was then converted to crack length using for- 
mulae detailed in previous works [2,5]. Crack lengths obtained from 
compliance data were verified by comparing them with the optical measure- 
ment  data obtained f rom markings on the fracture surfaces. Some of the 
crack growth rate tests were repeated under identical conditions. The scatter 
of the growth rate data was found to be less than 10%. 

Several types of loading spectra were used to evaluate the effects of hold 
times on the spectrum crack growth rates of Inconel 718 at 649~ The first 
test involved a 1 Hz fatigue cycle with a hold time at maximum load between 
fatigue cycles of R : 0.1. The hold times ranged from 0 to 500 s, and tests 
were conducted for values of gma x of 40 and 27 MPa m 1/2. The second series 
of tests involved the application of a number  of fatigue cycles with a hold time 
at max imum load interspersed between the blocks of cycles. The number of 
fatigue cycles ranged from 1 to 50 at gmax : 40MPa  m 1/2 using hold times of 
either 5 or 50 s. The third type of test involved a single fatigue cycle of 1.0 Hz 
with R : 0.1 with a hold time of either 5 or 50 s at a value less than gmax. In 
one group of tests, the hold was applied at the minimum load of the R ---- 0.1 
fatigue cycles. Finally, a spectrum consisting of single fatigue cycle of 1 Hz at 
R = 0.1 followed by twelve cycles of 2 Hz at R ---- 0.5 and then a hold of 90 s 
at max imum load was applied. This spectrum was based on a design spec- 
t rum on the Air Force TF-34 engine. 

Analysis 

A linear cumulative damage model was used to predict crack growth rates 
for loading spectra consisting of combinations of fatigue cycles and hold 
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times. The model involved the simple summation of the individual contribu- 
tions of the cycles and the hold times. The fatigue crack growth rates were 
obtained from constant K tests at the appropriate frequency and R ratio. The 
hold time predictions were obtained from sustained load crack growth tests. 
Letting d a / d N  be the cyclic crack growth rate and da/dt  the sustained load 
growth rate, the crack growth rate per cycle block consisting of N cycles and a 
hold time of tH is 

da da + da 
dNb -- N �9 dN tH dt (1) 

where da/dNb is the growth rate per cycle block. There are no interaction 
effects considered in this simple model. 

Results and Discussion 

The first series of tests involved the application of a single fatigue cycle of 
R = 0.1 at 1 Hz with a hold time at maximum load between cycles. Two 
values of maximum K were used, 40 and 27.8 MPa m 1/2 with hold times rang- 
ing from 0 (pure fatigue) to S00 s. The data are plotted in Fig. 1 as crack 
growth rate against total cycle time. Note that a total cycle time of 1 s corre- 
sponds to no hold time, since the fatigue cycle is at a frequency of 1 Hz. 
Shown also in Fig. 1 (dashed lines) is the analytical prediction from the linear 
cumulative damage model. Two things are evident from the results. First, the 
model predicts the growth rate extremely accurately for the entire range of 
hold times. Secondly, the behavior of this material is very time dependent. 
For hold times in excess of approximately 10 s, the behavior is essentially time 
dependent as evidenced by the 45 ~ slope on the log-log plot of growth rate 
versus cycle time in Fig. 1. 

The second series of tests involved the application of a block of fatigue cy- 
cles with a single hold time at maximum load interspersed between the cycles. 
The cycles were again applied at R = 0.1 and 1.0 Hz. The tests were all 
conducted using a maximum K of 40.0 MPa m 1/2. The data are plotted as the 
average growth rate, da/dt ,  against the number of fatigue cycles per block, 
N, in Fig. 2. N represents the number of fatigue cycles in a block or spectrum 
which consists of the fatigue cycles and the hold time. Thus N = 0 represents 
the condition of the hold time without any fatigue cycles. Values of N ranged 
from 1 to 100 using hold times of 5 and 50 s. The solid lines in Fig. 2 represent 
the predictions of the linear cumulative damage model for the two hold times. 
The arrow on the left, representing N = 0, represents da/dt  for pure sus- 
tained load. The arrow on the right represents N = infinite, which is the 
growth rate in mm/s  for pure fatigue. The dashed lines represent the analyti- 
cal predictions considering contributions for only sustained loading or only 
fatigue loading for the spectrum of N cycles and a single hold time at maxi- 
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FIG. 1--  Crack growth rate for 1.0 Hz fatigue cycle with hold time at maximum load. Dashed 
lines show linear cumulative damage model predictions. 

mum load. It can be readily seen that for anything more than a few cycles up 
to 100 cycles per block, both sustained load and fatigue contribute to the 
overall crack growth in this material. Additionally, the linear cumulative 
damage model works very well in predicting the crack growth rate over the 
entire range of conditions. For the hold time of 50 s and larger numbers of 
cycles, the prediction appears to be slightly high. These data are replotted in 
Fig. 3 using N as the horizontal axis again. The vertical axis represents the 
crack extension that occurred during the application of the above block of 
loading. Three curves in the figure represent three different hold times: 0, 5, 
and 50 s. The hold time of zero represents the case of pure fatigue cycling. 
The model predictions are the straight lines parallel to the pure fatigue curve. 
The points along the vertical axis are determined from sustained load crack 
growth data. 

The data points which represent the hold time of 5 s are parallel to the pure 
fatigue curve ( TH = 0 s) and shifted by a constant amount which represents 
the crack growth due to the sustained load of 5 s. In this case, Eq 1 (linear 
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summation model) accurately represents the crack growth per block for con- 
stant hold time. In the case of a hold time of 50 s, the crack growth per cycle 
became stabilized to the value of the steady-state fatigue crack growth rate 
only after a transition zone ahead of the crack tip was traversed. The size of 
this long hold-time affected zone is approximately equal to 0.015 mm. Since 
the growth rate within this zone is smaller than the steady-state value of the 
fatigue crack growth rate, the observed retardation is considered to be due to 
the blunting of the crack tip. However, for those cases where the maximum 
stress intensity of both hold time and cycling are equal, the crack growth re- 
tardation which occurs in the very small transition zone is insignificant in the 
total life prediction. Hence, in the life prediction methodology developed in 
this paper,  the linear summation model given as Eq i is adequate and interac- 
tions, which are very small, are neglected. 

The linear cumulative damage model has also been applied to similar data 
on IN100 [6]. At 649~ the behavior is almost exclusively cycle dependent, 
but at 732~ both cycle- and time-dependent behavior were observed as in 
Inconel 718. In both cases, the model accurately predicts the growth rate for 
blocks of fatigue cycles with interspersed hold time at maximum load. 

The next series of tests was to evaluate the contribution of a hold time at 
minimum load when applied between fatigue cycles of R = 0.1. In this case, 
with max imum K values of 27.8 and 40 MPa m ~/2, the sustained load at mini- 
mum load (K  = 4 and K = 2.78 MPa m 1/2) should have no contribution 
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since it is below the threshold values. The data, presented in Fig. 4, confirm 
this supposition. Hold times at minimum load of up to 500 s did not appear to 
influence the crack growth rate, although there was some variability in the 
data at the higher maximum K level of 40 MPa m 1/2. It should also be noted 
that these data were obtained under conditions of constant K only after 
steady-state (constant growth rate) conditions were achieved. In many of the 
tests, initially higher growth rates were observed in changing from other test 
conditions to conditions with hold times at minimum level. Sadananda and 
Shahinian [ 7] observed higher growth rates in constant load range tests using 
hold times at minimum load over those observed in pure fatigue tests. They 
attributed this to an environmentally enhanced degradation of properties 
even though the hold-time levels were below threshold. 

To further evaluate the effects of sustained loads on fatigue crack growth 
rates, a series of tests was performed using single fatigue cycles with inter- 
spersed hold times at intermediate load levels. The fatigue cycles were applied 
under constant K conditions using maximum K = 40 MPa m 1/2, R = 0.1, 
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and a frequency of 1.0 Hz. Sustained load hold times of 5 and 50 s were ap- 
plied at 75% (K ---- 30 MPa m 1/2) and 55% (K = 22 MPa m 1/2) of maximum 
load. In the latter case, the fatigue cycles were applied in two slightly different 
ways as depicted schematically in Fig. 5. The hold times were applied either 
after maximum load or after minimum load to evaluate the effect of the se- 
quence of the fatigue loading on the crack growth rates. The main question 
which we sought to answer was whether the application of the entire range of 
AK on loading or unloading made any difference when there was a hold time 
between cycles. The results are shown in bar graph format in Fig. 5. For hold 
times of S s, the hold after minimum or maximum load made no difference. 
The analytical prediction of the growth rate due solely to the fatigue cycle 
matched the experimental data very closely. If the effect of the hold time were 
included in the prediction, the model overpredicted the crack growth rate. In 
this case, it appears that the hold time can be neglected in predicting the 
crack growth rate. When the hold time was increased by a factor of 10 to 50 s, 
the analytical contribution of the sustained load portion of the load spectrum 
becomes dominant. The experimental results, however, as seen in Fig. 5, 
show that the growth rate is close to that predicted by the fatigue cycle alone. 
In the case where the hold time was applied after maximum load (shown sche- 
maticallyin the figure), the growth rate was higher than when applied after 
minimum load and certainly higher than that due to fatigue only. There are 
two possible explanations. The first, and most plausible, is that steady-state 
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crack growth had not been achieved under constant K conditions. The total 
amount of crack extension was approximately 0.3 mm, which has been found 
to be adequate in most cases. We have observed in some data, however, that 
transient behavior can occur even after crack extensions of this magnitude. 
This was observed, in particular, in tests with hold times at minimum load 
between fatigue cycles. Only continued crack growth under identical condi- 
tions, which is very time consuming, could answer these questions. The sec- 
ond possible explanation would be an environmental degradation during the 
hold time which would accelerate the growth during the subsequent fatigue 
cycle where the AK range is applied during rising or increasing load. This 
area appears to warrant further study. 

For the cases where the sustained load was applied at 75% of maximum 
load, the contribution of the hold time in the analytical prediction is signifi- 
cant for hold times of either 5 or 50 s. The experimental results show, how- 
ever, that the actual growth rates are very close to those of pure fatigue cycling 
as shown in Fig. 6. Note that the analytical contribution of the hold time, 
particularly for the 50 s hotd time, is very substantial. In these cases, with 
sustained loads at 75% of maximum load, it appears that the hold time does 
not contribute to the overall crack growth. 

To further evaluate this hypothesis, the fatigue cycle was changed as shown 
schematically in Fig. 6. The maximum load of the fatigue cycle, the magni- 
tude of the hold time, and the amplitude of the sustained load were the same 
as in the previous case, but the R-ratio was changed from 0.1 to 0.75. By 
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FIG. 6--Crack growth rate for 1.0 Hz fatigue cycle with hold time at 75% maximum load. 

doing this, the growth rate of the fatigue cycle is significantly reduced because 
of the smaller range of AK. The experimental results are compared with the 
analytical prediction in Fig. 6 and show two things. First, the experimental 
growth rate is significantly less than that predicted due to the sustained load 
hold time alone. Second, the experimental growth rate is approximately 2.5 
times that predicted due to fatigue cycling alone at R ----- 0.75. In the last case, 
neither fatigue nor sustained load predictions agree with the data, while the 
linear cumulative damage model grossly overpredicts the growth rate. This 
case can be thought of as a situation where sustained load crack growth is 
severely retarded by the application of periodic overloads at 50 s intervals. 
Alternatively, it can be viewed as fatigue cycling which is supplemented by a 
contribution due to sustained load at minimum load. The magnitude of this 
contribution is certainly non-zero but much less than that which is observed 
in pure sustained load tests with no fatigue cycles or periodic overloads. 

Finally, to verify the applicability of the simple linear cumulative damage 
model to engine spectra, an experimental crack growth rate was obtained for 
the modified TF-34 load spectrum at high temperature. The spectrum, shown 
in Fig. 7, consists of one cycle of 1 Hz at R = 0.1, twelve cycles of 2 Hz at R = 
0.5, and a 90 s hold time at the maximum stress intensity of 40 MPa m 1/2. 
Experimental growth for one total block of the spectrum and the analytical 
linear cumulative damage model predictions are also given in Fig. 7. For this 
modified spectrum, the analytically predicted cumulative sum of the growth 
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FIG. 7--Crack growth rate for modified TF-34 spectrum. 

due to three sub-blocks of the spectrum is approximately equal to the experi- 
mentally predicted crack growth for the total spectrum. Thus the applicabil- 
ity of the linear cumulative damage model is verified for a typical engine spec- 
trum, where the maximum stress intensity in each sub-block of the spectrum 
is equal. Further studies are required in cases when the maximum stress in- 
tensities at each sub spectrum block are not identical. 

In all evaluations of crack growth rate behavior, the stress intensity, K, or 
stress intensity range, AK, was used for sustained load or cyclic behavior, 
respectively. For a creeping solid, the energy rate line integral C*, derived by 
Landes and Begley [8], has been found to be more effective in correlating 
sustained load crack growth rates for some materials. Riedel and Rice [9] 
have defined a characteristic time h as 

K~(1 -- v 2) 
tl -- (2) 

E(n + 1)C* 

where K is the stress intensity, v is Poisson's ratio, E is Young's modulus, and 
C* is the energy rate line integral. If the test time or hold time is sufficiently 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



166 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

small compared with the characteristic time tl in Eq 2, then small-scale yield- 
ing prevails and K governs the stress and strain fields ahead of the crack tip. 
Conversely, for times greater than tl, C* is shown to be the correlating pa- 
rameter for the stress and strain fields and, consequently, crack growth rates. 
The constant n is the exponent of the constitutive law for an assumed creep- 
ing solid given by 

- -  c~ ( 3 )  

EO 

where a is a proportionality constant and r and o0 are reference strain rates 
and stresses, respectively. The line integral C* can be determined from sim- 
plified methods developed from analogy to elastic-plastic solutions for the J- 
integral as applied by Saxena [10], for example. In those methods, J-integral 
solutions, which are based on a constitutive law of the form 

- - -  o t  ( 4 )  
co 

are easily converted to C* solutions through the replacement of strain and 
displacement by strain rates and displacement rates, respectively, in the defi- 
nition of J. The solutions for J, in this particular problem of a CT specimen, 
were taken from results obtained by Kumar et al [11] using an estimation 
scheme and computer program described in detail by Weerasooriya and Gal- 
lagher [12]. The value for n in Eq 3, obtained from a plot of secondary creep 
rates as a function of stress from an extensive series of tests, was found to be 
18.4. The transition times are plotted in Fig. 8 for the cases of tests under 
constant K and constant P for a CT specimen of Inconel 718 at 649~ It is 
clearly seen that the transition times, tl, are orders of magnitude larger than 
the hold times or test times used in this investigation. It is also to be noted 
that, for each loading spectrum investigated, constant crack growth rates 
were obtained when tests were conducted under computer-controlled con- 
stant K conditions. Thus K has been established as a valid correlating pa- 
rameter in this investigation. 

C o n c l u s i o n s  

Hold times at maximum load which occur between single or multiple fa- 
tigue cycles contribute to overall crack growth rate in Inconel 718 at 649~ 
The magnitude of this contribution is determinable from sustained load crack 
growth data. A linear cumulative damage model predicts crack growth rates 
quite accurately over the range of conditions covered in this investigation. 
Application of hold times at less than maximum loads between fatigue cycles 
has less influence than that predicted from sustained load crack growth data. 
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Thus a linear cumulative damage model overpredicts crack growth rates. In 
most of the cases investigated, the contribution of the hold time could be ne- 
glected entirely. There was one case, however, where the hold time could not 
be neglected but was found to contribute only a small fraction of its effect as 
determined from sustained load test data. In general, sustained loads appear 
to be important only when applied at maximum load in a fatigue spectrum. 
When sustained loads are applied at less than maximum load, their contribu- 
tion is greatly diminished but they create a situation which involves complex 
fatigue-sustained load interactions involving possible overload retardation ef- 
fects. 
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ABSTRACT: The effect of a loading profile containing a high frequency (200 Hz) loading 
component superimposed on a low frequency ( -  0.05 to 0.5 Hz) loading component on 
fatigue crack growth of Inconel 718 at 650~ was investigated. The high frequency sinus- 
oidal loading was added during the upper level hold period of the low frequency trapezoi- 
dal waveform. 

Fatigue crack growth tests were carried out on Inconel 718 with a constant low fre- 
quency AK and an increasing high frequency AK in such a manner that the regimes in 
which crack growth is low frequency cycle and high frequency cycle dominated were inves- 
tigated. Particular attention was devoted to the interaction of the two loading components 
in the low frequency dominated crack growth regime and the dependence of the transition 
to high cycle domination on factors such as low frequency cycle AK and hold time. The 
effects of hold times in the range of 2 to 180 s and low frequency AK in the range of 15 to 
40 MPa',/m were investigated. 

In the high cycle dominated regime, the relationship between crack growth rate and 
high frequency AK had the characteristics of threshold crack growth data. In the low cycle 
dominated regime the high frequency cycle retarded crack growth under certain 
circumstances. 

KEY WORDS: fatigue, crack propagation, high frequency loading, nickel-base alloy 

The need for more accurate life prediction modelling of aircraft engine 
components motivates the experimental investigation of fatigue crack growth 
in turbine engine alloys under combined high and low frequency loading. The 
loading profile experienced by the engine disk, for example, includes a low 
frequency component associated with thermal gradients and centrifugal 
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forces with a superposition of high frequency loading associated with blade 
passage. The cycle period associated with the low frequency cycle (low cycle) 
loading is on the order of seconds to several hundred seconds. A wide range of 
loading rates and load levels may also be involved in the low cycle loading. 
The high frequency cycle (high cycle) loading would typically involve frequen- 
cies on the order of hundreds to several thousand hertz. 

Previous studies of the high/low frequency load interaction effect reported 
by Powell et al [1, 2] and Goodman and Brown [3] show that there is a transi- 
tion value associated with the high frequency loading. High cycle loads above 
this transition value result in crack rates dependent primarily on the number 
of high frequency cycles, while below this load level the low cycle loading 
dominates crack growth. It is this transition value that is important to struc- 
tural design engineering and the Air Force retirement-for-cause program. 
Engine components must be designed such that the high frequency stresses 
are always below this level, since crack growth rate would increase rapidly 
with increasing stress level above the transition value and there would be a 
risk of in-service failure. 

Another important question associated with combined high/low cycle load- 
ing is the possibility of synergistic effects in the low cycle dominated regime. It 
was the purpose of the present investigation, therefore, to determine the vari- 
ation of high cycle transition AK (AKtr) and the interaction of high/low cycle 
loading in the low cycle dominated regime over a range of parameters charac- 
terizing the combined loading profile. 

The present investigation provides the evaluation of the interactive effect of 
high and low frequency loading on a typical high temperature engine disk 
alloy (Inconel 718) over a wide range of low frequency cycle hold times and 
low frequency cycle AK. The study focused on the change in the relationship 
between crack growth rate and high frequency AK in the low cycle and high 
cycle dominated regime as the low cycle AK and cycle period change. The 
dependence of the value of high cycle z~r~tr o n  low frequency AK and hold time 
was also established. All testing was performed at 649~ which for Inconel 
718 permits creep crack growth (time-dependent crack growth) as well as fa- 
tigue crack growth (cycle-dependent crack growth). 

Experimental Procedures for High Frequency Fatigue Crack Growth Testing 

A test system was constructed specifically for the present study. The system 
was designed to provide adequate load levels to 2000 Hz and to minimize the 
frequency ranges over which dynamic complications in load application are 
present. A purely servohydraulic system based on an Akashi voice-coil ser- 
vovalve was used for all of the testing. The load frame and specimen were 
designed to minimize the opportunity for system resonances that complicate 
or invalidate measurement of specimen stress and provide undesirable load- 
ing patterns. 
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The specimen type used for this study was a center crack panel shown in 
Figs. la and lb. A clevis arrangement with provisions to clamp the specimen 
ends was used to grip the specimen. By selecting the appropriate end clamps 
and thereby establishing the appropriate lateral stiffness, specimen reso- 
nances could be avoided at the selected test frequency. Both the high fre- 
quency and low frequency were sensed by a load cell. It was recognized that 
resonances in the load frame can disturb the correlation between the load cell 
measurement and stresses in the specimen and provide significant bending 
stresses associated with resonant lateral vibration. A modal analysis of the 
specimen was performed to determine its natural frequencies and mode 
shapes. The frequency of 200 Hz chosen for this study is far from the first 
natural frequency of 560 Hz. The absence of excessive bending stresses and a 
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172 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

FIG. lb--Specimen with end clamps disassembled. 

proper correlation between load cell measurement and specimen stresses were 
verified with strain gage measurement on the specimen. The precision in the 
high frequency AK measurement required for this study made these specimen 
dynamic evaluations essential. 

The high/low frequency loading profile is shown in Figs. 2a and 2b. The 
low frequency component is a trapezoidal waveform with a rise (/'1) and fall 
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FIG. 2a--Combined high~low frequency loading profile. 

FIG. 2b--High frequency component with expanded time scale. 

time (T2) of 0.5 s and a hold time (To) of between 2 and 180 s. The interactive 
effect of high and low frequency loading was evaluated over this range of hold 
times. The high frequency loading was applied during the low frequency cycle 
hold period and typically ranged between 220 and 4450 N (50 to 1000 lb). The 
low frequency load levels P1 and P2 in Fig. 2a were varied during the tests such 
that the low frequency stress intensity factors K1 and K2 were maintained con- 
stant. The high frequency load range (P0) was either increased during the test 
or maintained constant, which resulted in an increasing high frequency stress 
intensity factor range (K0). The low cycle R ratio (P1/P2) was 0.1 for all of the 
testing. All testing was performed at 649~ 
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The Inconel 718 used in this program conformed to AMS Specification 
5596C and was given the following heat treatment: 

�9 Annealed at 968~ (1775~ for 1 h, then cooled to temperature of the 
next step. 

�9 Age-hardened at 718~ (1325~ for 8 h, then furnace-cooled to 621~ 
(l150~ 

�9 Age-hardened at 621~ (1150~ for 10 h. 
�9 Air-cooled to room temperature. 

The heat treatment was the same as that used in the crack growth investiga- 
tion of Ref 3 in order to allow comparison of data. The crack orientation for 
all the specimens tested was L-T; that is, the crack plane was normal to the 
longitudinal direction (or rolling direction) of the plate with the crack travel- 
ling in the direction transverse to the rolling direction. This was also similar to 
the investigations of Ref 3. 

Results and Discussion 

The results of testing were a series of curves representing crack growth rate 
versus high frequency K range for constant low frequency cycle AK range and 
low cycle hold time. Crack growth rate is reported in terms of growth per unit 
time at the upper low cycle load level. The low cycle AK ranges included in the 
testing were 15, 20, 30, and 40 MPax/m. The low cycle hold times ranged 
from 2 to 180 s. This range of low cycle hold times was expected to cover the 
regimes in low frequency loading in which the low cycle crack growth is time 
dominated (creep crack growth) and in which the number of load cycle influ- 
ences crack growth rate (combination of creep and fatigue crack growth). The 
lower end of the hold period range (i.e., 2 and 5 s) for the low cycle component 
of loading was expected to show the effect of the number of low frequency 
cycles on the low cycle crack growth rate. 

In the curve of crack growth versus high frequency AK distinct regimes can 
be seen. As shown in Fig. 3, three types of behavior were observed over the 
range of low frequency AK and hold times investigated. In Type 1, the crack 
growth rate versus high cycle AK remained relatively constant in the low cycle 
dominated regime. Type 2 behavior was characterized by retardation of crack 
growth by the high frequency cycle in the low cycle dominated regime. Type 3 
behavior was typical of the lowest low cycle AK studied, in which the low cycle 
AK was below the crack growth threshold and no crack growth could be mea- 
sured in the low cycle dominated regime. In all these cases distinct low-cycle/ 
high-cycle dominated regimes could be observed. However, the transition be- 
tween these two regimes is not always distinct. 

In many cases in the low cycle dominated regime the crack growth rate was 
fairly constant over a wide range of high frequency AK and increased abruptly 
at a distinct transition to the high cycle dominated regime. In other cases 
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FIG. 3--Characteristics of the high~low frequency interaction with the three types of behavior 

observed in this study. The points correspond to testing with a low frequency AK of  20 MPaxFmm, a 
low cycle time of 10 s, and a high cycle frequency of 200 Hz. 

there was a decreasing crack growth rate with increasing high frequency AK 
in the low cycle dominated regime before the rapid increase in growth rate at 
a less clearly defined high cycle transition. This retardation effect due to the 
high cycle component was especially pronounced at a low frequency AK level 
of 20 MPa~-m and existed to varying degrees of severity over the range of low 
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frequency AK and hold times investigated. At the lowest value of low fre- 
quency AK (15 MPa~fm) crack growth in the low cycle dominated regime 
could not be measured with either an increasing or decreasing loading 
scheme. 

Figure 4 shows an example of such a curve corresponding to a low cycle AK 
of 15 MPax/m and a hold time of 5 s. The data in this representation corre- 
spond to a test with increasing high frequency AK. Before data acquisition in 
the increasing high cycle AK mode, the crack was allowed to grow with a 
systematically decreasing AK until a crack growth rate on the order of 5 • 
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FIG. 4--Results of  a combined high~low frequency test with a low cycle AK of15 MPa~m and 
a low cycle hold time of  5 s. 
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t0 -4 mm/s  (2 • 10 -6 in./s) was achieved. This precaution was taken to elim- 
inate the effects on crack growth of the prior precycling. The data presented 
in Fig. 4 are characteristic of threshold fatigue crack growth data which gen- 
erally exhibit increasing growth rate with increasing AK. The crack growth 
curve has a diminishing slope as is typically observed in the crack growth 
threshold regime when crack growth versus AK is plotted on log-log axes. The 
lower level of this curve corresponds to a growth rate of 3.30 X 10 -7 mm per 
high frequency cycle (1.3 • 10 -s in./cycle) which would definitely be in the 
threshold regime for Inconel 718. 

Figure 5 shows the results of a test conducted with a low frequency AK of 
20 MPa~/m and a hold time of 5 s. It was carried out with a sequence of loads 
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FIG. 5--Results of combined cycle test with a low frequency &K of 20 MPa~fmm and a hoM time 
of 5 s. The line indicates the sequence of points. 
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intended to illustrate an important aspect of the retardation effect that is very 
pronounced at a low frequency AK of 20 MPa,,/m. The line drawn through 
the experimental points has arrows that show the sequence of points as they 
occurred during the test. The initial loading up to Point A seems to give rise to 
a measurable retardation, and changing the high frequency load range to that 
at Point B rapidly accelerates the retardation. This results in a more severe 
retardation in the 0.762 mm (0.030 in.) of growth beyond Point B than was 
accomplished in the 2.79 mm (0.110 in.) of growth in the high cycle AK range 
around Point A. (Each point represents 0.254 mm [0.010 in.] of crack 
growth). Beyond Point B the crack growth rate decreases rapidly, reaches a 
minimum value, and then starts to increase. At Point C just beyond the mini- 
mum value of crack growth, a lower high frequency load range was applied 
(Point D). The crack growth rate increased from Point D to E, showing a 
gradual elimination of the retardation effect. At Point E the load range was 
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FIG. 6--Results  o f  a combined cycle test with a low frequency AK of 30 MPa'q~mm and a hold 
time of  5 s. 
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again increased to Point F and crack growth continued in the high cycle domi- 
nated regime. 

As the low frequency AK increases, the retardation effect generally be- 
comes less pronounced. The data for a low cycle AK of 30 MPax/m and a low 
cycle hold time of 5 s appear in Fig. 6. While the high frequency load results 
in a factor of 4 reduction in crack growth rate for a low cycle AK of 
20 MPax/m, at a low cycle AK of 30 MPaxYm the reduction in crack growth 
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FIG. 7--Results of a combined cycle test with a low cycle AK of 40 MPaxfm and a hold time of 
5s. 
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rate is only a factor of 2. As shown in Fig. 7, a low cycle AK of 40 MPax/m 
shows no measurable retardation associated with high frequency loading. 

Figure 8 shows the effect of varying cycle time on the crack growth behavior 
with a low cycle AK of 15 MPa~fm. No distinct trend is apparent and there is 
little deviation between these curves. Figure 9 shows the effect of cycle time 
ranging from 2 to 180 s on the crack growth behavior with a low cycle AK of 20 
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FIG. 8--Comparison of crack growth rate versus high cycle AK for several hold times with a 
low cycle AK of 15 MPax/m. 
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FIG. 9--Comparison of crack growth rate versus high cycle AK for several hold times and a 
low cycle A K  of 20 MPa~mm. 

M P a ~ m .  The only significant feature in this group of tests is that with a 180 s 
hold time there appears to be a more severe retardation. 

A comparison of crack growth rate versus high cycle AK for a hold time of 
5 s and several values of low cycle AK appears in Fig. 10. As expected, the 
crack growth rate in the low cycle dominated regime increases as AK in- 
creases. In the high cycle regime, however, the curves seem to converge. 
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F I G .  lO--Comparison of crack growth rate versus high cycle A K  tests for several low cycle A K  

ranging from 15 to 40 MPax/mm with a low cycle hold time of 5 s. 

A paper  by Venkiteswaran et al [4] reports the results of a study involving 
the superimposition of a small vibratory stress on the axial creep behavior of a 
high temperature  nickel-base alloy, Inconel X-7S0. This work demonstrated 
that  the creep rate was lower and rupture life higher by an order of magnitude 
when a 500 to 900 Hz vibratory stress was applied transverse to the axial creep 
load. This effect was attributed to the formation of complex dislocation tan- 
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gles, vacancy condensation along dislocation lines and crack tips, and a 
change in fracture mode from purely intergranular fracture to a mixture of 
intergranular, fatigue, and cleavage modes. It was suggested that the applica- 
tion of the high frequency loading, therefore, made creep crack propagation 
more difficult along the matrix containing -y' precipitates. Since the heat- 
treated Inconel 718 used in this study likewise contains ~r (Ni3AI-Ti) as well 
as -y" (Ni3Cb) precipitates, this mechanism could apply in the present study. 

The experiment summarized in Fig. 5 shows not only the rate (with respect 
to change in crack length) at which the retardation effect develops but also 
the rate at which it relaxes. There seems to be a crack growth interval of about 
1.0 mm (0.0394 in.) required for the retardation effect to subside. The size of 
the plastically deformed region (R) ahead of the crack as given by the 
Dugdale model [5] neglecting the effects of creep is 

R = { sec[1/2rr(a/ay)] - -  1 } a (1) 

where a is the applied stress, ay is the yield strength, and a is the'half crack 
length. 

As a point of reference the plastic zone size as calculated with this expres- 
sion in the vicinity of the retardation relaxation in Fig. 5 assuming a yield 
strength of 980 MN/m 2 (140 ksi) is 0.20 mm (0.008 in.). A possible explana- 
tion of the fact that the affected region is considerably larger than the charac- 
teristic plastic zone size is that creep stress relaxation results in a larger char- 
acteristic zone. Reference 6 demonstrates that crack tip stresses can be 
modified significantly by creep. The most significant influence of creep relax- 
ation as shown by Ref 6 is the reduction of the stress gradient beyond the 
crack tip (i.e., the development of a more uniform distribution of stress in a 
region that includes the above calculated "plastic zone" and an area further 
from the crack tip). An alternative e.,:planation of the long relaxation interval 
is that the high frequency loading affects the creep rate versus stress constitu- 
tive properties; this was suggested in Ref 5. This results in residual stresses in 
the crack tip plastic xone and residual plastic deformation remaining in the 
wake of the advancing crack (crack closure) [7]. Such a concept would allow 
the possibility of the effect persisting well beyond the above calculated plastic 
zone without postulating a significant modification in the crack tip stresses 
due to creep relaxation effects [8]. 

Reference 3 describes a study in which a similar loading profile was applied 
to Inconel 718 but with a high cycle frequency of 10 Hz rather than 200 Hz. 
The effect of the high cycle loading is qualitatively similar when a 10 Hz high 
cycle frequency is applied. However, when the retardation effect occurs with 
this lower high cycle frequency, a longer time period is required to reach the 
minimum crack growth rate. This would be expected if the retardation effect 
is related to the accumulated number of high frequency cycles. 
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Summary and Conclusions 

From experiments conducted with a combined low amplitude high fre- 
quency cycle and a large amplitude low frequency cycle the following conclu- 
sions were drawn: 

1. Two distinct regimes exist as the ~'igh cycle AK is varied with constant 
low frequency AK: one in which the low frequency cycle dominates crack 
growth behavior and one in which the high Cycle frequency dominates crack 
growth behavior. 

2. In the low cycle dominated regime a retardation effect is apparent. 
3. This retardation effect is strongly dependent on the low cycle AK and 

generally decreases with increasing low cycle AK. 
4. The effect of increasing frequency on this retardation effect is to bring 

about the minimum crack growth rate in a shorter period of time. The degree 
of retardation is therefore related to the accumulated high frequency cycles. 
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ABSTRACT: The problem of characterizing crack growth under small scale creep and 
transition conditions is of great practical significance. This paper defines a crack tip pa- 
rameter Ct for characterizing creep crack growth behavior under wide range creep condi- 
tions fr.om small scale creep to steady-state creep. Under steady-state creep conditions, Ct 
is shown to reduce to the familiar C*-integral. The physical basis for the Ct parameter is 
also provided. Wide range creep crack growth data on A470 Class 8 steel using two speci- 
men geometries were obtained and correlated with the C, parameter in the temperature 
regime of 482 to $38~ The levels of creep deformation in the various specimens tested to 
obtain the crack growth rate data ranged from small scale creep to essentially steady-state 
creep conditions. 

KEY WORDS: creep, fracture, cracks, C*-integral, growth, transience 

Creep crack  growth is an impor t an t  design concern for elevated t empera -  
ture  componen t s  and  is also impor t an t  in predic t ing  the  res idual  life of these 
componen t s  which are  in service. Thus  there  is cons iderable  interest  in devel- 
oping  t ime -dependen t  f rac tu re  mechanics  ( T D F M )  concepts  for  the creep re- 
g ime.  

Several  c rack  t ip  p a r a m e t e r s  have been  proposed  for  charac te r iz ing  c rack  
growth at  e levated t e m p e r a t u r e  when the  c racked  body  is under  the  steady- 
s ta te  condi t ion .  These  pa r ame te r s  inc lude  K for charac te r iz ing  crack growth 
in n ickel -base  alloys [1,2] where env i ronment  domina tes  the  crack growth 
process,  J for when ins tan taneous  p las t ic i ty  domina t ed  condi t ions  exist [3], 
and  C* for  creeping mate r i a l s  such as 304 stainless steel [4,5]. 

This  p a p e r  focuses on charac te r iz ing  the  creep crack  growth phenomenon  

IProfessor, School of Materials Engineering, Georgia Institute of Technology, Atlanta, GA 
30332. 
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186 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

which is defined as subcritical cracking in the presence of creep deformation 
in the crack tip region. Both non-steady-state (including small scale creep 
and the transition regime) and steady-state creep conditions are considered. 
Specifically, a crack tip parameter, Ct, is proposed for characterizing creep 
crack growth behavior under non-steady-state creep conditions. Also, experi- 
mental evaluation of this parameter is conducted and expressions for estimat- 
ing its magnitude are derived. 

Figure 1 schematically shows the levels of creep deformation under which 
creep crack growth can occur. These consist of the small scale creep (SSC) 
region, the transition creep (TC) region, and the steady-state (SS) region. Un- 
der SSC, the creep zone size is small in comparison to the crack length and 
the pertinent dimensions of the body. Under SS conditions, the creep zone 
will have penetrated through the cracked body. The TC condition represents 
the intermediate region. The SSC and TC regions are under non-steady-state 
conditions and are characterized by a time-dependent load versus load-line 
deflection rate behavior. The crack tip stress distribution under non-steady- 

Small Scale Creep 
(SSC) CondRion 
tit 1 << ! 

Transition Creep 
( TC ) Condition 
U t i - t -  

L . . . .  

Steady-State Creep (SS) 
Condition 
tit l _  >>  1 

FIG. 1--Schematic representation of  the levels of  creep deformation under which creep crack 
growth can occur (t = time, tl ~ transition time). 
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state conditions is a function of time even when the crack is considered sta- 
tionary. The steady-state region is characterized by a unique load versus load- 
line deflection rate behavior. Mathematically, steady-state and non- 
steady-state conditions may be defined as follows. 

Consider a stationary Cartesian coordinate system in a cracked body in 
which the x axis lies along the crack plane in a direction normal to the crack 
front (Fig. 2). The crack itself is moving with a velocity fi, where the dot de- 
notes derivative with respect to time and a is the instantaneous crack length. 
The normal stress in the y-direction is given by o(x, t), where t = time. The 
rate of change of stress at any point x is given by 

do Oo Oo 
-  =-ox + -5? (1) dt 

Ideal steady-state conditions exist when Oa/Ot is zero; therefore (da/dt )  = 
~(da/dx) .  If the coordinate system moves with the crack tip, then da/d t  = 0 
or the stress at any fixed distance ahead of the moving crack tip is indepen- 
dent of time. Non-steady-state (or transient) conditions exist when Oo/at is 
not zero. 

The problem of creep crack growth under transient conditions is of consid- 
erable practical significance to large components which are subjected to stress 
and temperature gradients. Because these components are designed to resist 
creep deformation, significant creep deformation is likely to occur during ser- 
vice only in localized regions near crack tips. The material surrounding the 
crack tip will most likely be under dominantly linear-elastic conditions. This 
is an ideal situation for crack growth under non-steady-state conditions to 

t t t t t  t t t t t t  
y ,~ = da/01 

T o(x.t) 

da 

C r a ~  ~ x 

C rack Tip Position._./ ~ C rack Tip Position 
at Some Instant, t at t =t + ol 

0 

FIG. 2--Crack tip coordinate system. 
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occur. The primary focus of this paper is on developing a crack tip parameter 
for characterizing crack growth under such conditions. 

The Crack Tip Parameter (Ct) 

The transient field ahead of a stationary crack for SSC conditions has been 
derived by Riedel and Rice [6]. The results of this analysis (referred to as the 
RR analysis in the remainder of this paper) will be frequently used here; 
therefore it is appropriate to mention them briefly. A generalized version of 
the following equation was used in this analysis for describing the material 
deformation behavior: 

b 
= ~ -  + A o" (2) 

where ~ and b are derivatives of stress and strain with time, respectively, E is 
Young's modulus, and A and n are material constants describing the materi- 
al's secondary stage creep behavior. The stress, strain rate, and the creep 
zone size, re, ahead of the crack tip along the x-axis are given by Eqs 3 to 5. 
These equations are accurate within short times (t --" 0) following the applica- 
tion of the load. 

oc ( K2 ~ 1/n+l 
a \ A E r t  / (3) 

K 2 ~n/n+l 
oc \ A E r t  / (4) 

rr = a K 2 ( E A t )  2/~-1 (s) 

where r is distance from the crack tip, t is time, and K is instantaneously 
applied K level. A complete description of the equations is given in Ref 6. For 
the purposes here, these simplified forms are sufficient. The constant a in Eq 
5 depends on n, stress state, etc., and is defined later in Eq 17. The creep zone 
boundary is defined as the locus of points where the creep strain is equal to 
the elastic strain. 

In the other limit, when the steady-state conditions are reached, the stress 
and strain rate are characterized by the C*-integral [4, 7]: 

oc - -  (6) 

I f  ~ )n/n+ l 
oc - -  (7) 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



SAXENA ON CREEP CRACK GROWTH 189 

For a detailed description of the C*-integral, readers are referred to earlier 
papers [4, 7]. 

The transition time, ti, for K-dominated conditions to turn to C*-domi- 
nated conditions under plane strain was also given in the RR analysis: 

K2(1 -- v 2) 
tl  -- (8) 

E(n  + 1)C* 

where v is Poisson's ratio and the other constants are as defined earlier. These 
results have been verified by numerical analysis by other investigators [8, 9]. 
Next, we define a parameter  Ct which is a promising candidate for unifying 
the SSC, and TC, and the SS creep cases in a single parameter.  It  will be 
obvious later that  this parameter  becomes identical to C* in the steady-state 
regime, t / t l  ~ oo.2 The relevance of Ct as a crack tip parameter  in the non- 
steady-state regime is explored in the subsequent discussion. 

Definition of the Ct Parameter 

Consider several identical pairs of cracked specimens. Within each pair, 
one specimen has a crack length, a, and the other has an incrementally differ- 
ing crack length, a + zaa. The specimens of each pair are loaded to various 
load levels P~, P2, P 3  - -  P, - - ,  etc. at elevated temperature,  and the load-line 
deflection as a function of t ime is recorded (Fig. 3a). The load-line deflection 
due to creep is Vc. It  is assumed that  no crack extension occurs in any of the 
specimens and the instantaneous response is linear-elastic. We first limit our 
consideration to the SSC conditions characterized by t / t l  << 1. At a fixed 
time t, the load versus creep deflection rate, f'c, behavior is plotted for all 
these specimens. A schematic of the expected behavior is shown in Fig. 3b. 
Several such plots can be generated from the above tests by varying time. 

The area between the P -  f'~ curves for specimens of crack length a and a + 
Aa is called A Ut*. Physically, A Ut* (the subscript denotes that this value is at 
a fixed time t) represents the difference in the energy rates (or power) sup- 
plied to the two cracked bodies with identical creep deformation histories as 
they are loaded to different load or deflection-rate levels. The Ct parameter  is 
given by the equation 

1 OUt* 
Ct - (9) 

B aa  

where B is the specimen thickness. As t / t l  -* oo, Ct = C *  by definition of 
C*. 

2The time is scaled with respect to t l to provide a measure of the overall level of creep deforma- 
tion. Thus t/tl << I implies SSC conditions, t/tl >> 1 implies SS conditions, and the TC condi- 
tion occurs when t/tl - 1 (Fig. 1). 
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V o 

/~'~' J ~  a + Aa 
'" . . . .  a 

(a) 

,b, ~r 

a 

a+Aa 

FIG.  3 - - ( a )  Load-line deflection, Vc, as a function of time for bodies of crack lengths a and 
a + Aa at various load levels. (b) Definition of Ct parameter. 

Estimation of  Ctfor Small Scale Creep 

In deriving the equation to calculate Ct for SSC eonditions, analogy is 
made with the procedure for calculating the nonlinear contributions to the J- 
integral under small scale yielding conditions in the elastic-plastic regime 
[10]. Specifically, the Irwin concept of effective crack length, aeff, is invoked 
for calculating load-line deflection rate as a function of applied K and time. 
Thus 

aeff  = ao + rc (10) 

where rc is the creep zone size defined in Eq 5 and a0 is the physical crack 
size. The additional load-line deflection due to creep, Vc, at any time, t, is 
given by the equation 

V ~ =  V - -  V o =  p dC (11) 
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where P is applied load, V0 is instantaneous deflection, V is total deflection, 
and C is elastic compliance of the cracked body. From the relationship be- 
tween the crack extension force, G, and K, the following equation can be 
derived [11]: 

dC 2 B K  2 

da E P  2 
- -  ( 1  - -  v 2) ( 1 2 )  

Substituting Eqs 5 and 12 into Eq 11 and differentiating with time, we ob- 
tain 

40/(1-  p2) (p~3 F 4 
V~ - E(n 1) \ B /  ~ t3-"/"-~ (EA)2/I"-" (13) 

where F = F ( a / W )  = ( K / P ) B W  1/2 is the K-calibration factor. Equation 13 
can also be written as 

~'~ = O(a/W,  t )P 3 (14) 

The Ct parameter can then be estimated as follows: 

C t 

1 OUt* 

B Oa 

(15) 

Equation 15 can be simplified to 

Pl/'c F '  
C t - -  - -  (16) 

B W  F 

where F '  = d F / d ( a / W ) .  
Equation 16 provides a convenient method for calculating the value of Ct 

under SSC conditions. Experimental and numerical verification is needed to 
determine the maximum value of t / t  i for which Eq 16 provides an estimate of 
Ct. By substituting Eq 13 into Eq 16, the value of Ct for SSC can be deter- 
mined from the knowledge of the load, P, the K-calibration factors listed in 
handbooks [12], and the creep constants, A and n. The value of c~ in Eqs 5 
and 13 is given by the equation 

1 {(n + 1)2  2/("-1) 
(17) 
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where t ~  +j is a factor with a value of approximately 0.69 for n values between 
3 and  10. 

Es t ima t ion  o f  Ct fo r  Steady-State  Conditions 

As discussed earlier, unde r  SS condit ions (or t / t l  --* oo), Ct --~ C*. There- 

fore the methods  for es t imat ing Ct are the same as those discussed in earlier 
papers  for ob ta in ing  C* [4,5,13]. One of the expressions for obta in ing C* in 
test specimens is [5] 

C* : P r Q 'rl(a/W) (18) 
B W  

For center  crack specimens,  o ( a / W )  is given by 

, I n ,  1 n ( a / W )  --  2(1 -- a / W )  ~ (19) 

where a and  W are respectively the half  crack length and  the half width of the 
specimen.  For compact  type (CT) specimens: 

1 n 
r l ( a / W )  --  (7 -- 13/n) (20) 

( 1 - - a / W )  n +  1 

where the values of 3' and /3  are as given in earlier papers [3, 5]. 

Table  1 compares the values of ~l(a /W)  with those of F ' / F  for CT and CCT 
specimens for various n values inc lud ing  n : 10.5 which applies to ASTM 
grade A470 Class 8 steel at 538~ tested in this study. For CT specimens, ~/ 

TABLE 1--Comparison of the values of F ' /F  with ~l(a/W ,n) for CT and CCT specimens." 

CT Specimen CCT Specimen 

a/W F' /F 

rl(a/W,n) "q(a/W,n) 

n =- 3 n : 6 n = 10.5 F' /F n : 3 n : 6 n = 10.5 

0.2 2.976 1.966 2 . 2 7 8  2 . 4 3 4  2.755 0.312 0 . 4 4 6  0.516 
0.3 2.590 2.307 2.661 2.843 2 .0668 0 . 3 5 7  0 . 5 1 0  0.590 
0.4 2.644 2.725 3.133 3 . 3 4 6  1.821 0.417 0 . 5 9 5  0.688 
0.5 3.078 3.274 3.757 4 . 0 0 8  1.785 0.50 0.714 0.826 
0.6 3.920 4.063 4.654 4 . 9 6 2  1.914 0.625 0.893 1.033 
0.70 5.330 5.340 6.110 6 . 5 1 0  2.255 0.833 1.190 1.377 
0.80 7.949 7.856 8.983 9 . 5 7 0  3.042 1.25 1.785 2.065 

"a and W are half crack length and half width for CCT specimens and full crack length and full 
width for CT specimens. 
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and F ' / F  values are comparable. This result is in agreement with the elastic- 
plastic case for determination of the plastic contribution to J-integral. For 
this latter case the ~/values for small scale yielding (SSY) (analogous to SSC) 
and the fully plastic conditions are comparable. On the other hand, the values 
of , / and  F " / F  are quite different for the CCT specimen. Therefore in a test 
performed on a CCT specimen where the scale of creep deformation varies 
during the test, an interpolation scheme is needed to compute Ct values. 
However, if the entire test lies in either the SSC or SS regime, Ct values can be 
accurately obtained from Eq 16 or 18, respectively. 

Next, we discuss creep crack growth data obtained for evaluating the Ct 
parameter.  Further discussion of the Ct parameter is deferred until after the 
data are presented in the Results and Discussion section. 

Experimental Procedure 

Standard 25.4 mm (1 in.) thick compact specimens and 50.8 mm (2 in.) 
wide (half width W ---- 25.4 mm) and 25.4 mm thick center crack tension 
(CCT) specimens were obtained from a large cylindrical forging manufac- 
tured in accordance with ASTM Specification for Vacuum-Treated Carbon 
and Alloy Steel Forgings for Turbine Rotors and Shafts (A 470, Class 8). The 
notches in these specimens were oriented along the radial direction of the 
forging. The tensile properties at various temperatures are given in Table 2. 
Secondary creep rate as a function of applied stress is shown in Fig. 4 at 
538~ (1000~ and at 482~ (900~ the two test temperatures during 
creep crack growth testing. 

Creep Crack Growth Testing 

Creep crack growth tests were conducted at 538~ (1000~ and at 482~ 
(900~ using the constant load method and the constant-deflection rate 
method. The latter has been discussed in detail in earlier publications [13]. 
The constant load tests were conducted on dead weight type creep machines. 
The load-line deflection and crack length as a function of time were recorded 
periodically during the test. The crack length was monitored using the elec- 
tric potential method [14,15]. 

TABLE 2--Tensile properties of the material (average of three tests). 

Temperature 0.2% Yield Strength Ultimate Strength 
% Elongation Reduction in 

~ (~ MPa (ksi) MPa (ksi) (5 cm gage length) Area, % 

24 (75) 623 (90.4) 775.6  (112.5) 14.2 39 
427 (800) 515.7  (74.8)  624.6  (90.6) 14.2 53 
538 (1000) 464 (67.3) 522.6  (75.8) 17.5 75 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



194 FRACTURE MECHANICS:  SEVENTEENTH VOLUME 

Ik. 

t0-3 

v 

10 -'4 

zo --5 

10-7 

(MPa) 
80 100 200 

: I I I 
" A470 Class Steel 

- Temp 
- ~ A n 

538 5.18x 10 -31 10,5 

482 2 ,2x  10- 30 9.6 

=Ao n 
A 

O in MPa ] 
/ in hr -1 

10--3 

A 

. C  

10 -~  

10- 5 ~ 

10-6 

~ / 
I I I a I i , 10 -7 

20 40 60 80 
Stress. o 

FIG. 4--Steady-state creep deformation behavior A470 Class 8 steel. 

The creep crack growth rate measured during the various tests was plotted 
against the Ct parameter. In tests in which the instantaneous response is 
dominantly elastic, the creep-induced deflection rate l?c can be calculated 
from the equation [5] 

l~'=--p-- - -  + / b e §  l)'c (21) 

where 1~" is the measured deflection rate, ~ is the crack growth rate, C is the 
elastic compliance, and/5 is the rate of load change (for constant load tests 
j6 : 0). Thus all quantities needed for calculating Ct are known. If the time- 
independent plasticity becomes significant, it can be accounted for as dis- 
cussed in an earlier paper [5]. 

R e s u l t s  a n d  D i s c u s s i o n  

Experimental Evaluation of  the Ct Parameter 

Figure 5 shows the creep crack growth rate, da/dt ,  at 538~ (1000~ plot- 
ted as a function of the Ct parameter. These data include results from several 
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F I G .  5--Creep crack growth rate behavior of A470 Class 8 steel at 538~ in air. 

CT specimens loaded to various load and deflection rate levels and from one 
CCT specimen loaded under deflection rate control. The data also range over 
five orders of magnitude in Ct values and three orders of magnitude in crack 
growth rates. Excellent correlation between da/d t  and Ct values were ob- 
tained between the various tests, suggesting that Ct is a good parameter for 
characterizing creep crack growth behavior. 

To determine the extent of creep deformation in the specimens at various 
times during the test, a parameter r is defined as 

C �9 
r -- (22) 

Ct -- C* 

where C* is the steady-state value of Ct and can be determined by analogy to 
fully plastic J-solutions listed for various cracked specimens in handbooks 
[16]. A value of r ~ 0 indicates highly non-steady-state conditions and r -~ oo 
indicates steady-state conditions characterized by Ct = C*. The concept of r 
is similar to t/t~, except t / t l  applies to stationary cracks only. The values of r 
for the data reported in Fig. 4 range from on the order of 10 -3 to essentially oo 
(Table 3). Therefore a range of creep conditions from SSC to essentially SS 
existed in the various test specimens. Also, during a given test the r value 
changed substantially. Despite the varying conditions, the uniqueness of the 
relationship between an average value of fi computed over a time interval At 
and the average value of Ct computed over the same time interval was main- 
tained. This aspect deserves a more in-depth experimental and analytical 
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TABLE 3 - - V a l u e s  o f  r during various tests. 

Specimen Geometry 
and Number a / W  r = C*/(C~ --  C*) 

CT-36 0.518 4.88 • 10 -3 
CT-37 0.520 1.96 • 10 -3 
CT-74 0.565 0.12 
CT-74 0.60 0.65 
CT-74 0.648 o o  

CT-74 0.663 1.0 

CCT-1 0.544 2.67 • 10 -2 
CCT-1 0.594 2.3 • 10 -2 
CCT-1 0.653 7.3 • 10 3 
CCT-1 0.714 5.1 • 10 -3 

evaluation because it is of considerable practical significance as explained be- 
low. 

One of the primary motivations for characterizing creep crack growth be- 
havior is to use the data generated on small laboratory specimens to predict 
crack growth in large components. The scale of creep deformation in a small 
specimen, however, is likely to be much different from the scale of creep de- 
formation in a large component. If the uniqueness in the da/dt versus Ct 
relationship can be experimentally demonstrated, such as in the results of this 
study, and analytically justified, it can be argued that the difference in the 
scales of creep deformation between the specimen and component is not a 
factor in determining the creep crack growth behavior, provided that Ct can 
be accurately estimated. 

One of the limitations of the Ct parameter is that its use should be re- 
stricted to cavitating materials in which creep deformation (or damage) is 
necessary in the crack tip region for crack growth to occur. In such materials, 
even if creep crack growth occurs under dominantly elastic conditions, K (or 
J) will not be the correct parameter for characterizing the growth rate. This is 
clearly shown in Fig. 6, where creep crack growth rates are plotted as a func- 
tion of K or ~ .  The same data correlated with Ct as shown earlier in Fig. S. 
Under these conditions, no unique relationship between crack tip stress and 
K exists because of stress relaxation; therefore no unique correlation between 
ti and K should be expected. 

Another restriction (or limitation) that applies to the use of Ct for charac- 
terizing creep crack growth is the condition that the damage (in the form of 
cavities) be localized. In other words, the process zone in which the cavities 
nucleate and grow should be small in size in comparison to the region in 
which the crack tip equations, such as Eqs 3 to 7, apply. A detailed discussion 
of this issue in the context of creep crack growth can be found in papers by 
Riedel [17] and by Hutchinson [18]. 

Besides the two limitations of Ct discussed above, there are several impor- 
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FIG. 6--Creep crack growth rate plotted as a function of the stress intensity parameter. (,4 
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tant questions that  should be answered before Ct can be used in life predic- 
tion of elevated temperature components. The first deals with the method for 
estimating the magnitude of Ct in the transition region. The transition region 
is the time domain between SSC and SS and is characterized by t / t l  or r - 1. 
Some preliminary ideas may be developed on the basis of the limited finite 
element analysis of Ehlers and Riedel [9]. They have suggested a crack tip 
parameter  C(t): 

C(t) = C*(1 d- t l / t )  (23) 

It is likely that C(t)  in Eq 23 is an estimate of Ct as defined in this paper. 
The above method is analogous to the method of determining J for elastic- 

plastic situations by combining the elastic and the fully plastic values of J 
[16]. Numerically, it was shown by Ehlers and Riedel that Ct calculated from 
Eq 23 approximates the amplitude of the Hutchinson [19] and Rice and R 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 : 2 8 : 3 5  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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sengren [20] (HRR) field over t/tl ranging from essentially 0 to oo. Therefore 
Eq 23 appears to at least be a good starting point for developing an interpola- 
tion scheme for determining Ct values. More numerical analysis of various 
cracked configurations should be performed to develop and verify an interpo- 
lation scheme. The second limitation deals with computing the value of Ct in 
a component containing a crack which is growing. The value of Ct is affected 
by crack growth in a manner somewhat different from the other field parame- 
ters such as K and J. The magnitude of Ct is time dependent even at a fixed 
crack length and it depends on the extent of creep in the specimen. The extent 
of creep is characterized by the value of t/tl for stationary cracks. For a grow- 
ing crack, two things happen. First, the transition time continuously de- 
creases due to shrinking of the remaining ligament if the load is held con- 
stant. This can perhaps be accounted for without much difficulty. More 
importantly, the reference from which t is measured is lost for growing 
cracks. This makes it difficult to determine the value of Ct without actually 
measuring ~'c. In order to make any approximations, it is necessary to have 
numerical and experimental results available on cracked configurations. 

Another question that remains about Ct is its relationship to the HRR 
fields as time t asymptotically approaches zero and also under SSC condi- 
tions. Under SS conditions, the readers are reminded that Ct = C*; thus the 
one-to-one relationship between Ct and the HRR field has already been dem- 
onstrated [21]. Under conditions of t asymptotically approaching zero, Ct 
should be consistent with the RR analysis described earlier. No expression for 
estimating Ct under these conditions is available; therefore the question 
whether Ct characterizes the HRR field under these conditions is still open. 
Under SSC conditions, the expression for calculating Ct is derived as de- 
scribed earlier in this paper. A comparison of the amplitudes of the stress 
fields in the HRR format from Ct and from the limited finite element results 
of Ehlers and Riedel [9] is made for t/t i < 0.1 in Fig. 7. In order to compute 
Ct, Eq 13 was substituted into Eq 16 to eliminate ~'c from Eq 16. There ap- 
pears to be a reasonable correlation between the amplitudes of stress fields 
from the two methods. This further substantiates the validity of the Ct pa- 
rameter; however, it is recommended that more finite element work be done 
on different geometries for a detailed evaluation. 

Influence of Temperature on the Creep Crack Growth Behavior 

Figure 8 shows the influence of temperature on the creep crack growth be- 
havior of A470 Class 8 steel. Comparing the data at 538~ (1000~ and 
482~ (900~ shows only a marginal difference between the da/dt versus Ct 
behavior even when the creep deformation rates are vastly different for the 
two temperatures (Fig. 4). It appears that the Ct parameter provides a first- 
order normalization of the influence of temperature on the creep crack 
growth behavior. The arguments for rationalizing this trend were developed 
previously [4] when similar behavior was observed for 304 stainless steel. 
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Summary and Conclusions 

The following conclusions can be drawn from this study: 

1. A crack tip parameter C~ is proposed which characterizes the creep 
crack growth behavior in A470 Class 8 steel under a variety of creep condi- 
tions ranging from small scale creep to steady-state creep behavior. The cor- 
relation is independent of specimen geometry and has been demonstrated 
over a wide range of da/dt and Ct values. 

2. Under steady-state creep conditions, Ct reduces to the path-indepen- 
dent integral C*. Also, Ct can be interpreted as the instantaneous value of 
the difference between the energy rates supplied to two creeping cracked 
bodies which are identical in all respects except incrementally differing crack 
lengths. 

3. To a first-order approximation, da/dt versus Ct behavior is indepen- 
dent of temperature in the range of 482 to 538~ 

4. A formula for estimating C, in the small scale creep regime is derived in 
this paper. Also, the limitations of the Ct parameter are discussed in detail. 
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ABSTRACT: Fatigue strength of several types of welded Invar joints were investigated at 
room temperature and 111 K. Lap fillet welded joints, in which a 1.5 mm thick Invar 
sheet was welded to a 1.5 mm or 3.0 mm thick Invar sheet or 12 mm thick stainless steel, 
were made by tungsten-inert-gas (TIG) welding. A joint, in which a 0.5 mm thick lnvar 
sheet was inserted between two overlapped 1.5 mm thick Invar sheets, was made by resis- 
tance seam welding. In these joints, the root of the weld is the region most susceptible to 
fatigue crack initiation. 

Since S-N relationship depends upon the joint type, specimen size, and loading method 
in a fatigue test, a fatigue strength parameter independent of these conditions is necessary 
for the fatigue evaluation of structures. In this study, equivalent stress intensity factor 
range AKeq was adopted and investigated as such a parameter. By simulating the mea- 
sured cyclic strain behaviors by elastic-plastic FEM analyses, the cyclic ranges of tensile, 
bending, and shear stresses that arise in the vicinity of the weld can be estimated. Using 
these ranges, AK~, AKa, and accordingly AKeq were calculated for each specimen. 

As a result, it was found that the relationships between AK~q and cycles-to-failure in the 
range above 10 4 cycles were well within a narrow scatter band, regardless of the type of 
joints. It was concluded that AKeq is a very effective parameter for prediction of fatigue 
strength when the sharp root of a weld is the problem. 

KEY WORDS: Invar, lap welds, resistance seam welds, cryogenics, fatigue, notch sensi- 
tivity, stress intensity factor, cyclic loads, strain measurement, finite element method, 
elastic-plastic analysis 

Stainless steel and 9Ni alloy steel are extensively used in cryogenic struc- 
tures such as liquefied natural gas (LNG) plants. Recently, however, Invar 
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(36Ni alloy steel) has also come to be used widely in cryogenic applications, 
because the coefficients of thermal expansion of Invar are as small as 1.5 X 
10-6/K. 

Fatigue failures which result from cyclic variations in pressure, tempera- 
ture, etc., are an important problem for the assessment of the integrity of the 
cryogenic structures. From this point of view, several studies have been made 
on the fatigue properties of stainless steel for cryogenic use [ 1-3]. When Invar 
sheet is used in structures, it should be considered that the welded joint is the 
region most susceptible to fatigue crack initiation. 

In fatigue tests of welded sheets with complicated joint profiles which are 
asymmetric with respect to the loading axis, S-N relationships are greatly de- 
pendent on the configuration of the specimen, apparatus used, and loading 
method, because the bending and shear stresses arise in the vicinity of the 
weld even if the test is conducted under the tensile loading. In general, it is 
difficult to obtain S-N diagrams for all the combinations of joint profiles and 
loading conditions. To assess the integrity of structures, therefore, it is desir- 
able to describe the fatigue strength in terms of a parameter which is not 
dependent upon joint profile and loading conditions. 

The strain amplitude at the fatigue crack initiation point, which has been 
applied already to the fatigue design rules of the American Society of Me- 
chanical Engineers, is one such parameter. For the welded joints considered 
in this study, it is very likely that a fatigue crack would initiate from the root 
of the weld during service and the fatigue test. As it is very difficult to predict 
exactly the strain amplitude at the sharp root by measurement or calculation, 
the results of the fatigue test cannot be arranged in terms of the strain ampli- 
tude. 

Since the tip of the weld root is in the form of a very sharp notch, the stress 
intensity factor may be applicable. Some studies have been made on applica- 
bility of the stress intensity factor range to the fatigue strength of the weld 
root, for example, in the butt welded joints of pipes [ 4], the fillet welded joints 
of plates [5], and the spot or seam welded joints of sheets [6]. 

For fatigue failure that occurs by Modes I and II, the equivalent stress in- 
tensity factor range AKeq, which is a combination of AK1 and AKu, can be a 
measure that is not dependent upon joint profiles and loading conditions. 
Thus the method for calculation of AKeq in the fatigue test of the welded 
Invar sheets and the effectiveness of AKeq as a measure for fatigue strength 
were investigated in this study. 

Materials and Test Method 

A 1.5 mm thick Invar sheet was welded to 3.0 and 0.5 mm thick Invar 
sheets and 12 mm thick stainless steel plate (SUS304) to make various types 
of welded joints. The chemical composition and tensile properties of these 
Invar sheets are given in Tables I and 2, respectively. Combining these sheets, 
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TABLE 1--Chemical composition of lnvar sheets. 

Composition, wt% 
Thickness,  

m m  C Si Mn P S Ni Cr Mo Co 

1.S 0.023 0.17 0.32 0.002 0.001 35.50 0.17 0.01 0.21 
3.0 0.028 0.15 0.23 0.003 0.00l 35.72 0.23 0.12 0.21 
0.5 0.023 0.17 0.32 0.003 0.001 35.50 0.17 0.01 0.21 

TABLE 2--Tensile properties of lnvar sheets. 

Yield Tensile 
Thickness.  Stress, Strength, Elongation, 

m m  Temperature  MPa MPa % 

1.5 room temperature 297 483 44.6 
77 K 649 926 53.9 

3.0 room temperature 300 477 38.0 
77 K 627 919 41.0 

five types of lap fillet welded joints and a resistance seam welded joint were 
made under the welding conditions given in Table 3. Hereafter these welded 
joints are referred to as Joint N, Joint A, etc., as shown in Table 3. 

The profiles of the specimens cut from the lap fillet welded joints are shown 
in Fig. 1. Joints N, A, B, C, and D are gripped by the jig as shown in Fig. 2. 
For Joint A, 150 mm wide specimens were also tested to study the effect of the 
width of specimen. The profile of the specimen of Joint E and the jig used for 
its setting are shown in Fig. 3, and the details of the cross section are shown in 
Fig. 4. 

Fatigue tests were conducted on these specimens at room temperature (RT) 
and at the temperature of LNG (111 K). Servohydraulic testing machines of 
50 and 100 kN capacity were used. The specimens of lap fillet welded joints 
were tested under pulsating load control with a stress ratio R (minimum ap- 
plied stress/maximum applied stress) in the range from 0.05 to 0.1, but the 
specimen of Joint E was tested under pulsating displacement control with R 
of 0.1. The test frequency ranged from 1 to 50 Hz. In the test at 111 K, a 
thermocouple was attached to each specimen to control the temperature 
within the deviation of ___ 2 K using the liquefied nitrogen or low-temperature 
nitrogen gas. 

Apart from these fatigue tests, the behavior of the specimen of each type of 
joint under cyclic loading at RT and 111 K was measured by attaching strain 
gages and displacement gages to each specimen at the positions shown in 
Figs. 1 and 4. In this measurement, the increasing and decreasing load was 
applied statically up to two or three cycles. 
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1.5 
or- 
5 
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X: Strain Gage 
(a) Joint N, A, B, C (b) Joint D 

FIG. 1--Fatigue test specimens of lap fillet weldedjohzts (dimensions in millimetres). 

Method of Stress Analysis 

In this study, elastic-plastic analysis and elastic analysis were conducted 
using the finite element method (FEM) in order to analyze the conditions of 
cyclic stresses in the vicinity of the weld and to calculate the stress intensity 
factors of the weld root. Using a program based on triangular elements of 
uniform strain, the analysis was carried out under the plane strain condition. 
An example of the finite element subdivision is shown for Joint A in Fig. 5. 
Similar profiles were also determined for other joints so that the cross section 
of each joint could be closely simulated. 

In the elastic-plastic analysis under cyclic loading, it is necessary to con- 
sider the Bauschinger effect. Accordingly, the program used here is based on 
the mixed hardening theory [ 7]. In this theory, the magnitude of the Baus- 
chinger effect is expressed by the mixed hardening parameter M. This theory 
agrees with the isotropic hardening theory when M is 1, but with the kine- 
matic hardening theory when M is 0. In this study M was assumed to be 0.5, 
because it is unknown what value of M represents Invar. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



SOYA ET AL ON WELDED INVAR SHEET 207 
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FIG. 2--Fatigue test assembly for Joint D (dimensions in millimetres). 

The stress intensity factors were calculated by the method proposed in Ref 
8. This method makes it possible to calculate K1 and KII separately using the 
stresses in the elements i and j and the displacements of the nodes m and n 
shown in Fig. 5c. 

The material properties for the FEM analyses are shown in Fig. 6. Of these 
properties, the stress-strain curve, yield stress, and Young's modulus of Invar 
were obtained by experiments. Other properties are the estimated or assumed 
values. The stress-strain curve was input through multi-linear approximation 
as shown in Fig. 6. 

Results of Fatigue Test 

The results of fatigue test are shown in Figs. 7 to 9 in which the tensile 
stress range A~ implies the nominal value for the cross section of the 1.5 mm 
thick Invar sheet. For Joint E, the displacement range Ad was controlled to 
be constant during the test, and the nominal stress range Ao was calculated 
from the relation between Ad and the load measured by the load cell. 

In most specimens, failure occurred from the weld root as shown in Fig. 10. 
In the few specimens marked with an asterisk in Figs. 7 and 8, however, final 
failure occurred from the toe of weld but  a fatigue crack was also observed in 
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FIG. 3--Fatigue test assembly for Joint E (dimensions in millimetres). 
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FIG. 4--Details of Joint E specimen (dimensions in millimetresL 
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FIG. S--Model of Joint A for FEM analysis (dimensions in millimetres). 
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FIG. 6--Material properties for FEM analysis. 
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FIG. 9--Relationships between displacement range and cycles-to-failure for Joint E. 

FIG. lO--Cross section of failed Jobzt B specimen. 

the root. On the other hand, in some specimens of Joint D, the fatigue crack 
was also observed in the toe of the weld, even if the failure occurred from the 
root. In Joint E, the heat-affected zone bordering on the nugget was also 
forged by electrode force of resistance seam welding, and failure occurred 
from the root of the forged zone. For Joint A, the results for 150 mm wide 
specimens were nearly the same as those for 40 m m  wide specimens at RT. 
Thus it seems that  the effect of the width of specimen is negligibly small. 

The fatigue strength varied widely depending on the type of joint, because 
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their geometries were different (i.e., throat depth, leg length, etc., of the 
weld). Also, the effect of secondary stress induced by tensile load differs from 
specimen to specimen, since these specimens are of the eccentric type. Thus, 
in order to obtain the general fatigue properties of the welded joints, it is 
necessary to apply a fatigue strength parameter that is independent of the 
joint profiles and loading conditions. 

Analyses of Test Results and Discussion 

Behavior of Specimens under Cyclic Loading 

Behavior of Joint A - - A n  example of the strain behavior of Joint A under 
the cyclic nominal tensile stress ot in the range from 0 to 159 MPa is shown in 
Fig. 11. Strain gages were attached at the positions G1, G2, and G3 as shown 
in the figure. The strains at all positions exhibited a complicated behavior for 
the following reason: Because the specimens are of the eccentric type, the 
bending stress and shear stress would arise at each position of the strain gage, 
and the combination ratio of such stresses would change with increase or de- 
crease in nominal tensile stress. 

To clarify how the tensile stress is combined with the bending and shear 
stresses, the elastic-plastic FEM analysis was conducted on the model shown 
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FIG. 11--Strain behavior in Joint A specimen at room temperature. 
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in Fig. 5. In this model, the loaded end and fixed end coincided with the 
positions of the strain gages attached to the specimen. 

Thus elastic-plastic analysis was conducted by applying various combina- 
tions of~tensile stress at, bending stress ab, and shear force fy in the y-direc- 
tion to the left-hand end of the model, and the combination in which the 
strains at the loaded and fixed ends behaved as shown in Fig. 11 was obtained 
by trial and error. Here, the bending stress ab is expressed by the value at the 
surface of the specimen, and fy implies force per unit width of the specimen. 

A comparison between the measured strain values and the strain behavior 
determined by FEM is shown in Fig. 12. The results of the FEM analysis in 
the figure were obtained for the combination of the boundary stresses shown 
in Fig. 13. The combination in the first loading process differs from that in 
the unloading process. After the maximum load in the first cycle, however, 
the behavior in the loading process is just the reverse of that in the unloading 
process. 

Figure 14 shows the behavior of stress and strain in the stress-concentrated 
areas (the root and the toe) in the case when the boundary stresses shown in 
Fig. 13 are applied. Shown also in Fig. 14 is the behavior at the root in the 
case where the strains measured at 111 K are simulated. This figure shows 
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FIG. 12--Measured and simulated strain behavior for  Joint A specimen at room temperature. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



214 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

lstloading J unloading J 2nd.load{ng. ]. unloading_ ]001 

~"/ "'" /~/]!=0 \ - o . o o 5 -  

/ /  \ x  , .0116,\ \  E 

.~ -lOO 
0.005 

-200 

-300 [ I I 
0 159 0 159 

Nominal Tensile Stress, ot (MPa) 

FIG. 13--Behavior o f  bending stress and shear force in Joint A specimen at room temperature. 
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FIG. 14--Stress-strain behavior at the stress-concentrated region in Joint A. 
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that large plastic deformation occurs in the first loading process. In the sec- 
ond cycle, however, the plastic deformation due to the re-yield of the root is 
small and the hysteresis loop seems to be stabilized as the number of cycles 
increases. At the toe, shakedown takes place after the maximum load of the 
first cycle. 

In the analysis for RT, about 200 elements around the root and toe yielded 
at the first maximum load, but only 8 elements around the root yielded at the 
maximum load in the second cycle. In other welded joints also, large plastic 
deformation occurred at the root in the first loading process but the plastic 
deformation caused after that was small. It is therefore reasonable to assume 
that the plastic deformation caused after the first cycle is of small-scale yield- 
ing and to apply the linear fracture mechanics concepts. 

In the analysis of Joint A at RT, the stress combination ratios for the sec- 
ond cycle as shown in Fig. 13 w e r e  A c Y b / m a  t = 231/159 = --1.45 and 
A f y / A t r  t z 0.0116/159 = 72.6 • 10 -6  m .  Accordingly, AKeq is calculated as 
described later, assuming that these ratios are the same for specimens having 
different nominal tensile stress ranges Aat.  

Behavior of Joint D - - I n  the specimen of Joint D, 12 mm thick stainless 
steel is very stiff compared with 1.5 mm thick Invar sheet, and the amount of 
eccentricity of the specimen is large. Accordingly, the behavior under cyclic 
loading differs considerably from those of the specimens of Joints N, A, B, 
and C. The cyclic strain behavior under the nominal tensile stress ot in the 
range from 0 to 265 MPa is shown in Fig. 15. 

In Joints N, A, B, and C, two overlapping Invar sheets are deformed in 
such a manner that they are separated, when a tensile load is applied. With 
Joint D, however, the Invar sheet deforms as if it moved into the stainless steel 
plate, when elastic-plastic analysis is conducted so as to simulate the strain 
behavior shown in Fig. 15 by combining at, Ob, andfy only. As such a defor- 
mation is impossible in actual welded joints, it is necessary to take account of 
the contact reaction force Ry (force per unit width of specimen) that arises at 
the contact area between Invar sheet and stainless steel plate as shown in the 
model of Fig. 16. 

The condition at which the strain behavior as shown in Fig. 15 is repro- 
duced by combining at, Ob, fy, and Ry was also determined by the trial-and- 
error method of elastic-plastic analysis, the results of which are shown in Fig. 
17. The behavior in the loading process of the first cycle differed considerably 
from that in the unloading process. In the second cycle, however, the differ- 
ence is not so significant. This difference in the second cycle is due to the fact 
that the difference between the strain behavior of the gage G3 in Fig. 15 in the 
loading process and that in the unloading process was taken into consider- 
ation. In this case, the average value of the stress combination ratios in the 
loading and unloading processes of the second cycle was used for the calcula- 
tion of AKeq as described later. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



2 1 6  FRACTURE MECHANICS: SEVENTEENTH VOLUME 

300 

250  

~ 200 
~2 

~ 150 
g F- 

�9 ~ 100 

50 

~ 

] I $US304 ( / ~ '  

/ 5mm / kf" 

/ / 2", 
*, < , /  X G~ / .0 
~ ~.l / \ ~a<y.~, . / , ; ,  

t :, / /,;7 

t I I_J~/ I i 
0 0.1 0.2 0.5 0.4 0.5 

Surface Strain, s (%) 

FIG. 15--Strain behavior in Joint D specimen at room temperature. 
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FIG. !6--Model of  Joint D for FEM analysis (dimensions in millimetresL 

Similar analyses were conducted for Joints B and C. When the stress com- 
binations derived from these analyses are expressed by Eq 1, the values of ~1, 
0/2, and 0/3 for each welded joint are as given in Table 4: 

A o  b = otlAGt; A fy  = ot2Afft; A R y  = 0/3Aot (1) 

Since the throat depth and cross-sectional profile of Joint N are nearly the 
same as those of Joint A, the results of the analysis for Joint A were applied to 
Joint N. 

Behavior of Joint E - - F o r  Joint E, the behavior under cyclic loading was 
measured using displacement gages in addition to strain gages. Figure 18 
shows the relationship of the displacement between the upper and lower 
chucks of the testing machine to those between A and A'  and between B and 
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FIG. 17--Behavior o f  bending stress, shear force, and reaction force in Joint D specimen at 
room temperature. 

B'  measured by the displacement gages. Figure 19 also shows the relation- 
ship of the displacement 26 between A and A '  to the strains e at the positions 
of A (average of A and A ' )  and B (average of B and B ' ) .  In view of the 
control accuracy of the testing machine, the test for measurement of behavior 
was conducted statically under the load control. Accordingly, just a small re- 
sidual deformation was observed after the unloading process of the first cycle. 

After the first unloading process, however, the relationship between dis- 
placement and strain shows a straight line. On the other hand, the elastic 
behavior is exhibited at A and A '  ; therefore the following relationship exists 
between the bending stress (surface stress) range Aab and A~: 

AG b = EAe/(1 - -  i ,2) (2) 

Using the linear relationship between 2A6 and Ae after the first unloading 
shown in Fig. 19, Eq 2 becomes 

Aab = --2.25 • 106A6 (3) 

where stress is in megaPascals and displacement is in metres. Furthermore, 
since a linear relationship exists between Ad and 2A6 as shown in Fig. 18, the 
relationship between the displacement range between the chucks, Ad, and A6 
is written as 

A6 = 0.128Ad (4) 
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Using Eqs 3 and 4, the displacement and bending stress ranges at the posi- 
tions A and A '  can be calculated from the displacement range Ad which was 
controlled in the fatigue test. 

Similar measurements were made at 111 K. The behavior at this tempera- 
ture was nearly the same as that at RT. Equations 3 and 4, therefore, are well 
applicable to the behavior at 111 K. 

Calculation of AKeq 

Conducting the elastic stress analyses of the models (Figs. 5, 16, etc.) of the 
lap fillet welded joints under each boundary condition of at, Oh, fy, or Ry, 
stress intensity factors K~ and Kn for the weld root can be calculated for indi- 
vidual boundary conditions. Superimposing these results, stress intensity fac- 
tor ranges for combined boundary condition can be written as 

AKI = A1Aat + B1Aab + C1Afv "~- DIARy 

AKII = A2,Aot + Bz~21Ob "~ C2Afy "+- D2ARy 
(5) 

The coefficients Ax, B1, etc., are listed in Table 4. 
If the stress combinations of Eq 1 are substituted into Eq 5, the stress in- 

tensity factor ranges can be expressed by Aat only as shown below: 

A K  1 = fllAOt; AKII  = fl2Ao-t (6) 

The energy release rate of the crack in which Modes I and II coexist is propor- 
tional to KI 2 + K~I [9]. Since the equivalent stress intensity factor can be 
defined to be a stress intensity factor which results in the same energy release 
rate as that for two modes, K~q is expressed as 

Keq ---~ %/KI 2 ~- KI2I (7) 

The equivalent stress intensity factor range AKeq , therefore, can be expressed 
as follows by substituting Eq 6 into Eq 7: 

AKeq : ~ 1  -~- fl22 At~t : ~AtTt (8) 

Using this equation, the data for lap fillet welded joints as shown in Figs. 7 
and 8 can be converted into AKeq. 

The coefficients in these equations are summarized in Table 4. Since Ry 
does not exist in Joints N, A, B, and C, D1 and D2 were not obtained for these 
joints. In case of Joint D, fll was taken to be zero in application of Eq 8, 
because AKx was negative value of which the absolute value is very small. 

As for Joint E, arbitrary deformation near the welded part can be expressed 
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by superimposing Figs. 20a and 20b. Therefore AK I and AKn can be derived 
by superimposing the results of individual calculations of the models shown in 
Figs. 20a and 20b and become 

AKI = 69.2 • 103A6 + 7.75 • 10-3AOb 

AKn = --26.8 X 103A($ -- 2.34 • 10-3AOb 
(9) 

Using Eqs 3, 4, and 9, AKeq becomes 

AKeq = x/AK~ + AKI2I = 56.1 • 103At~ = 7.18 • 103Ad (10) 

Then the data shown in Fig. 9 can be converted into AKeq. 

Relationship between AKeq and Cycles-to-Failure 

Figures 21 and 22 show the relationship between AKeq, which was calcu- 
lated as described above, and cycles-to-failure Nf at RT and 111 K, respec- 
tively. The nominal stress range varies widely depending on the types of 
welded joints, but  the scatter band of AKeq for all types of joints is relatively 
narrow. Even for Joint E, for which the S-N diagram in terms of nominal 
stress range as shown in Fig. 9 is considered to be meaningless, AKeq is well 
within the scatter band for lap fillet welded joints as shown in Figs. 21 and 22. 
This fact may imply that AKeq is an effective parameter for fatigue strength in 
engineering sense. 

It is considered that the resistance against fatigue failure from the weld root 
can be expressed by AKeq. The propagation process of fatigue crack, how- 
ever, is not taken into consideration in the analysis, so this parameter cannot 
be applied to the joints which have quite different ratios of crack initiation life 
to failure life from those of the joints in this study. 

Figure 23 shows an appearance of the fracture surface in which the stria- 

(a) Displacement 

(b) Bending Stress 

FIG. 20--Boundary conditions of Joint E model for elastic analysis. 
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FIG. 21--Relationships between AKeq and cycles-to-failure at room temperature. 
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FIG. 23--Fracture surface of Joint B specimen at room temperature. 

tions are observed through two thirds of the crack propagation distance. A 
fatigue crack started at the root of the weld and propagated to the surface of 
the weld. Estimating from the striations, it has taken about 97% of the num- 
ber of cycles to failure for the crack to grow up to the first one third of the 
whole distance. This fact was also true for other joints in the case when the 
striations were observed. 

The results obtained at RT and 111 K are summarized in Fig. 24. On the 
whole, a significant difference is not observed between the results at RT and 
those at 111 K. As the tensile strength of Invar at 111 K is considerably higher 
than that  at RT, the notch susceptibility may be increased at low tempera- 
tures, because the weld root is produced in the form of a very sharp notch. It  
is considered that  the results at both temperatures become nearly equal, be- 
cause the effects of increased strength and increased notch susceptibility on 
the fatigue strength at 111 K were cancelled by each other. In Joint D, how- 
ever, there is a clear difference between AKeq at RT and at 111 K. The reason 
is that  AKI is nearly zero and the root does not clearly show its effect as a 
sharp notch because the overlapped portion of Invar and stainless steel is de- 
formed as if they moved into each other as described previously. 

The best-fit  lines in Fig. 24 represent the average property of fatigue 
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FIG.  24--Comparison of  AKeq to cycles-to-failure relationships at room temperature and 111 K. 

strength for the weld roots of Invar sheets. Using these relationships, it is 
possible to evaluate the integrity of a structure against fatigue failure in the 
case where Invar sheets are applied to the cryogenic structures. 

Conclusions 

Invar sheet is a useful material for the cryogenic structures. But, in order to 
assess systematically the integrity of the structure, it is necessary to describe 
the fatigue strength of the weld root in terms of a parameter that is not depen- 
dent upon joint profile and loading conditions. 

In this study, the equivalent stress intensity factor range AKeq was adopted 
as such a parameter and its effectiveness was investigated. Fatigue tests were 
conducted on five types of lap fillet welded joints and one type of resistance 
seam welded joint of Invar sheets at RT and 111 K. Study was then made of a 
method for arranging the test results in terms of A K e q  and on the applicability 
of linear fracture mechanics concepts. The following conclusions were drawn: 

1. In the fatigue test, the combinations of tensile stress, bending stress, 
and shear force that arise in the specimen in the cycles after the first unload- 
ing are stabilized even if large plastic deformation takes place in the first 
loading process. Moreover, new large plastic deformation does not occur 
around the weld root after the first unloading. It is therefore reasonable to 
apply the linear fracture mechanics to the fatigue test in this study, because 
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one can regard the plastic deformation under  cyclic loading as small-scale 
yielding. 

2. The combinat ions  of tensile stress, bending stress, and shear force that  
arise in the vicinity of a weld in a specimen can be est imated by elastic-plastic 
FEM analysis to simulate the measured strain behavior. Using these combi- 
nations, AKeq can be calculated for the weld root. 

3. The results of fatigue test a r ranged in terms of the relationship between 
AKeq and cycles-to-failure are well within a narrow scatter band,  regardless of 
the type of joint. I t  is considered that  this relationship represents the fatigue 
property of welded Invar  sheets which is not dependent  upon joint profile and 
loading conditions. 

As described above, it has been verified that  AKeq is a very effective param- 
eter of fatigue strength for cycles-to-failure above 10 4. For the fatigue life 
shorter  than  10 4 cycles, however, fur ther  study is required on the applicability 
of this method because large cyclic plastic deformation would occur. 
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ABSTRACT: An automated photomieroscopic system for monitoring the growth of small 
fatigue cracks was developed. Using a specimen that localized crack initiation within a 
small region, a 35 mm camera mounted on a reflected light microscope was employed to 
record the growth of small fatigue surface cracks of approximate lengths ranging from 
25 #m to 2 mm. A microcomputer was used to control the testing, operate the camera, 
and record pertinent data. Upon completion of the test, photographs of the small cracks 
were projected onto a computer digitizing tablet in order to obtain digital crack length 
data. The precision of the resulting crack length measurements was approximately 1 #m 
for cracks on the order of 25 t~m in length. In order to utilize the available crack growth 
data fully, a modified incremental polynomial method for reduction of data to the form of 
da/dN versus AK was developed. In general, the photomicroscopic system provided an 
efficient, cost effective method for monitoring the growth of small, naturally initiated 
fatigue cracks. 

KEY WORDS: automated, crack propagation, fatigue (materials), fracture mechanics, 
mechanical properties, microcomputer, microcrack, microscope, photomicroscopy, short 
crack, small crack, test methods 

Recen t ly ,  a n u m b e r  of  inves t iga to r s  have  r e p o r t e d  t h a t  smal l  f a t igue  c r a c k s  

m a y  p r o p a g a t e  at  r a tes  t h a t  a re  s ign i f i can t ly  fas te r  t h a n  long  c racks  sub jec t ed  

to a n o m i n a l l y  e q u i v a l e n t  c r ack  d r iv ing  force .  Add i t iona l ly ,  smal l  c racks  have  

b e e n  o b s e r v e d  to g r o w  u n d e r  l o a d i n g  cond i t i ons  t h a t  were  well be low t h e  

t h r e s h o l d  stress in tens i ty  f a c t o r  r a n g e  (AKth) e s t ab l i shed  for  long c racks  in 

c o n v e n t i o n a l  s p e c i m e n s .  Th i s  a n o m a l o u s  behav io r ,  wh ich  has  been  the  sub-  

~Materials Research Engineer, Materials Laboratory, Air Force Wright Aeronautical Labora- 
tories, AFWAL/MLLN, Wright-Patterson Air Force Base, OH 45433. 
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ject of several review articles [1-3], may lead to anti-conservative damage tol- 
erant life calculations based on linear elastic fracture mechanics (LEFM). 
The significance of such errors has prompted considerable research in this 
area; however, the difficulty of generating the appropriate experimental data 
has hampered progress. Although specialized optical methods have been 
used effectively to monitor the initiation and early growth of fatigue cracks 
[4-7], conventional optical techniques employed in testing of specimens con- 
taining large cracks have generally been inadequate to study small crack be- 
havior, and a number of alternative methods have been used. Typically, 
length measurement of small cracks has been accomplished through the use 
of acetate replicas, by periodic examination with a scanning electron micro- 
scope (SEM), or by electric potential methods. Valuable data have been pro- 
duced by each of these methods; however, there are disadvantages associated 
with each. Although replica and SEM methods offer excellent resolution, the 
use of these methods to track the propagation of very small cracks may be 
very time consuming, thereby limiting the number of data that can be realisti- 
cally obtained. The use of electric potential monitoring generally requires an 
artificial crack starter to initiate the crack between the electric potential 
leads. The physical size of the crack starter defines a lower limit of crack size 
that can be investigated, and the crack starter may alter the normal mode of 
crack initiation. Clearly, the selection of the crack length measurement tech- 
nique to be used in the study of small cracks depends on the goals of the 
research program. 

The primary objective of the project discussed here was to study naturally 
initiated cracks in nominally smooth specimens fatigued under elastic load- 
ing conditions over a range of crack sizes on the order of 25 #m to 2 mm. The 
25 #m size was chosen as a practical limit of crack size that might be realisti- 
cally addressed in life prediction of actual structures, while cracks of length 
greater than approximately 2 mm can generally be monitored with conven- 
tional experimental methods. The approach taken utilized optical photomi- 
croscopy for data acquisition, and a microcomputer was employed to perform 
the potentially tedious tasks of operating the fatigue machine and acquiring 
the photographic and printed data. This paper discusses the development of 
the photomicroscopic system and presents representative data of the growth 
of small surface cracks in a high strength titanium alloy. A modified data 
reduction procedure that is useful for both short and long cracks is presented. 

Experimental Procedure 

Crack growth testing was performed using the specimen shown in Fig. 1. 
This simple geometry, which resembled a design used earlier by Lankford [8], 
employed a mild notch to initiate surface cracks naturally in a localized field. 
The elastic stress concentration factor (Kt) due to the notches was originally 
estimated using tabulations from a handbook [9], and a subsequent two-di- 
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mensional elastic finite element stress analysis confirmed that Kt : 1.027. 
Thus the through-thickness stress was essentially uniform, while the reduced 
gage section effectively localized crack initiation within a small region that 
could be conveniently photographed. In order to eliminate surface residual 
stresses [10] and roughness produced during machining of the titanium alloy 
tested, the gage sections of all specimens were carefully eleetropolished to a 
depth of at least 0.20 mm. The electropolishing also produced a highly reflec- 
tive surface that enhanced the detection and resolution of small surface 
cracks, while highlighting the material's microstructure. In order to limit 
crack initiation to only one of the two notches, one side of the specimen was 
mechanically polished lightly following the electropolishing. This produced a 
shallow residual compressive stress that, for the alloy tested, was sufficient to 
inhibit early crack initiation on the mechanically polished surface, and crack 
initiation occurred preferentially on the opposite surface. 

Crack growth data were acquired photographically using a metallurgical 
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microscope mounted with a 35 mm camera having a 250 frame film magazine 
and powered by a standard motor drive. Figure 2 shows this setup mounted 
on a custom-built precision three-dimensional translation stage. For a com- 
pletely automated test, the film plane magnification was limited to less than 
5 X in order to obtain a view of the full specimen width. It was found, how- 
ever, that crack initiation could be conveniently detected by periodic visual 
microscopic examination of a small region of the specimen notch. Thus, a 
small crack could be initiated, and the subsequent growth of the crack could 
be photographed at an increased magnification (usually 20 to 40 X) which 
provided improved image resolution. For the material and test conditions 
used, surface cracks of half-length less than 25 #m were routinely located in a 
precracking period of approximately 1 h. Crack visibility was significantly 
enhanced through the use of reflected light illumination. Initially, micro- 
scope illumination was provided by a continuous lighting source; however, 
improved image resolution was achieved by lighting with an electronic flash. 
Fatigue cycling was periodically interrupted, and photographs were taken 
while the specimen was held at maximum load for a period of approximately 
1 s. Using Kodak Panatomic-X film, photographs were taken with virtually 
no loss of the microscope's available image resolution [11]. 

FIG. 2 - - M i c r o s c o p e  a n d  camera  m o u n t e d  on a three-d imens ional  translat ion stage. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



230 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

The testing was automated using the system shown schematically in Fig. 3. 
This system employed an IBM Personal Computer to control all aspects of the 
testing. By programing a Wavetek 175 function generator, the microcompu- 
ter controlled the servo-hydraulic fatigue machine. The camera was con- 
trolled by Tecmar PC-Mate Lab Master digital to analog (D/A) converter, 
and the associated analog to digital (A/D) converter was used to provide feed- 
back of fatigue machine performance throughout the test. During each test 
the microcomputer recorded pertinent data including the photograph frame 
numbers and the corresponding values of fatigue cycle count. At the conclu- 
sion of the test the film was developed, and a standard photographic enlarger 
was used to project the negative images of the small crack onto a computer 
digitizing tablet. The projected image magnification (up to approximately 
600 •  was calibrated using photographs taken of a microscope stage mi- 
crometer slide. The digitizing tablet was used to convert the photographs into 
data of surface crack length (calculated as the length projected onto a plane 
normal to the axis of loading), and these data were merged with their associ- 
ated cycle counts to produce a computer file of surface crack length (2c) ver- 
sus cycles (N). The shapes of the surface cracks were determined by a heat 
tinting procedure to be discussed later. Using these shapes, the crack growth 
data were reduced to the form of dc/dN versus AK using the surface crack 
stress intensity solution of Newman and Raju [12] and a newly developed 
modified incremental polynomial method (see Appendix). 

In order to assess the capability and accuracy of the photomicroscopic sys- 
tem and data reduction procedure, material and test conditions were selected 
that would minimize effects of microstructure and crack tip plasticity on the 
growth of small cracks. All testing was performed on the alloy Ti-6AI-2Sn- 
4Zr-6Mo in the cast-and-forged condition and heat treated to produce a fine 
duplex microstructure of equiaxed primary t~ phase (hexagonal close packed) 
in a matrix of Widmanstatten u + ~ (body centered cubic) phase as shown in 
Fig. 4. The forging and heat treatment produced disks of high strength mate- 
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V 
F I G .  3--Schematic of components of the automated photomicroscopic system. 
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FIG. 4--Microstructure of Ti-6Al-2Sn-4Zr-6Mo. 

rial (yield strength = 1160 MPa; ultimate strength ---- 1230 MPa) that was 
essentially isotropic, as determined by sonic and mechanical testing. Small 
crack test specimens (Fig. 1) were machined from the disks with the specimen 
axis oriented circumferentially and the notches oriented radially. This orien- 
tation is designated C-R in ASTM Test for Plane-Strain Fracture Toughness 
of Metallic Materials (E 399). Compact-type (CT) specimens used in the in- 
vestigation were also of C-R orientation, having the load line oriented circum- 
ferentially and crack plane oriented parallel to the disk radius. 

Results and Discussion 

A typical photograph of a small fatigue crack under maximum load is pre- 
sented in Fig. 5. For the titanium alloy tested, a single small surface crack 
generally formed and quickly took on an orientation that was normal to the 
loading axis. Thereafter, crack growth followed a relatively flat path having a 
low level of surface roughness. For more than 80% of the specimens, crack 
initiation occurred at a location well removed from a specimen corner, and 
the crack propagated as a surface crack until fracture occurred. In order to 
determine the shape of the surface cracks, a number of tests were interrupted 
while the cracks were still short, and the specimens were heated to a tempera- 
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FIG. 5--Typical photograph qf  a small fatigue crack in an unetched specimen under load. 

ture not exceeding 400~ to oxidize the crack surface. Upon failure of the 
specimens, the heat-tinted surface cracks were measured to determine their 
shapes as projected onto a plane normal to the axis of loading. The resulting 
data of crack depth (a) versus surface crack half-length (c) are presented in 
Fig. 6. The cracks were nearly semicircular over the full range of sizes exam- 
ined and had an average aspect ratio of a/c = 1.03. 

Figure 7 presents representative data (c versus N) for growth of a small 
crack subjected to fatigue loading with a maximum stress equal to 75% of the 
material's yield strength. This specimen was tested in room temperature air 
at a frequency of 20 Hz with a load ratio (minimum load/maximum load) of 
R = 0.1. The 25 txm initial crack length shown for this specimen was a typical 
detection size for the photomicroscopie system. For this crack size, the stan- 
dard deviation of carefully repeated measurements of crack length (c) was 
approximately 1/zm. This precision was considered excellent, since the value 
approached the theoretical optical resolution of the microscope. As the crack 
extended, the increasing level of crack tip plasticity made locating the crack 
tip more difficult, and the variability in measurement of crack length in- 
creased. As shown in Fig. 7, photographs of the small cracks were taken fre- 
quently. This provided a measure of variation in crack growth rate as the 
crack extended, and the large number of data points could be treated statisti- 
cally to determine mean behavior (see Appendix), thereby minimizing the in- 
fluence of the random error associated with the crack length measurement. 

The data of Fig. 7 were reduced to the form of dc/dN versus &K, and these 
data are presented in Fig. 8 along with data from a number of additional tests 
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FIG. 8--Typ&al  crack growth rate data for  fat igue with a load ratio of  R = O. 1. 

at the same conditions. Each symbol represents data from a different short 
crack test. The solid curve represents crack growth in conventional CT speci- 
mens that were 10 mm in thickness. Except for the shortest crack lengths, the 
data from the small surface cracks corresponded quite closely with the long 
crack behavior. The small cracks did, however, display a tendency to propa- 
gate discontinuously. This was an expected result, since the small cracks in- 
teracted with only a few microstructural features and were measured on the 
surface of the specimen, while the propagation of a through-thickness crack 
in a CT specimen monitored by elastic compliance represented average, or 
bulk, behavior. 

For the data shown, the growth rates for short and long cracks became 
essentially equivalent above an approximate surface crack size of c _ 75/~m. 
This transition crack size was in agreement with the independent findings of 
James and Morris [13] on the same material, who found that, above this size, 
LEFM effectively correlated data of the growth of surface cracks. The 75/xm 
crack size was slightly larger than the value of the short crack correction fac- 
tor defined by El Haddad et al [14J, which was calculated as to :- (AKth/ 

' Aoe)2/Tr ---- 23/~m, w h e r e / ~ t h  ~--- 3.4 MPa~J~ and Age ~- 400 MPa are the 
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long crack threshold stress intensity factor range and the fatigue limit respec- 
tively. The transition crack size was somewhat larger than the size of the two 
primary microstructural dimensions, the primary ~ phase grain size ( - 6 #m) 
and the prior/3 phase grain size ( - 15 #m). For all tests performed, the ratio 
of the size of the monotonic plastic zone (estimated as (K/oy)2/Tr) [15,16] to 
the crack length was 1/4 or less, and the similar ratio involving the cyclic plas- 
tic zone (estimated as (g/2oy)2/Tr) [15] was less than 1/16. 

The fine scale of alloy microstructure, limited crack tip plasticity, and lim- 
ited tendency for anomalous growth of small cracks under the test conditions 
investigated provided an ideal demonstration of the capabilities of the pho- 
tomicroscopic system. The excellent agreement between the data for small 
surface cracks and long cracks in CT specimens illustrated the accuracy of the 
experimental and analytical procedures. In general, the photomicroscopic 
system was found to be an accurate, efficient, and cost effective method for 
monitoring the growth of small, naturally initiated fatigue cracks. 

Summary 

The development and application of an automated photomicroscopic sys- 
tem for monitoring the propagation of small surface cracks were discussed. A 
specimen was designed to localize crack initiation within a small region in 
order to facilitate microscopic examination and data acquisition by photogra- 
phy. A 35 mm camera mounted on a reflected light microscope was used to 
record the growth of small surface cracks of approximate sizes ranging from 
25 pm to 2 mm. Crack visibility and resolution were enhanced by photograph- 
ing under maximum load with lighting provided by an electronic flash. The 
photomicroscopic system employed an IBM Personal Computer to control fa- 
tigue crack growth testing, operate the camera, and record pertinent data. 
Upon completion of a test, photographs of the small crack were projected 
onto a computer digitizing tablet which was used to obtain numerical crack 
length data. The capabilities of the photomicroscopic system were demon- 
strated in testing of the high strength titanium alloy Ti-6AI-2Sn-4Zr-6Mo for 
which the data of small and large cracks were similar for cracks sizes greater 
than approximately 75 ftm. The measurement precision of the complete sys- 
tem was found to he approximately 1 ftm for cracks of length of approxi- 
mately 25 pm. In order to fully utilize the large number of crack growth data 
generated by the system, a modified incremental polynomial method for re- 
duction of data to the form of da/dN versus ~ was developed. In general, 
the photomicroscopic system provided an efficient and cost effective method 
for monitoring the growth of small, naturally initiated fatigue cracks. 
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APPENDIX 

Modified Incremental Polynomial Method of Data Reduction 

The use of the automated photomicroscopic system to monitor the propagation of 
small surface cracks required a nonstandard method to reduce the crack growth data 
(2c versus N) to the form of dc/dN versus ~ .  In order to study the discontinuous 
nature of propagation of small fatigue cracks and track any unusual events, photo- 
graphs were taken frequently, and the resulting crack extension (Ac) between succes- 
sive photos was often vanishingly small. Although this procedure provided valuable 
data on the instantaneous crack length, the precision of individual crack length mea- 
surements was large compared with Ac, possibly leading to significant errors in the 
determination of dc/dN. Following guidelines set forth in ASTM Test for Constant- 
Load-Amplitude Fatigue Crack Growth Rates Above 10 -s  m/Cycle (E 647), the data 
should have been edited such that Ac was at least ten times the crack length measure- 
ment precision. Although this approach was relatively effective, an alternative method 
was developed in order to utilize all the available crack length data without introduc- 
ing artificially large errors in the calculated values of dc/dN. 

According to ASTM E 647, an incremental polynomial regression is to be per- 
formed such that each successive seven crack length points are fitted with a second- 
degree polynomial (parabola), and da/dN and AK are determined at the fourth of the 
seven points. Since the standard specifies that the crack length data be taken at ap- 
proximately equal increments of Aa, and that Aa be ten times the measurement preci- 
sion, the error in da/dN is maintained approximately uniform as the crack extends. A 
slight modification to the ASTM incremental polynomial method provided similar 
control of the error in da/dN, while allowing all the data to be used. Figure 9 illus- 
trates the general approach schematically. The primary difference from the standard 
method lies in the choice of the data that are regressed incrementally. For the present 
approach, all crack length data falling within an interval (Aareg) were fitted with the 
second-degree polynomial, and AK and da/dN were calculated at the midpoint of the 
interval. This process was performed repeatedly with the sliding regression being suc- 
cessively incremented by an amount Aainc. For the small crack data presented in this 
paper, Aainc was set equal to ten times the measurement precision, and Aareg was taken 
as six times Aainr The values of Aainc and Aareg were chosen to provide good definition 
of crack growth rate for the cracks at their smallest size, while limiting the variability 
in da/dN due to errors in the individual measurements. 

The accuracy of the modified incremental polynomial method was evaluated in a 
manner similar to that used by Hudak et al [ 17]. A random error in crack length was 
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added to each of the points in an artificial crack growth data set (a versus N) that was 
generated from a realistic analytical expression giving d a / d N  as a function of AK. The 
modified incremental polynomial method was used to reduce the artificial data to the 
form of d a / d N  versus AK, and these data were compared with the original analytical 
expression. The reduced data and the analytical expression were found to agree ex- 
tremely well. Based on this success, the modified incremental polynomial method was 
used to reduce crack growth data from CT specimens that were tested under computer 
control with crack length determined by compliance measurements. As many as 500 
crack length measurements were taken at approximately equal intervals throughout 
the test, and the crack growth rate data were obtained from this large statistical sam- 
piing. In general, the method was found to be very effective in reducing data from a 
number of different types of crack growth tests. The method provided the added bene- 
fit of using a large number of data to define the crack growth rate behavior, thereby 
achieving a high degree of statistical confidence in the calculations. 
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ABSTRACT: This paper describes results of an experimental and numerical study con- 
cerned with the growth and coalescence of multiple fatigue cracks. A multi-degree-of- 
freedom algorithm is developed to predict the cyclic growth of separate cracks which de- 
velop along the bore of a circular notch. The crack shapes and sizes are allowed to develop 
naturally as they join into a single flaw which then propagates to failure. Experiments arc 
described with multiflawed specimens of titanium and Waspaloy. The numerical model 
does an excellent job of predicting the crack coalescence life in all the specimens. 

KEY WORDS: fatigue cracks, crack coalescence, life predictions, surface flaws, fracture 
mechanics 

This paper  describes results of an experimental  and  numerica l  study con- 
cerned with the grmvth and  coalescence of mult iple fatigue cracks located at 
notches. As shown schematically in Fig. 1, various combinat ions  of surface 
and  corner cracks may init iate along the bore of a hole in a plate. Upon  re- 
mote cyclic loading, individual  flaws will extend by fatigue, eventually l inking 
up into a single d o m i n a n t  crack which grows to final failure. The r ight -hand 
path of Fig. 2, for example,  shows two initial  surface flaws which first coa- 
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FIG. 1--Schematic representation of  cracks located along bore of  a hole. (a) Two surface 
cracks. (b) Surface and corner crack. (e) Two corner cracks. (d) Single surface crack. (e) Single 
corner crack. 
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FIG. 2--Schematic representation of  various ways in which two surface cracks at a hole can 
transition into a single through-thickness crack. 
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lesce into a single surface crack, which in turn grows into a corner flaw, and 
then finally transitions into a through-the-thickness crack. The left-hand 
route shows another possibility as the initial surface cracks grow into corner 
flaws before coalescing into a single through-crack. 

The manner in which individual cracks grow, coalesce, and propagate to 
failure depends on initial crack sizes, shape, spacing, and applied load. Al- 
though techniques are well developed to predict the cyclic life of large, single 
cracks, the analysis and interaction of multiple flaws have received less atten- 
tion. Stress intensity factors have been obtained for interacting cracks by sev- 
eral authors [1-5], but application of these results to fatigue life prediction is 
quite limited [3,6-7]. The current paper describes a predictive scheme for 
computing the total life of multiple cracked notches. A set of experiments is 
conducted with turbine engine alloy double-notch test specimens, and the nu- 
merical model is used to predict the measured fatigue crack growth shapes 
and lives. 

Numerical Model 

This section briefly reviews the predictive model developed to analyze 
multi-cracked notches. Since many of the details are reported elsewhere 
[4, 6-7], the discussion here is intentionally brief. 

Returning to Fig. 1, a computer program has been written to determine the 
cyclic life of a multi-cracked hole in a plate loaded in remote tension. Various 
combinations of semielliptical surface and quarter elliptical corner cracks are 
assumed to lie along the bore of the hole. The hole diameter is D, the plate 
thickness is T, and a remote tensile stress a is applied perpendicular to the 
cracks, which are assumed to lie in the same radial plane. The semiaxes of 
one crack are given by dimensions a l and c l, while those of the second flaw are 
a2 and c2. The crack separation (measured along the bore of the hole) is ts. 

Stress intensity factors are determined at the key crack tip locations (Num- 
bers 1 to 6 in Fig. 1). The corresponding crack growth rates are then com- 
puted at these points from the fatigue crack growth model for the material of 
interest. A small crack extension is assumed at one location, and the cycles 
required for this growth increment are computed. Assuming the same cyclic 
interval, the appropriate crack extensions are computed at the other tips and 
added to the existing flaw dimensions. Repeating this procedure in an itera- 
tire manner allows the cracks to develop naturally as a function of elapsed 
cycles. Note that the multi-degree-of-freedom model does not require prior 
assumptions on crack shape as a function of flaw size. 

When crack tips touch a free surface or another flaw, a new uniform sur- 
face, corner, or through-the-thickness flaw shape is assumed (as shown sche- 
matically in Fig. 2). If two surface cracks come in contact, for example, a 
single semielliptical surface flaw is assumed to encompass the original flaws. 
If adjacent corner flaws touch, or the bore dimension of a single crack pene- 
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trates completely through the specimen thickness, the model assumes a uni- 
form through-the-thickness crack. This instant transition of coalescing flaws 
into a uniform surface or corner crack, as well as the rapid transformation 
into a uniform through-crack, is a conservative assumption employed to sim- 
plify the analysis, but is not believed to cause a significant error. Numerical 
and experimental results for single surface or corner flaws at holes [8], for 
example, indicate that transition to a uniform through-the-thickness crack 
can occur quite rapidly in the context of total specimen life. In addition, ex- 
perimental results for coalescing corner cracks in transparent polymer test 
specimens [9] indicate that a uniform through-thickness flaw can develop 
quite rapidly once linkup occurs. 

A key step in the numerical algorithm is the computation of stress intensity 
factors at the appropriate crack tip locations. The current model employs so- 
lutions presented by Newman and Raju [10] for single surface and corner 
flaws. Their solutions are readily coded for computer use and provide an ef- 
fective means for computing K along the border of arbitrary crack shapes. 
These single crack results are then modified by an "interaction factor" which 
increases the single crack K value at Locations 3 and 4 to account for the 
influence of the adjacent crack. 

The interaction factor is based on a three-dimensional stress intensity fac- 
tor solution [4] for multiple corner cracks obtained by the finite element-al- 
ternating method (Fig. 3). Here the interaction factor 3' is defined as the ratio 
of the hole bore stress intensity factor for a symmetric corner crack divided by 
the corresponding result for a single corner flaw, and is presented as a func- 
tion of flaw shape a/c and dimensionless crack separation ts/a. Polynomial 
expressions (represented by the solid lines in Fig. 3) were fit through the origi- 
nal finite element-alternating method results (open symbols) and incorpo- 
rated into the life prediction program. The polynomials are given in the fol- 
lowing form, and the coefficients Ai are summarized in Table 1. 

9 

~/ = ~, A i ( t J a )  i (1) 
i=O 

Although the crack interaction analysis [4] was only performed for symmet- 
ric corner cracks, the interaction factor is applied in the present scheme to 
nonsymmetric surface and corner flaw combinations as well. Only the adja- 
cent hole bore locations (Points 3 and 4) have stress intensity factors modified 
in this manner. The other points employ the original Newman-Raju [10] sin- 
gle crack results for K. Once the multiple cracks join into a single surface or 
corner flaw, the original Newman and Raju [10] solutions are once more em- 
ployed. If the crack continues to grow into a through-the-thickness flaw, then 
the appropriate through-crack K solution is used. Additional modifications 
to consider semicircular edge notches used for the current experiments are 
described in a later section. 
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TABLE 1-- Coefficients for  the ninth-order polynomial representations of  the Heath 
interaction factors. 

ale 
Polynomial 
Coefficients 1.11 1.50 2.00 3.00 

Ao 1.6982016 1.7005499 1.6801349 1.6311495 
A1 --20.954392 --23.838719 --24.892797 --25.188174 
A2 375.84251 440.43727 468.38829 482.88140 
A3 --3966.9614 --4689.1275 --5018.3680 --5203.5340 
A4 25939.076 30780.019 33008.082 34290.504 
As --108168.84 --128555.52 --137864.00 --143223.29 
A6 287544.18 341837.22 366223.56 380109.65 
AT --470866.72 --559568.72 --598611.06 --620466.37 
A8 432388.13 513486.98 548416.94 567576.27 
A9 --170229.96 --201990.33 --215374.49 --222555.28 
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Experimental Procedure 

A set of experiments were conducted with double notched multiflawed 
specimens manufactured from Waspaloy and Ti-6-2-4-6. Both are widely 
used turbine engine materials in which multiple cracks have been observed. 
Waspaloy is a heat treatable nickel-based alloy which offers useful strengths 
at the elevated temperatures seen in the high pressure turbine section of tur- 
bine engines, while Ti-6-2-4-6 is an alpha-beta titanium alloy which responds 
to heat treatment and is used for the fan and lower stages of the compressor. 
Baseline fatigue crack growth data for the current test conditions were ob- 
tained for both materials in the form of the hyperbolic sine [11] model. 

The experimental program employed the double-notched specimens shown 
in Fig. 4. This specimen design was selected because the stress gradient at the 
notch is representative of that typically seen at fastener holes in turbine disks. 
Small EDM slots were used to initiate fatigue cracks at various points along 
the bore of one of the edge notches. The slot dimensions were approximately 1 
mm (0.04 in.) wide and 0.38 mm (0.015 in.) deep. The crack profiles were 
marked at periodic cyclic intervals by heat tinting techniques so that flaw di- 
mensions could be determined after specimen fracture. The heat tinting tem- 
peratures were selected to mark the crack fronts at least three times during 
the specimen life without the temperatures being high enough to influence 

1.3 R ~  

Both Ends 
Threaded ~ 17 

I , 4 

13 

FIG. 4--Drawing of test specimen showing specimen dimensions and location of two semicir- 
cular edge notches (dimensions in millimetres). 
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subsequent  crack growth at the test temperature.  The specimens were heated 
in clam-shell, resistance-type furnaces,  and thermocouples were used to mon- 
itor specimen tempera ture  during testing. 

Constant-ampli tude loading (triangular waveform) was applied to the edge 
notched specimens by a closed-loop electrohydraulic servocontrolled fatigue 
machine.  The t i tanium specimens were tested at room temperature,  while the 
Waspaloy tests were conducted at 204~ (400~ (a relatively low tempera-  
ture for this material).  The cyclic frequency was fixed at 10 cpm and the stress 
ratio was 0.05 in all cases. The max imum nominal stress per cycle was 345 
MPa  (50 ksi) for the t i tanium specimens, and 758 MPa  (110 ksi) for all the 
Waspaloy tests, except for one Waspaloy experiment (Specimen 10A) con- 
ducted at a peak stress of 662 M P a  (96 ksi). 

Surface crack lengths were also measured from surface replicas to obtain 
crack lengths as a funct ion of elapsed cycles. Composite crack profiles were 
obtained from the heat  tint marker  bands  using an optical sliding microscope 
and the surface replica measurements.  The initial flaw dimensions (measured 
after the first heat t inting cycle when fatigue cracks had formed at the E D M  
slots) are summarized in Table 2. The initial flaw configuration consisted of 
two surface cracks (Fig. la)  for all tests, except for Specimen 14B which con- 
tained initial surface and corner flaws (Fig. lb)  and Specimen 16B which had 
three nearly symmetric surface flaws. In  the latter case, the middle crack was 
located on the centerline, and the two outer flaws were assumed to be mirror 
images of each other  for analysis purposes. 

TABLE 2--Summary of initial crack dimensions for semicircular edge notch specimens 
(all dimensions given in millimetres). 

Crack 1 Crack 2 
Separation 

Test a i c i a 2 c 2 (t s) Material 

17 0.62 0.28 0.71 0.30 1.70 Waspaloy 
18 0.72 0.28 0.79 0.33 1.57 Waspaloy 
3A" 0.51 0.41 0.51 0.38 0.51 Waspaloy 
7A u 0.51 0.41 0.51 0.38 0.46 Waspaloy 
8A 0.76 0.46 0.94 0.51 1.57 Waspaloy 

10A 0.89 0.41 0.97 0.48 1.42 Waspaloy 
8B 0.53 0.38 0.53 0.36 1.94 titanium 

10B 0.75 0.53 0.67 0.41 0.33 titanium 
12B 0.83 0.48 0.57 0.43 1.85 titanium 
14B b 0.495 0.36 0.61 0.51 0.66 titanium 
16W 0.28 0.30 0.29 0.28 0.85 titanium 

~ based on EDM slot size. Initial flaws coalesced during precracking before first 
heat timing cycle. 

bCraek 2 is a quarter-elliptical corner flaw. 
CTest with three symmetric surface flaws. Cracks 1 and 3 are mirror images of each other. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



246 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

Discussion 

Six Waspaloy and five titanium specimens were tested to fracture. Fatigue 
crack growth curves for a typical Waspaloy test are given in Fig. 5; results for 
a titanium experiment are presented in Fig. 6. The open symbols represent 
the various crack dimensions (defined in the legend) measured from the frac- 
ture surfaces, while the solid and dotted lines are numerical predictions. 

Since relatively few heat tinting cycles were used to record crack profiles for 
measurement after fracture, it was not possible to determine exactly when the 
cracks joined together in the experiments. Nevertheless, total cycles to failure 
is known precisely, and the coalescence life is bounded fairly well by the last 
measurement with separate cracks and the first measurement of a single flaw. 
In Fig. 5, for example, coalescence occurred sometime between 4500 cycles 
(when two distinct cracks were present) and final fracture at 5806 cycles. Coa- 
lescence in Fig. 6 is again bounded between 4000 cycles, the last time two 
cracks were observed, and 5091 cycles, when the resulting single flaw caused 
specimen fracture. 

Recall that the predictive analysis was developed for flawed holes in tension 
plates, and employed the Newman and Raju stress intensity solutions for sin- 
gle surface or corner flaws at holes [10] in conjunction with an interaction 
factor developed for coalescing corner cracks at holes [4]. Prior results have 
indicated that the original algorithm gives a good estimate for crack growth 
shape and life for single and double cracked holes [6, 7]. 
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F I G .  5--Comparison of predicted and measured fatigue crack growth curves for Waspaloy 
specimen which contained two initial surface cracks along bore of semicircular notch. 
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FIG. 6--Comparison of predicted and measured fatigue crack growth curves for titanium 
specimen containing two initial surface cracks along bore of semicircular notch. 

To apply the predictive program to the present experiments, it was neces- 
sary to obtain stress intensity factors for the double-edge-notch specimen ge- 
ometry. An edge notch "correction factor" was obtained by determining the 
ratio of stress intensity factors for through-cracks in the edge-notched speci- 
men divided by K for a through-cracked hole in a plate loaded in remote ten- 
sion. The through-cracked notch solution was obtained here by a weight func- 
tion for the flawed hole geometry [12] which computed K from the unflawed 
elastic stress distribution for the double-edge-notch specimen (obtained here 
by a finite element analysis). The well known Bowie [13] analysis was used as 
K for the through-cracked hole geometry. The dimensionless correction fac- 
tor F,  is given in Fig. 7 as a function of dimensionless distance c /D from the 
edge of the hole. Thus stress intensity factors for the edge notch specimen 
were obtained by multiplying the cracked hole K [4,10] by the notch factor 
F,  from Fig. 7. At the notch bore locations (Points 1, 3, 4, and 6 in Fig. 1) 
c / D  = 0 and F,  ---- 0.72, while at Location 2, F,  was evaluated for c = cl 
and at Crack Tip 5 for c = c2. 

Returning to Figs. 5 and 6, compare the predicted growth of the edge notch 
cracks with the measured results. Waspaloy Test 18 (Fig. 5) consisted of two 
nearly symmetric initial surface cracks (Fig. la)  that grew into a through-the- 
thickness flaw which caused specimen fracture at 5800 cycles. Note that at 
approximately 2650 cycles, the numerical model predicts that Crack 2 transi- 
tions into a corner crack (Fig. lb configuration). The surface and corner 
cracks then coalesce at approximately 4000 cycles to form a single corner flaw 
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FIG.  7--Dimensionless "'correction factor" F. used to modify cracked hole stress intensity 
factor solutions for application to semicircular edge-notched specimen. 

(Fig. le). The corner flaw grows and transitions into a through-the-thickness 
crack at 5168 cycles, and causes final fracture at 5806 cycles. The total pre- 
dicted life is 5800 cycles, practically identical to the experimental life. 

Although details of the manner in which the individual flaws actually coa- 
lesced and propagated to failure are unavailable from the heat tinting pro- 
files, and the predicted crack shapes cannot be evaluated in this region, the 
predicted coalescence life agrees well with the experimental bounds, and the 
model does give an excellent estimate of total specimen life. 

Typical results for one of the titanium tests are given in Fig. 6. In this ex- 
periment, the initial surface flaws (Fig. la) joined into a through-the-thick- 
ness crack which then caused fracture at 5091 cyc!es. Note that the analysis 
predicts that the two surface cracks transition into separate corner cracks 
(Fig. lc geometry), one shortly after the other. The first corner crack transi- 
tion occurs at 3921 cycles, the second at 4168 cycles. The two corner cracks 
then join into a single through-crack at 4337 cycles, which finally fractures at 
6784 cycles. Again, although it is not possible to determine exactly when coa- 
lescence actually occurred, final fracture is predicted fairly well. 

Figures 8 and 9 summarize the predictions for the eleven test specimens. 
Figure 8 plots the computed crack coalescence life versus the actual time re- 
quired for the cracks to join in each test. Since the exact coalescence period 
could not be found experimentally, the measured lives are again expressed in 
terms of the limits discussed previously. With the exceptions of Specimens 3A 
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FIG. 8--Comparison of predicted crack coalescence life with measured cycles for flaw linkup 
in Waspaloy and titanium test specimens. 

and 7A, the experimental coalescence life is bounded by the last heat tint 
cycle before coalescence and the first tint following linkup into a single flaw. 
The cracks formed at the EDM slots in Waspaloy Tests 3A and 7A coalesced 
before the first heat tinting cycle. Thus the initial crack dimensions used for 
those two specimens are based on the EDM slots, not on the actual fatigue 
cracks employed for all the other tests. Total predicted time to fracture is plot- 
ted versus actual specimen life (which was precisely measured) in Fig. 9. 

Note that the numerical model gives excellent predictions for the coales- 
cence period and for the total cycles to failure. Although the total life calcula- 
tions usually slightly exceed the experimental results, all predictions are well 
within a scatter factor of 1.6. Since the predicted and measured coalescence 
lives agree more closely than the total life results, there may be some error in 
the prediction of the final single flaw. Although the predicted fracture lives 
were based on the final crack reaching Kic and no consideration was given to 
the possibility of plastic yielding, a more likely source for the difference in 
predicted and measured total lives is the fact that the stress intensity factors 
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FIG. 9--Comparison of total predicted life versus measured cycles to failure for Waspaloy and 
titanium test specimens. 

for the relatively large through-cracks may be in error. This observation is 
consistent with the fact that the "correction factor" given in Fig. 7 would be 
expected to be less appropriate for larger flaw sizes. If desired, this portion of 
the analysis scheme could be improved with a more detailed stress intensity 
factor solution for large cracks in the edge-notched specimen. Nevertheless, 
the numerical scheme and approximations employed here give excellent esti- 
mates of crack coalescence life and generally good predictions for total speci- 
men life. 

Concluding Remarks 

This paper has described results of an experimental and numerical study of 
the growth and coalescence of multiple cracks at notches. An algorithm is 
presented to predict the growth and coalescence of individual surface and cor- 
ner cracks along the bore of a notch, their coalescence into a single crack, and 
the propagation to fracture of the final flaw. The analysis employs conven- 
tional fracture mechanics techniques to predict the size and shape of the indi- 
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vidual cracks. The Newman and Raju [10] stress intensity factor solutions for 
single surface or corner cracks are modified by an interaction factor [4] to 
account for the presence of an adjacent flaw. A further modification is de- 
scribed to convert the cracked hole results to the semicircular edge-notched 
specimen geometry employed for the experimental program. 

Experiments were conducted with Waspaloy and titanium specimens 
which contained initial surface and/or  corner flaws along the bore of a notch. 
Heat tinting techniques were used to mark the crack profile as the specimens 
were cycled to failure. Post-fracture measurements of the specimen dimen- 
sions are compared with results from the predictive model and, in general, 
agree quite well with the analysis. The initial life required for the individual 
flaws to grow together is predicted very well for all the experiments. The re- 
maining life of the single crack is slightly overpredicted in most cases, al- 
though the total life estimates are generally quite good. 

The results of these experiments, along with those described in another ef- 
fort with multicracked holes in transparent polymer specimens [6], indicate 
that the analysis procedure is capable of giving good estimates of the period 
required for cracks to coalesce into single flaws. The Newman and Raju [10] 
stress intensity factors, when modified by the crack interaction analysis de- 
scribed in Ref 4, give reasonable K approximations along the border of multi- 
ple hole flaws. An engineering factor developed to apply these flawed hole 
results to semicircular edge notches performed well for small flaws, although 
the procedure may be less accurate for large cracks. 
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Near-Tip Crack Displacement 
Measurements During 
High-Temperature Fatigue 

REFERENCE: Sharpe, W. N., Jr., and Lee, J. J., "Near-Tip Crack Displacement Mea- 
surements During High-Temperature Fatigue," Fracture Mechanics: Seventeenth Vol- 
ume. A S T M  S T P  905, J. H. Underwood, R. Chait, C. W. Smith, D. P. Wilhem, W. A. 
Andrews, and J. C. Newman, Eds., American Society for Testing and Materials, Phila- 
delphia, 1986, pp. 253-264. 

ABSTRACT: A laser-based interferometric technique was used to measure crack opening 
displacements near the tips of fatigue cracks in superalloy compact tension specimens at 
23 and 650~ Measured compliances showed reasonable agreement with predictions of 
linear elastic fracture mechanics at both temperatures. The opening load ratios were eas- 
ily determined by the minicomputer-controlled measurement system and where found to 
be independent of temperature, crack length, and precracking level when they were mea- 
sured at positions more than half the specimen thickness away from the tip. 

KEY WORDS: fatigue, compliance, closure, superalloy, crack opening displacement, 
interferometry, high temperature 

The  detai ls  of de fo rma t ion  and  d i sp lacement  a round  the  t ip of a fat igue 
c rack  are  obviously of cons ide rab le  interest ,  bu t  the  small  size of the region 
makes  m e a s u r e m e n t  diff icult .  Ideal ly  one would like to s tudy the deformat ion  
at  var ious  poin ts  a long the c rack  front ,  bu t  this  is possible only in t r anspa ren t  
specimens.  P i ton iak  et al [1] and  Barker  and  Fourney  [2] have examined  the  
d i sp lacement  beh ind  the t ip  of a c rack  by opt ical  techniques  in plast ic  speci- 
mens.  

For  meta ls ,  one is res t r ic ted  to surface s t ra in  or d i sp lacement  measure-  
ments ,  and  aga in  var ious  op t ica l  techniques  are used. Examples  are to be 
found in the works of Evans and  Luxmoore  [3] and  Macha  et al [4]. The lat ter  
work measured  both  in-plane  and  out-of-plane displacements  and used the 
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resulting data in a study of the closure phenomenon. Out-of-plane displace- 
ments were obtained by optical interference between the polished specimen 
surface and an optical flat. In-plane displacements were measured by optical 
interference from closely spaced indentations illuminated by a laser. This lat- 
ter technique was an improvement on an earlier study by Sharpe et al [5] 
based on the same optical principle but using reflective lines scribed parallel 
to the crack. 

There are other methods of measuring displacements near the tip of a 
crack, ranging from the scanning electron microscope technique of Nisitani 
and Kage [ 6] to the small mechanical clip gage of Ohta et al[ 7]. These tech- 
niques have their advantages but are somewhat cumbersome. The electron 
microscopy method requires the preparation of replicas, while the clip gage 
must be removed from a specimen while the crack is being grown. 

The study of creep and fatigue at high temperature has gained importance 
with the initiation of a "retirement for cause" approach to turbine disks in 
aircraft jet engines. A more complete understanding of the material's and the 
component's response to loading in the presence of a crack is demanded, and 
this has placed an additional burden on the experimentalist wishing to exam- 
ine in detail the crack tip behavior at high temperature. 

This paper is a report of some crack opening displacement measurements 
at positions within a few millimetres of the tip of a fatigue crack in a superal- 
loy specimen at 650~ The technique is laser-based interferometry from two 
indentations astride the fatigue crack, the same technique as used earlier by 
Macha et al [4]. However, the system is controlled by a minicomputer that 
permits real-time measurements and storage of the data for subsequent anal- 
ysis. Emphasis is placed on measuring the displacements to permit observa- 
tions of the behavior on the surface as the crack is loaded. The data acquired 
can be used to establish an opening load in the closure sense, and the effects 
of measurement location, temperature, and crack length are reported. Com- 
pliances are also easily determined, and the feasibility of using these near-tip 
displacements as an indicator of crack growth is discussed. The measurement 
system has been adequately described elsewhere, so the emphasis here is on 
the results rather than the techniques. 

Measurement System 

The principle underlying the laser-based interferometric technique for 
measuring in-plane displacements is quite simple. Two very small indenta- 
tions are placed approximately 100/~m apart on the specimen surface with a 
Vicker's microhardness tester. When they are illuminated using a laser, inter- 
ference fringe patterns are produced because of the path differences between 
light rays reflecting (diffracting) from the sides of the indentations. Motion of 
these fringes is proportional to the relative displacement between the two in- 
dentations. Fringe motion is monitored on a realtime basis by servocontrolled 
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scanning mirrors and by photomultiplier tubes which are controlled by a 
minicomputer. The minicomputer does the appropriate calculations and out- 
puts a voltage signal equal to the relative displacement between the indenta- 
tions. It also controls the electrohydraulic test machine and stores the load- 
displacement data for later analysis. 

The minicomputer-controlled Interferometric Strain/Displacement Gage 
(ISDG) has been used to measure the cyclic plastic strains at the roots of 
notches at high temperature [ 8]. The two reflecting indentations were placed 
100 #m apart at the root of the notch, and strain was recorded at 60 load 
levels during the tension-compression cycle. Essentially the same system has 
been used in a recent study [9] of the threshold values for creep and fatigue. 
In this work, the indentations were placed across the fatigue crack to measure 
the crack opening displacement near its tip. In both cases, the material was 
Inconel 718 and the tests were conducted at 650~ Figure 1 is a photomicro- 
graph of a pair of indentations used for the measurements reported herein. 

References 8 and 9 describe the ISDG in some detail, so only the specifica- 
tions established during those studies are given here: 

Gage length: S0 to 200 #m 
Range: 100 #m 
Resolution: 0.02 #m 
Sampling rate: 10/s 
Relative uncertainty: +3% 
Temperature range: to 730~ on certain superalloys 

This unique measurement technique offers the advantages of a short gage 
length and the capability of operation in a hostile environment such as high 
temperature.  The specimen is heated by an electric resistance furnace 
mounted on the test machine. This furnace has three quartz windows for the 
incident laser beam and the two exiting fringe patterns. 

The ISDG is not fast enough to record load-displacement for every cycle of 
a reasonable fatigue test, so tests are periodically interrupted for a recording 
cycle. This cycle takes 24 s, recording 120 data points on loading and 120 
during unloading. The data reported in this work were recorded for cracks 
that were grown to a particular length. The load-displacement cycles were 
then run at values much less than the maximum fatigue load. This permits 
measurement of the load-displacement behavior at several positions behind 
the crack tip and on both sides of the specimen. 

Material and Specimens 

The specimen material is Inconel 718, a nickel-based superalloy widely 
used in the turbine disks of aircraft jet engines. It received a standard heat 
treatment of 968~ for 1 h, was quenched at 718~ for 8 h, and then air 
cooled. In another study [10], the elastic moduli for a similarly treated mate- 
rial were determined to be 203EXP3 MPa and 161EXP3 MPa at room tem- 
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F I G .  1--Photomicrograph of  a pair of  indentations across a fat igue crack after testing at 
650 ~ C. The two indentations are 100 l~m apart. 

perature and 650~ respectively. Yield stresses were found to be 997 MPa at 
23~ and 844 MPa at 650~ 

The specimens were the standard compact tension geometry with overall 
dimensions of 48 by 50 mm and a dimension of W ~- 40 mm from the load 
line to the furthest edge. They were machined to a thickness of 10.0 mm from 
12.5-mm-thick plate with the notch oriented in the T-L configuration. All 
precracking of the specimens was done at room temperature; the loads are 
given in the Results section. Before precracking, the specimens were mechan- 
ically polished on various grades of silicon carbide paper with the final polish 
using 0.5/zm alumina paste on a felt wheel. After polishing, the specimens 
were preoxidized at 650~ for l h; this process gives a protective coating to 
the specimen surface that improves the reflectivity of the indentations at tem- 
perature. 

One specimen, number 7-035, was used for all the tests reported herein. 
After testing was completed, the specimen was broken open and the crack 
lengths measured. Figure 2 is a sketch of the crack shapes. 

Data Analysis 

A typical set of load-displacement records at five positions behind the crack 
tip at 650~ is shown in Fig. 3. The increased compliance as one moves back 
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F I G .  2 - - S k e t c h  of the crack shapes measured after testing was completed. The larger labels 
refer to test numbers, the smaller ones are dimensions in millimetres. The three average crack 
lengths are measured from the load line of the compact specimen. Other dimensions are dis- 
tances behind the average crack position. 

from the tip is quite obvious as is the decrease in the opening load. Computer 
programs, described below, were written to establish the compliance and the 
opening load in an unbiased manner. 

The compliance was established by a least-squares straight line fit to the 
upper portion of the load-displacement curve. As many data points were used 
as would yield a fit with an " R "  value of 0.9900 or higher (the number of data 
points used would vary among records). Then, the uppermost data point was 
taken as zero displacement and the fitted straight line added to the displace- 
ment values for lower loads. Figure 4 is a plot of the original and the reduced 
data. Note that there is a slight difference between the fitted straight line for 
loading and unloading. 

The opening load was arbitrarily established as that load at which the re- 
duced displacement data deviated from zero by more than 10% of the maxi- 
mum reduced displacement. A deviation on the order of 10% is necessary in 
order to avoid spurious results from noisy data. This automated approach is 
less subjective than visual determination of the onset of linearity. 
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FIG. 3--Load-displacement records at various positions behind the tip of the longest crack. 

Compliance data are presented in the following section, and comparisons 
are made with predictions by linear elastic fracture mechanics. Those theoret- 
ical compliances are calculated by the procedures developed by Saxena and 
Hudak [11]. The crack lengths used in the calculations were the surface crack 
lengths measured before the tests and the average crack length determined 
after the specimen was broken open (the average was computed from the 
length at the midpoint and the two quarter-points as prescribed by ASTM 
E 399). 

Results  

The test numbers are listed in Fig. 2 and are selected to aid the reader in 
interpreting the following plots. The test numbers are in chronological order, 
and the letters " R T "  and " H T "  represent tests at room temperature and 
650~ respectively. The last letter refers to either Side A or Side B. Test 1 was 
at 23~ on Side A at four positions behind the crack tip. The next test, Test 2, 
was at 23~ on Side B at four positions. Test 11 was the last test at 650~ on 
Side A at five positions for a longer crack. The specimen was turned around 
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FIG. 4--Original load-displacement data and the reduced data used for determining the 
opening load ratio. 

in the grips to measure on the two sides. In the following plots of opening load 
ratios, the maximum load corresponds to the peak load when the specimen 
was precracked at room temperature.  

Compliances 

Figure 5 presents the results of compliance measurements for the first 
crack with an average length of 19.93 m m  corresponding to an a~ W ratio of 
0.498. The precracking was done with an R-ratio of 0.1 and a A K  of 14.8 
MPa m 1/2. Tests were run on Sides A and B at room and high temperature. 
Three tests were run on Side A at 23~ and two tests on Side B at 650~ to 
evaluate the reproducibility of the measurements.  The reproducibility was 
better than + 3 %  except for the measurements closest to the crack tip where 
it was slightly larger. The specimen was removed from the test machine be- 
tween experiments. 

Theoretical compliances as a function of position behind the crack tip are 
plotted in Fig. 5. First, the compliances for Sides A and B are calculated at 
23~ under the assumption of plane stress; note that the surface cracks differ 
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FIG. 5 - -  Compliances measured at various positions behind the crack tip at 23 ~ C (open sym- 
bols) and 650 ~ C (filled symbols). The lines are calculated compliances: for  Sides A and B at 
both temperatures using plane stress, and for  the average crack length at 23~  using plane 
strain. 

in length by almost 1 mm. Then, the compliance was calculated assuming 
plane strain and using the average crack length. The measured values for 
Sides A and B agree reasonably well except for the data point furthermost 
from the tip on Side B. That  measurement was repeated and verified. 

The measured compliances at high temperature show a similar behavior 
and reflect the reduced elastic modulus at elevated temperature. Note that 
Test 6 at 23~ was interspersed between Tests 5 and 7 at 650~ The repro- 
ducibility of the data at 23~ confirms that the loads applied during the sin- 
gle load-displacement cycle were well within the elastic range and that the 
thermal cycling did not change the behavior of the cracked specimen. 

The measurement positions of Fig. 5 are not even a full specimen thickness 
behind the crack tip; the furthermost is 7.43 mm back, and the specimen is 
10 mm thick. Given that the crack lengths on the two sides are almost 1 mm 
different, it is not too surprising that the measured compliances do not agree 
better with the theoretical ones. 
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Compliance measurements for the other two cracks shown in Fig. 2 yielded 
similar results. In fact, the measured compliances for the longest crack 
agreed quite well with the predicted surface values, but note that it is a very 
straight crack. 

Opening Load Ratios 

Figure 6 presents the opening load ratios for the tests in Fig. S. Again, the 
replicated data on Side A at 23~ are quite reproducible before and after Test 
5. If closure is due to residual stresses, that fact indicates there has been no 
stress relief during Test 5-HT-B. This was confirmed in Test 7-HT-A by mak- 
ing measurements 45 and 90 min after the first set of measurements; the 
results were essentially the same. The behavior at 650~ is similar to that at 
room temperature. In both cases, the ratios are different for Sides A and B 
when determined near the crack tip, but ratios further from the tip turn out to 
be the same. 

The opening load ratio drops off quite rapidly with distance from the crack 
tip as reported earlier by Macha et al [4]. They discovered that opening load 
ratios at positions more than 5 mm behind the crack tip in IN-100 compact 
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FIG. 6--  Opening load ratios at various positions behind the crack tip at 23 and 650 ~ C for  the 
tests in Fig. 5. 
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tension specimens at room temperature were the same as that measured at the 
crack mouth with a clip gage. And, their result was independent of crack 
length. 

Figure 7 presents the opening load ratios for three crack lengths at 23 and 
650~ The second crack (Tests 7 and 8) was precracked at a higher value of 
A K (22.0 MPa m 1/2) than the other two (14.8 MPa mX/2). The data show that 
the opening load ratio, once one moves back roughly half the specimen thick- 
ness form the crack tip, is independent of crack length, precracking level, and 
temperature. 

Discussion and Summary 

The measured compliances are in reasonable agreement with linear elastic 
predictions both at room and elevated temperature. In view of the fact that 
the measurement positions are less than one specimen thickness behind the 
crack tip, the lack of agreement is not too surprising. 

Whereas one cannot use the compliances measured so close to the tip to 
determine the crack length with great precision, one can use them to deter- 
mine changes in crack length. For example, assume a crack in these speci- 
mens initially 20.0 mm long with indentations placed 1.0 mm behind the tip. 
If that crack grows 0.2 ram, the compliance will change by 11%. Therefore, if 
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FIG. 7--Opening load ratios at various positions behind the crack tip for different crack 
lengths, precracking, and temperature. 
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the ISDG is used at one location, it can effectively monitor small changes in 
crack length. 

Calculated compliances were based on surface crack lengths and plane 
stress. Measurements far removed from the crack tip should be based on an 
average crack length and plane strain. There is an advantage in surface mea- 
surements in that  one can examine the behavior near the tip, but bulk mea- 
surements such as the crack mouth displacement have the advantage of 
smoothing out some of the details. The calculated plastic zone size for these 
cracks was less than 0.1 mm,  so most of the crack front experienced plane 
strain. A compliance curve based on plane strain and the average crack 
length is plotted in Fig. 5, but it shows no better agreement with the measure- 
ments. 

The opening load ratios decay to a value independent of position behind the 
crack tip as observed by Macha et al [4]. As one moves back from the crack 
tip, the displacement becomes more dependent on the bulk behavior of the 
specimen rather than on the surface behavior. Opening loads measured close 
to the crack tip reflect only the surface behavior there. The appropriate place 
to measure the opening load is therefore somewhat removed from the crack 
tip. 

The opening load ratio is shown here to be independent of temperature and 
precracking load as well as crack length. Chana and Beevers [12] observe 
from electron microscopy studies that crack closure in nickel-based superal- 
loys at 600~ is caused by an irregular crack trajectory and the presence of an 
oxide film. The results obtained here tend to support that view. Otherwise, 
some difference in the ratio would have been observed for the different pre- 
cracking levels. 

Other  investigators have measured crack opening displacements near  
crack tips; the significance of the measurements reported here is that they 
were conducted at high temperature.  The behavior at 650~ for this particu- 
lar superalloy is quite the same as it is at 23~ The ISDG has been shown to 
be a useful technique for measurements under the hostile conditions of high 
temperature  and can be used for further studies; it is especially useful for 
opening load ratio studies. 
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ABSTRACT: This study involved extending existing analyses of the stress field and plas- 
tic zone ahead of a crack tip in a IN-100 compact tension specimen through a larger 
number of load cycles considering a frequency of 2.5 Hz and an R ratio of 0.1 at 732~ 
The Bodner-Partom viscoplastic constitutive equations are utilized in describing the ma- 
terial behavior. 
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This  study focuses on the s t ress /s t ra in  fields a round  a crack tip and  how a 
cyclic load affects them.  The authors  used an in-house finite element  com- 
puter  p rogram n a m e d  VISCO incorporat ing constant  strain triangles with 
the Bodner -Par tom viscoplastic constitutive equat ions  [1-4] .  The modeling 
was accomplished using a compact  tension specimen made  from Gator ized#  
IN-100 (a superalloy used in the manufac tu r ing  of tu rb ine  disks) at 732~ 
The p rogram was modified to incorporate  load cycling considering a fre- 
quency of 2.5 Hz and  a R ratio of 0.1 with a m a x i m u m  stress intensity of 
KI ---- 38.5 MPa  m 1/2 (R is defined as the ratio of applied m i n i m u m  load to 
m a x i m u m  load). Thi r teen  load cycles were carried out. 
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Bodner-Partom Constitutive Law 

The Bodner-Partom equations have been extensively discussed elsewhere 
[1-4]. For completeness the main characteristics of the time-dependent 
stress/strain relations will be shown. 

The elastic shear-strain rate relation can be derived through Hooke's Law, 
while the plastic strain rate ~P can be expressed as 

- p  
% = X S~i (1) 

where S o = deviatoric stress components and 

X = [D~2/J2] 1/2 (2) 

where J2 ----- second invariant of the deviatoric stress and D~' = '/2 cij~ij'v'v is the 
second invariant of the inelastic strain rate tensor. Bodner-Partom expressed 
D2 e as 

D ~ = D 0 2 e x p  f (Z2)" _ _ n + l  ] (3) 
3J2 n 

This expression is based on extensive experimental data and has been modi- 
fied to fit results found by several researchers. Do is the limiting value of the 
plastic strain rate in shear. The parameter n controls strain rate sensitivity. Z 
is the measure of material hardening and is a function of plastic work. 

Analysis of the variables in the equation for the second invariant of the 
plastic strain rate shows that Do is the upper limit of plastic strain rate and 
therefore can be arbitrarily chosen as any high value. For convenience, it is 
generally chosen as Do : 1 0  4 S -1 unless very high rates of straining are 
present. 

Bodner's elastic-viscoplastic theory is based on an internal material state 
variable Z. Bodner's Z hardness parameter is a basic material property and is 
deformation history dependent. The following relationship has been used for 
the Z parameter: 

Z =  r e ( Z 1 - -  Z) Wp -- AZI ( Z - Z 2  )r 
Z1 (4) 

where m, Z1, A, r, and Z2 are material constants. The first term in Eq 4 is the 
increase in hardening due to inelastic work, W e , while the second term is the 
thermal recovery or softening. The rate of plastic work is 

Wp -~ Z( D~,12) 1/2 (5) 

The Bodner constants for IN-100 at 732~ are given in Table 1. 
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TABLE 1--Bodner coefficient for IN-I O0 at 732~ 

Material 
Parameter Description Value 

E Elastic modulus 18.133 • 104 MPa 
(26.3 X 10 a ksi) 

n Strain rate exponent 0.7 
Do Limiting value of strain rate 104 s -I 
Z0 Limiting value of hardness 6304 MPa (915.0 ksi) 
Z~ Maximum value of hardness 6993 MPa (1015.0 ksi) 
Z2 Minimum value of hardness 4134 MPa (600.0 ksi) 
m Hardening rate exponent 0.37273 MPa -I (2.57 ksi -1) 
A Hardening recovery coefficient 1.9 )< 10 -3 s- J 
r Hardening recovery exponent 2.66 

(1 KBAR = 100 MPa = 14.504 ksi) 

M e t h o d s  o f  A n a l y s i s  

The Compu te r  Program 

A two-dimensional constant strain finite element program named VISCO 
was used throughout this study. VISCO accounts for nonlinear viscoplastic 
material behavior. The accuracy of the program has been verified by Smail 
and Palazotto [3] and Keck [5]. 

The Bodner-Partom viscoplastic constitutive equations in VISCO are 
solved using the Gauss-Seidel iterative equation solver with overrelaxation, 
eliminating costly stiffness matrix factorization. Time integration of the Bod- 
ner equations is accomplished for each element using an Euler extrapolation 
scheme. A variable time step algorithm is included that maximizes the time 
step size during the analysis while maintaining good accuracy. During each 
time step, equilibrium tolerances are checked. If the tolerances are exceeded, 
the time step is reduced until equilibrium is obtained. 

VISCO's loading function was modified for the sawtooth pattern cycle re- 
sponse incorporated in this analysis. Using a linear load equation solver to 
model the load spectra, a percentage of total load was calculated at each time 
step. An additional characteristic of the program is the incorporation of a 
crack algorithm which can be used, if required, for varying boundary condi- 
tions behind the crack tip brought about by crack closure considering, in par- 
ticular, negative R ratios. In all of this work, an assumption of isotropic be- 
havior is made even under the reversal of loading. A more complete study 
would in general have to consider the problem of isotropic versus anisotropic 
or kinematic hardening. The constants shown in Table I for IN-100 have been 
found to represent simple cyclic behavior quite well [6]. Node displacement 
and element strain, stress, and the Bodner Z-hardness were output at re- 
quested time intervals. 
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Finite Element  Modeling 

The two-dimensional fatigue modeling was accomplished using a standard 
compact  tension specimen geometry (Fig. 1). Owing to symmetry, only half of 
the compact  tension specimen was modeled using constant strain triangular 
elements. The finite element mesh shown in Fig. 2, consisting of 382 ele- 
ments, was selected to model the top half of the compact tension specimen. 
The pattern of elements within the mesh arrangement allows for unlimited 
size reduction and ensures that  no two adjacent elements differ in size by 
more than a factor of 2. Except for elements near the loading pin holes, ele- 
ment aspect ratios varied from 0.5 to 1.0. Elements near the crack tip have an 
area of 3.1494 • 10 - s  cm 2. Since crack growth was not specifically studied, 
the length of the crack was held constant. The specimen thickness was estab- 
lished at a constant 5.46 mm.  

LOAD 

R = 0 . 1  

TIME 
LOAD SPECTRUM 

30.40mm 

t 

J ; ~ 12.70 ~_ 16.80 .-~ 

~ m m  63.33 mm 
m m  

FIG. 1-- Compact tension specimen geometry. 
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FIG.  2--Finite element model. 
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Results and Discussion 

The mesh presented previously has been compared against a more refined 
mesh especially in the vicinity of the crack tip. The comparison was made 
with a model consisting of 543 elements (327 nodes). It has been shown [7] 
that the stress field, plastic zone, and far-edge displacements were within 2% 
of the more refined model. It is thus assumed that the finite element model 
used in this study is adequate. 

There is definite benefit derived from this 382 element model. Current re- 
search has been able to achieve only a moderate number of load cycles before 
computer operating time becomes prohibitive [6]. For example, the 543 ele- 
ment mesh allows somewhat less than four complete load cycles in 2000 cen- 
tral processing unit (CPU) seconds. With equal accuracy, the present model 
is able to complete 13.5 cycles in the same amount of computer time. 

Keck et al [6] carried out work considering load cycles. It should be 
pointed out that this reference considered the effective stress-strain plot. In 
addition, there appeared to be a decreasing accumulation of plastic strain at 
each cycle in the material ahead of the crack tip. The work reported upon in 
this paper duplicated the finding mentioned above, but also investigated the 
stress and strain functions in the y direction. Since more cycles were accom- 
plished, a better approximation of the material interaction could be traced 
for the R = 0.1 loading. The reader is reminded that the possible develop- 
ments put forth subsequently are predicated upon zero crack extension, and 
thus may only be considered a first step in attempting to incorporate an elas- 
tic-viscoplastic constitutive relation into a cycle loading analysis. 

The characteristics of crack closure in the consideration of cyclic loading 
are important phenomena. It is observed in Fig. 3 that the vertical (y) dis- 
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FIG. 3--Displacement  versus distance behind the crack tip. 

placements for any of the 13 load cycles examined, behind the crack tip, do 
not exhibit any closure. This is due to the nature of the loading (R = 0.1, 
K = 38.5 MPa m 1/2, 2.5 Hz) and specimen geometry as well as the assump- 
tion of no crack growth. 

The displacement of the corner of the crack mouth for the first load cycle is 
shown in Fig. 4. When this figure is superimposed over the crack mouth dis- 
placement for the second load cycle, it is found that the slopes of the curves 
are identical. Throughout the 13 load cycles examined in this study, there was 
no change in the plot of crack mouth displacement versus load. The results 
show that the compact tension specimen behaves elastically at points on the 
specimen boundary and does not see the localized inelastic behavior near the 
crack tip. 

Figure 5 illustrates the y stress/strain behavior for the element above the 
crack tip. Shown are several complete cycles. One may observe that reversed 
yielding occurs as well as a slight reduction in maximum stress. These phe- 
nomena were expected. Further examination of Fig. 5 reveals that a rapid 
increase in plastic deformation occurs during the first load cycle. Each suc- 
cessive cycle has less plastic deformation. 

In order to pursue this last finding further, a listing in Table 2 of the total y 
strain after each load cycle along with the change in strain from the previous 
load cycle is given for the first element ahead of the crack tip. Figure 6 shows 
a plot of the tabular values. The curve is then extrapolated to approximate 
what appears to be a constant or stable amount of plastic strain in terms of 
numbers of cycles. After approximately 23 load cycles, it appears that no 
more plastic straining will take place. 
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FIG. 5--Compact tension specimen stress~strain behavior. 

The behavior of the Bodner Z hardness material parameter is illustrated in 
Fig. 7. The elements immediately ahead of the crack tip along the line of 
symmetry reach a saturation value within the first load cycle. Elements which 
are farther out than 2.4% of the crack length ahead of the crack tip see no 
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TABLE 2--  Total strain values after each load cycle. 

Strain 
Cycle Strain 10 -3 Increase 10 -3 

0 0.0 0.0 
1 14.03 14.03 
2 15.25 1.22 
3 16.07 0.827 
4 16.58 0.51 
S 17.0 0.42 
6 17.33 0.33 
7 17.60 0.27 
8 17.84 0.24 
9 18.09 0.25 

10 18.29 0.20 
11 18.49 0.20 
12 18.67 0.18 
13 18.81 0.14 

0 
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FIG. 6--Projected number of cycles required for stabilization. 

change from the initial hardness value specified. The elements in between 
show a slight increase in their hardness value through approximately three 
load cycles where no more increase is indicated. 

The stress and strain fields ahead of the crack tip, at full positive load, are 
shown in Figs. 8 and 9. The stress magnitude is decreasing over the 13 load 
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cycles. The strain field shows a slight increase over the 13 cycles with the ma- 
jority occurring early in the load history. This is again showing the trend to- 
wards a stable strain-time history after approximately 23 load cycles. 

Conclusions 

The results of the computations carried out using the isotropic Bodner vis- 
coplastic constitutive equations with no crack extension allowed to model the 
behavior of IN-IO0 at elevated temperatures yield the following conclusions 
for an R ratio of O. 1: 

1. The increase in strain realized after each load cycle under an R ratio of 
0.1 decreases in a manner which indicates that after approximately 23 load 
cycles the material will no longer undergo plastic strain increase. 

2. The large majority of plastic straining occurs within the first three load 
cycles. 

3. The stress field ahead of the crack tip remains relatively constant after 
one to three load cycles. 

4. The cyclic behavior of the compact tension specimen near the crack tip 
is neither stress nor strain controlled. 

5. The far-field overall behavior of the compact tension specimen for the 
conditions considered is elastic and independent of load level. 
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ABSTRACT: A limited review of existing stress, stress intensity factor, and displacement 
analyses was compared with new work in order to select arc bend geometries appropriate 
for fracture testing. Results from the literature for rectangular and are bend specimens 
were compared with finite element and boundary collocation results from the present 
work. 

Two series of comparative tests were performed, one with arc specimens cut from a steel 
forging with outer-to-inner radius ratio of 2.5, the other from an aluminum cylinder with 
outer-to-inner radius ratio of 1.3. Fracture toughness tests, Kic, and J~,, when appropri- 
ate, were performed with standard are tension specimens and with three-point arc bend 
specimens with both arc and chord support. 

Conclusions were drawn regarding the appropriate stress intensity factor, crack mouth 
displacement, and load-line displacement solutions for arc bend fracture specimens. Rec- 
ommendations were offered for practical ranges of specimen geometry and for reliable 
test procedures. 

KEY WORDS: arc bend, bend specimen, fracture testing, K solution, displacement so- 
lution, hollow cylinder 

The  arc  t en s ion  spec imen ,  essen t ia l ly  a sect ion of a hollow disk with t ens ion  
load ing  (Fig.  l a ) ,  is now used  rou t ine ly .  I t  has  b e e n  pa r t  of A S T M  Test  for 
P l a n e - S t r a i n  F r a c t u r e  T o u g h n e s s  of Meta l l i c  Mate r i a l s  (E 399) since 1978. 
For  some  app l i ca t i ons  the  s a m e  type  of sect ion loaded  in  b e n d i n g  would  be  
more  conven i en t .  T h e  overall  object ives  of this  p a p e r  are to review the  avail- 
ab le  ana ly t i ca l  resul t s  re la ted  to arc  b e n d  spec imens ,  p e r f o r m  add i t iona l  
ana lyses  a n d  tests,  a n d  propose  some s t a n d a r d i z e d  procedures  for f rac ture  
tes t ing  with a rc  b e n d  spec imens .  Specific object ives are: (1) to review pub-  

~U.S. Army Armament R&D Center, Watervliet, NY 12189. 
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(a,) ,~RC TENSION CBI AIRC ~END CCJ IIRC 8END 

FIG. 1--Arc shaped fracture specimen geometries. 

lished analytical results of stress intensity factor, K, crack mouth opening 
displacement, v, and load-line displacement, 6, for rectangular and arc bend 
specimens; (2) to perform additional analytical calculations of K, v, and 6, 
using boundary value collocation and finite element methods; (3) to perform 
fracture toughness tests of example geometries of arc bend specimens for ex- 
perimental verification of K, v, and 6; and (4) to propose arc bend test proce- 
dures, including a range of specimen geometries and associated K, v, and 6 
information suitable for accurate, wide-range expressions in a standard test 
method. 

Some prior work has been done with arc bend geometries as fracture speci- 
mens. Most work included three-point bending in which the outer load points 
are a free rolling support on the inner radius, termed arc support here (Fig. 
lb). This type of testing has the advantage of loading directly on the existing 
inner and outer radius surfaces, if they are smooth and regular enough. Other 
work investigated arc bend specimens with support on a flat chordal surface, 
termed chord support here (Fig. lc). This specimen, although requiring a 
machined surface, is more similar to the rectangular bend specimen for which 
standard test procedures are already available. Jones [1] investigated arc sup- 
port geometries with outer-to-inner radius ratio, r2/rl, between 1.05 and 1.25 
and various support angles, 0. Tracy [2] analyzed arc support specimens with 
r2/rl between 1.25 and 2.00 with one value of 0, 45 ~ Ritter and Rea [3] con- 
sidered a chord support geometry with r2/rl = 1.31 with various support 
spans, S. This work gave useful guidance for analysis and testing of arc bend 
specimens, but it did not provide the repeatability and accuracy of analytical 
and experimental results over a wide range of test conditions which are 
needed for a standard test method. 

The recent boundary collocation results of Gross and Srawley [4] gave ad- 
ditional guidance for arc bend testing as well as accurate analytical results for 
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a wide range of arc support geometries. The authors provided tabular results 
of stress intensity factor, K, and crack mouth opening displacement, v, for 
r2/rl between 1.10 and 2.50 and 0 between 11.5 and 90 ~ This includes much 
of the geometry range of interest in arc bend fracture testing. 

The present work is described in two parts, analysis and testing. First, 
analysis results from the literature and the present investigation are com- 
pared on a common basis. By considering the basic geometry of arc specimens 
along with certain deep-crack limit solutions, K and v results from rectangu- 
lar, arc bend-arc support and arc bend-chord support geometries can be com- 
pared using the same, nearly constant-valued parameter. Literature results 
are compared with boundary collocation and finite element results from the 
present work for various geometries. The second part of this paper describes 
two series of tests in which arc bend specimens were made from two hollow 
cylinders, one a high strength steel cylinder with outer-to-inner radius ratio, 
r 2 / r l ,  of about 2.5, the other a high strength aluminum alloy cylinder with 
r2/rl about 1.3. Kic and some Jic test results from arc bend specimens with 
both arc and chord support were compared with results from arc tension tests 
of the same material. 

Analysis 

Common Comparison 

The earlier K, v, and 8 results for bend specimens can be compared with 
the current results using a parameter which takes account of most of the im- 
portant mechanics of this type of specimen. By using such a common parame- 
ter, the earlier and new results can be compared directly for the purpose of 
mutual verification. In addition, since the parameter has a nearly constant 
value for all rectangular and arc geometries, the results in this form lead di- 
rectly to simple and accurate interpolation for whatever specimen geometries 
are of interest. 

The basis for a common comparison of K results from rectangular and arc 
bend geometries is the combination of two deep-crack K limit solutions [5]: 

3.975M 1.4635P* 
K -- + (1) 

. / w - ~ l  B ( W  - -  a) 3/2 B ( W  - -  a) 1/2 

where a is crack depth, B is specimen thickness, W is specimen depth, M is 
bending moment, and P* is the horizontal component of force exerted at the 
specimen support (Fig. 2). Equation 1 is an expression for the deep-crack 
limit K (as a / W  -~ 1) for an arc bend-arc support specimen. The first term in 
Eq 1 is the K due to a pure bending moment, M, and the second term is the K 
due to the pure tension loading of force, P*, applied in line with the center of 
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FIG. 2--Arc  bend-arc support specimen and nomenclature. 

the uncracked ligament. Expressions for M, P*, and S can be obtained from 
plane geometry as 

M = ~ - t a n 0  l + - f +  (2) 

P 
P* = ~ t a n 0  (3) 

S = 2rl sin 0 (4) 

where P is the center load applied to the specimen and M is the moment 
about the center of the uncracked ligament. 

Combining Eqs 1 to 4 gives 

= Y = 0.995 
KBW1/Z(1 - -  a / W ) 3 ~ 2  

, , [ . s  + tan 0 , , . .  coL. 0 + a""l[ '+ .' sin 00"7366"s + ,1- -~"'--~ 7 +  ~ 
a/ W-'* l 

(s) 

a dimensionless K parameter for use in comparing K results from rectangu- 
lar and arc bend geometries. Important features of Eq 5 are that it ap- 
proaches the exact deep-crack limit solution and that it includes both bend- 
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ing and normal force loading. For rectangular bend specimens and chord 
support arc bend specimens, which have no normal force loading and 0 = 0, 
Eq 5 reduces to 

KBW1/Z(1 - -  a / W ) 3 / 2  
= Y = 0.995 (6) 

P S / W  a/W~l 

A similar common comparison of v results from various bend geometries 
can be made, based on the deep-crack v limit solution [5]: 

15.8 M W  
v - ( 7 )  

~/w~l B E ( W  -- a) 2 

Using a similar approach to that described by Eqs 1 to 6 and related discus- 
sion, gives 

- 1 

~ +  tan 0(1 + a/W)][1 0.7366(1 ~ a/W__~) 

w-S  nO+ (1+ a/ J 
= Yv = 0.9875 

W cos 0 
+ a / W ~ l  

( 8 )  

a dimensionless K parameter for use in comparing v results from rectangular 
and arc bend geometries. 

Comparison of load-line displacement, 6, for different types of bend speci- 
mens is expected to be less straightforward, because t5 is more affected by 
uncracked specimen geometry than are K and v. The approach taken here is 
to use a 6 parameter which approaches the proper deep-crack 6 limit solution 
for load-line displacements due only to the presence of the crack, and further 
due only to bending. Normal stress effects and uncracked specimen effects 
are ignored in this/~ parameter. The deep-crack b limit solution used is [5] 

3.95 MS 
6 -- (9) 

a/W--*l B E ( W  -- a) 2 

so that the dimensionless 6 parameter for use in comparing rectangular and 
arc bend geometries becomes 

EBW~(1 -- a /W)  2 

s a/W)] P S [ - ~  cos 0 + tan 0(1 + 

= Y~ = 0.9875 (10) 
a / W ~ l  
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Stress Analysis 

Several arc bend geometries were modeled by boundary collocation and fi- 
nite element methods. The K, v, and 6 values obtained were compared with 
results from the literature using the basis of comparison described previously. 
The boundary collocation method was similar to that developed by Hussain et 
al [6] and used some of the modeling techniques of Gross and Srawley [4,7]. 
The finite element method was based on that used by Kapp and Pu [8] with 
important use of enriched finite elements [ 9]. The type of element array used 
for K determination of chord support geometries is shown in Fig. 3. The nec- 
essary configurational changes were made to model the arc support and rec- 
tangular geometries. Changes in the element density were made to properly 
model displacements, as will be described in the following discussion of stress 
analyses results. Nine categories of results were obtained including K, v, and 
6 for rectangular, arc support, and chord support geometries. Literature 
results extensive enough for comparison were available in five of these catego- 
ries. 

The comparison of collocation and finite element K results with appropri- 
ate data from the literature is shown in Fig. 4 using the parameter Y defined 
by Eq 5. The solid line in each plot is for the standard rectangular bend speci- 
men [5]. The dashed lines in Fig. 4 are "eyeball" best fit lines considering all 
the data presented. In Fig. 4a the Gross and Srawley [4] arc support colloca- 
tion K results are seen to be in close agreement with the present results. For 
r2/rl = 1.5 and 2.0 the two independent sets of collocation results are often 
indistinguishable. For r2/rl = 1.1 the arc support results compared well with 
the very similar rectangular bend geometry. In Fig. 4b arc support finite ele- 
ment K results are close to the rectangular bend, particularly where ex- 
pected, for r2/rl = 1.1. In Fig. 4c chord support finite element K results 
compare well with the rectangular bend results. Note the direct comparison of 

F I G .  3--Finite element arrangement for  arc bend-chord support specimen; a / W  = 0.5, 
r 2 / r l  = 2 . 0 ,  S / W  = 3.347, Z / W  = 0.I; crack tip element size = O.05W. 
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FIG. 4--Stress intensity, K, versus a / W  for bend specimens of  various geometries. 

rectangular geometries and the good agreement between finite element 
results with r2/rl = 1.0 and the rectangular bend geometry. 

The general trend of all the results in Fig. 4 is that the K parameters for 
seven significantly different bend geometries agree within about 4 %, and that 
the K parameter tends to increase slightly with increasing r2/ri or S/W. 
These results indicate that the Eqs 1 to 4 input to the K parameter properly 
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accounts for the important effects of arc-shaped geometry, method of sup- 
port, and deep crack limit conditions of the arc bend specimen. 

The comparison of v results is shown in Fig. 5 using the parameter Yv de- 
fined by Eq 8. Again, the solid line in both plots is for the standard rectangu- 
lar bend specimen [5]. The finite element v results here and the 5 results in 
Fig. 6 were obtained using an element array of the same type as in Fig. 3 but 
denser. A total of 29 elements were used rather than the 13 shown in Fig. 3. 
The denser array, particularly along the load-line, produces a more faithful 
simulation of the actual displacements in the specimen. In Fig. 5a the collo- 
cation results [4] are in reasonable agreement with the rectangular bend 
results. In Fig. 5 b the finite element results for the rectangular geometry, that 
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FIG. 6--Load-line displacement, ~, versus a /W for bend specimens of various geometries. 

is for r2/rl = 1.0, agree well with the rectangular bend results from the litera- 
ture. The general trend for all the v results is that separate calculations of Yv 
for similar geometries agree within about 2% and v tends to increase with 
increasing r2/rl or S / W .  The increases in Yv with these variables are larger 
than those seen with Y (Fig. 4). 

The comparison of 8 results is shown in Fig. 6 using the parameter Y~ de- 
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fined by Eq 10. The solid line in each plot is obtained from the total load-line 
displacement, 6, for the standard rectangular bend specimen, determined in 
the following manner: 

6 = (6bend + ~shear)no crack + 6crack (11) 

MS 2 
6bend -- BW3E (12) 

3.1234 
6shea r - -  - -  (13) 

B WE 

6MS 
6crac k -- BW2Ef~ (14) 

f~ = fn (a /W)  

where ~bend and 6shea r a r e  the components of 6 due to the pure bending and 
shear of the uncracked specimen, and 6crack is the component due to presence 
of the crack. The expressions for &be,d and 6~hea~ are from mechanics [10,11] 
and 6crac k is from Tada et al [5]. 

A comparison of the results from the load-line displacement expression for 
a rectangular bend specimen (Eq 11), can be made with data from ASTM 
Test for Jic, A Measure of Fracture Toughness (E 813). A table of load-line 
displacements for the rectangular bend specimen is included in ASTM E 813 
for use in checking the accuracy of some of the experimental measurements of 
the method. Three of these data are shown in Fig. 6b in the form of Y~. The 
agreement with Eq 11 is within about 7%, but we believe the agreement 
should be closer. We suggest that the component of displacement due to 
shear of the uncracked specimen, as described by Eq 13, has been omitted 
from the data in ASTM E 813. When this component is added to the three 
data points from ASTM E 813, the agreement with Eq 11 is within 0.5%. 

As indicated by Eqs 11 to 14, there are three majot contributions to 6, so 
separate calculations of 6 might not be expected to agree as well with each 
other as do K and v calculations. This is apparent in Fig. 6. Separate calcula- 
tions of 6 for the same geometry agree within about 1 to 6%. The tendency 
towards increasing 6 with increasing r2 / r  1 o r  S / W  is more pronounced than 
with K and v. 

Experiments 

Fracture toughness tests were performed both as a direct physical check on 
the analyses and as a means of identifying unanticipated problems with arc 
bend testing. Table 1 outlines the test conditions. The arc tension tests of 
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TABLE 1--Fracture toughness test conditions. 

Material Geometry 

Number of Specimens: 
Nominal Type of Displacement Measure 

Yield Fracture 
Strength, Toughness, Arc Bend; Arc Bend; 

MPa MPa m 1'2 r2/rj Arc Tension Arc Support Chord Support 

A732 1180 137 2.50 7:v, 5 . . .  7:v, 
steel 

7075-T6 540 28 1.29 5:v, 5 4:v 4:v 
aluminum 3 :/t 3 :/t 

both aluminum and steel were the zero offset geometry of ASTM E 399, also 
shown sketched in Fig. l a .  For this geometry the displacement measured at 
the crack mouth is also load-line displacement, v = ~. Steel arc bend-chord 
support specimens were tested so that v and ~ could be measured simultane- 
ously. Aluminum arc bend specimens were tested by measuring v from four 
specimens for each type of support and measuring ~ from three specimens 
each. 

Steel Tests 

Fourteen specimens were made with the C-R orientation from a steel hol- 
low cylinder forging and tested so that both Kic and Jic could be determined. 
Table 2 shows the nominal specimen dimensions and the results. Actual spec- 
imen dimensions varied by up to about 5% from nominal and were taken into 
account in the Kit and J1r calculations. The results show that, as suspected 
before testing, the fracture toughness of the steel was very close to the value 
which separates a valid from an invalid KIc for the specimen size used. Only 
three of the seven arc tension specimens yielded a valid KI~. The arc bend 
results are listed as KQ, because the arc bend is not a standard geometry. One 
of the arc bend results, #4, passed two critical ASTM E 399 requirements, 
that Kmax/KQ <- 1.1 and (Kf2/ay)2/B <<_ 0.4. Putting aside the validity con- 
cern, it is clear that the arc tension and arc bend fracture toughness measure- 
ments were in close agreement. 

A comparison of Ji~ measurements from arc tension and arc bend speci- 
mens is shown in Fig. 7. Four of the seven combined K~c and Ji~ tests for each 
of the two groups were interrupted near maximum load, and the specimens 
were heat tinted. The resulting J versus heat tint Aa plots are shown. It must 
be emphasized that the calculation of J was approximate at best, since ASTM 
E 813 procedures for the compact and rectangular bend specimens were used 
for the arc tension and arc bend specimens, respectively. These J~c results 
should be considered only as some indication of how appropriate or inappro- 
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/a~ t ~ J =  e eY ~a 
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FIG. 7- -J  versus Aa from arc tension and arc bend-chord support steel specimens described in 
Table 2. 

priate it is to use these existing procedures for the new arc specimen geome- 
tries. Comparing the results in Fig. 7 with the Kic results of Table 2, the com- 
pact procedure applied to the arc tension specimen gives a low measure of Jic 
and Kit and the rectangular bend procedure applied to the arc bend specimen 
gives a high measure of J~c and K~c. A possibly oversimplified analysis of these 
results is that the arc tension specimen is less compliant than the compact 
specimen and thus yields a low measure of J~ and K~, and that the arc bend 
specimen is more compliant than the rectangular bend specimen and thus 
yields a high measure of J~ and K~. A detailed analysis of J~ tests with arc 
tension specimens is described by Kapp and Bilinsky [12], work related to 
this paper. 

Aluminum Tests 
Twenty specimens were made with C-R orientation from an aluminum hol- 

low cylinder extrusion and tested so that K~c and accurate crack mouth and 
load-line displacements could be determined. Roller bearings were used for 
the arc support tests with the intent that free rolling support on the inner 
radius was maintained during the test with no movement of the center of the 
rollers. Table 3 lists the results, which indicate that the fracture toughness 
measured by both the arc and chord support geometries was close to that 
from the arc tension tests. The three mean values differed by less than 4%. 
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Also, unlike the steel tests, all the Kic and KQ results were well within the 
maximum load and specimen size requirements of ASTM E 399. 

The a luminum tests were planned to provide a comparison of measured 
and calculated displacements for arc bend specimens. The comparison is 
given in Table 4. The measured parameters  of v and ~ were from the one 
specimen of each of the four groups which had S / W  and a / W  closest to the 
nominal dimensions; the calculations were based on values taken from Figs. 5 
and 6 for the nominal dimensions. The generally good agreement between 
measured and calculated displacements is an indication of the precision and 
accuracy of the analytical and experimental results in the work here and the 
literature cited. The apparent  trend towards lower measured than calculated 
displacements for arc support  could be explained by movement of the point of 
contact between roller and specimen so as to decrease 0 and S / W  and thus 
decrease the specimen compliance. 

Conclusions 

The arc support  and chord support-arc bend specimens are suitable for 
fracture toughness testing, each in its own range of geometry. The arc support 
specimen is best suited for a constant value of relative span, S / W  = 4, and 
for r2/r l  between 1.0 and 1.4, which corresponds to 0 between 0 and 53% The 
chord support specimen is best suited to r2 /r l  between 1.1 and 2.0, with the 
relative offset of the chordal surface at a constant value, Z~  W = 0.1. This 
will allow a constant relative span, S / W  = 4, for rE/rl between 1.1 and 1.6, 
and a S / W  gradually decreasing to 3.35 for r2/r l  between 1.6 and 2.0. The 
largest r2/r l  geometry of each of these specimen geometry ranges is shown in 
Fig. 8. 

The main reason for the upper  limit o n  rE/rl for each of the specimen types 
is as follows. For arc support  specimens with 0 much above 50 ~ the contact 
point between specimen and roller may move enough during the test to signif- 
icantly change the K,  v, and 5 of the specimen. For chord support specimens 
with S~ W much below 3.35, the amount of shear relative to bending is signifi- 
cant enough that  some materials may not fracture in the pure opening mode 
which is intended in Klc and Jir tests. 

TABLE 4--Comparison of measured and calculated displacement, v and 6, 
for aluminum arc bend specimens: r2/rl = 1.29, S/W = 4. a/W = 0.53, 

E = 68 950 MPa. 

EBv/P EB6/P 

Measured Calculated Measured Calculated 

Chord support 43 43.2 70 66.0 
Arc support 55 66.4 86 93.4 
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FIG. 8--Recommended geometries for arc bend fracture testing: largest r2/rl of recom- 
mended range is shown. 

We believe that K, v, and 6 expressions can be determined from the results 
here with sufficient accuracy for Ktc and JJc tests. The dashed lines in Figs, 4, 
5, and 6 are believed to be accurate within about 1%, 2%, and 6%, respec- 
tively, for K, v, and ~ over the range of a / W f r o m  0.3 to 0.7. For the range of 
specimen geometries described above and for a / W  between 0.45 and 0.55, 
the K, v, and ~i results here are believed to be accurate within 0.5%, 1%, and 
3%, respectively. 
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Regard ing  Jxc tests  with arc  bend  geometr ies ,  the  chord  suppor t  specimen is 
most  sui table ,  with S / W  = 4.0 and  Z / W  = 0.1. As r2/rl approaches  1.0, the  
tes t ing and  analysis  of chord  suppor t  Jic specimens will become ident ical  to 
tha t  of the  r ec t angu la r  bend  spec imen in A S T M  E 813. 

APPENDIX 

An expression which is useful for analyzing arc bend-chord support specimens can 
be obtained from plane geometry (Fig. 9). Using 

S = 2r ,  sin O 

a nondimensional form can be written 

S / W = 2 [ r l / W + U / W l s i n [ c o s - ' ( r l / W - - Z / W ~ ]  T u-7- /j . s )  

An example of the use of Eq 15 is where, for r2/rl = 1.62S, r l / W  = 1.6, U / W  =- 0.9, 
and Z / W  = 0.1, S / W i s  calculated to be 4.0. This demonstrates that, for U / W  = 0.9 
and Z / W  = 0.1, r2/rl = 1.625 is the upper limit of arc bend geometries for chord 
support with S / W  = 4.0. 

~-= s :-  

FIG. 9--Arc bend-chord support specimen geometry. 
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Testing Using Arc-Tension 
Specimens 

REFERENCE: Kapp, J. A. and Bilinsky, W. J., "Jle Testing Using Arc-Tension Speci- 
mens," Fracture Mechanics." Seventeenth Volume. AST M  STP 905, J. H. Underwood, 
R. Chait, C. W. Smith, D. P. Wilhem, W. A. Andrews, and J. C. Newman, Eds., Ameri- 
can Society for Testing and Materials, Philadelphia, 1986, pp. 297-306. 

ABSTRACT. Jk was determined in two materials (6061-T651 aluminum and ASTM 
A-723 Grade 1, Class 4 pressure vessel steel) using arc-tension (A(T)) and compact ten- 
sion (C(T)) specimens. The J-R curves were determined by using the multispecimen 
method and the compliance unloading method. J was determined for the A(T) specimen 
by the Merkle-Corten method of analysis as modified by Clarke and Landes. A correction 
factor was included to account for the tensile loading component, and both the plastic and 
elastic components of J were necessary when using the A(T) specimen. With the proper 
formulas for J in the A(T) specimen, the same J-R curves were determined in both materi- 
als using either A(T) or C(T) specimens. This preliminary study suggested that the A(T) 
specimen was totally adequate for Jlc testing and should be included in subsequent ver- 
sions of ASTM Test for J~c, A Measure of Fracture Toughness (E 813). 

KEY WORDS: J~ testing, fracture testing, specimen design, fracture mechanics 

Fracture  toughness,  whether measured as Kic or Jic, is a valuable measure 
of a mater ia l ' s  tolerance of pre-existing defects and  has many  engineering 
applicat ions.  The present  method  for de te rmin ing  Jlc (ASTM E 813 on Jie, A 
Measure of Fracture  Toughness)  allows Ji~ to be measured by either a com- 
pact tens ion (C(T)) specimen or a three-point  bend  specimen (SE(B)). Some- 
times it is difficult to obta in  specimens of these geometries f rom certain struc- 
tural  components  such as cylindrical pressure vessels. The arc-tension (A(T)) 
specimen is easily obta ined  from these cylindrical components .  This paper  
summarizes  the results of an initial  study into the feasibility of using A(T) 

specimens for Jic testing. 

~Materials Research Engineer, U.S. Army Armament, Munitions, and Chemical Command, 
Armament Research and Development Center, Large Caliber Weapon Systems Laboratory, 
Benet Weapons Laboratory, Watervliet, NY 12189. 

2Mechanical Engineer, General Electric Company, Selkirk, NY 12518. 
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Calculation of J for A(T) Specimens 

The A(T) specimen (Fig. 1) encompasses a large range of possible geome- 
tries. This is due to the variability of R2, R1, and X. For this specimen to be of 
the most use, restrictions on R2 and R1 cannot be allowed, but restricting X 
in J testing should cause few difficulties. X is made variable in K testing 
mainly for load efficiency, but if substantial plasticity is allowed as in J test- 
ing, load efficiency is not as important. Thus we restrict our thinking to A(T) 
specimens with X = 0, which has the further experimental advantage in dis- 
placement measurement of the load line intersecting the crack mouth. 

To determine J for the arc-tension specimen, we proceed in the manner 
outlined by Merkle and Corten [1] as modified by Clarke and Landes [2]. 
Under fully plastic conditions on the uncracked ligament, the load-displace- 
ment trace is idealized as Fig. 2, and J is (Eq 9, Ref 2) 

2 [ 1  + c~  ( 1 - -  2c~ -- cd)] 2c~ ( 1 - -  2~ -- cd) 
J = ~ L 1  + o~ 2 o~ O 7 ~ T ) ~  j A r +  bB ( 1 +  cd) 2 P * ~ r +  G 

2 [ ~ + c ~  (1 -- 2or -- ot2)] 
bB - + o~ --2 + a (1 g ~-~2 -J Ze (1) 

where b and B are as shown in Fig. 1; AT, P* , /~  and Ae are from Fig. 2; G is 
the elastic energy release rate; and 

ot = 2((a/b) 2 + a/b + 1/2)1/2 -- 2(a/b + 1/2) (2) 

where a is the crack length shown in Fig. 1. 

X p 

R 
b 

- - - - -  - I  

- - - -  ~ - 4  

b ~  - 4  

. . . .  4 

FIG. 1--Arc-tension specimen. 
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FIG. 2--Idealized elastic-plastic load-displacement trace. 

Equation I is too cumbersome to be useful experimentally. The first step in 
simplifying is to assume that the higher order terms involving Ar and P*tSr 
cancel: 

2At 1 +c~ 2 A e [ 1  + ~  c~(1 -- 2tx -- c~2)] 
J - -  bB- 1 + ~ + G - - ~ -  1 + . a  ~ + ( 1 - ~ x ~  (3) 

It is convenient to represent G in terms of the elastic area Ae. It can be 
shown that [1, 2] 

where 

G = I -k(1 ~EBa/w)Y2-1] 2AeBb 

KB~w y - -  
P 

(4) 

and k is the elastic stiffness of the specimen or the initial slope of the load- 
displacement record, K is the stress intensity factor, and E is the elastic mod- 
ulus. Finally, we can write Eq 3 in the simple form 

2At 2Ae 

1 + o ~  
~ 1  - - -  ( 6 )  

1 +0/2 
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X2 k(1 -- a / w ) r  2 ( a(l_ -- 2~_ ~ a2). "] 
=- E B  -- kl + (1 - -  a 2 )  Ot 2 ,]  (7) 

These equations are exactly the same equations that have been developed 
for the C(T) specimen [1,2]; but for that specimen when a /w  is 0.5 or larger, 
k2 is negligible. Such is not the case with the arc-tension specimen. We evalu- 
ate X2 by using wide range expressions fit to numerical stress analysis results 
[3,4]: 

y _ KS~w 
P 

-- [3x/w + 1.9 + 1.1a/w] 

• [1 + 0.25(1 -- a/w)2(1 -- R l / R 2 ) ] f ( a / w )  (8) 

f ( a / w )  :- ( (a/w)l /z / (1 -- a/w)3/2)(3.74 -- 6 .30a/w 

+ 6.32(a/w) 2 -- 2.43(a/w)3) 

k -- P - EB(1 - -  a / w )  2 (9) 
6 ( 2 x / w  + 1 + a / w ) F ( a / w ,  rl/r2) 

F ( a / w ,  R1/R2)  = [0.34 + 13.75a/w -- 12.67(a/w) 2 + 6.47(a/w) 2 

+ (1 -- a/w)~176 -- RI /R2) (0 .8  - -  0 . S R 1 / R 2 ) ]  

To compare the quantities necessary to determine J, it is convenient to use 
the notation 

l + o L  
l + a  2 

X* = or ( l - -  2 a - -  ot 2) 
(1 + ~2)2 

)kj = k I "~ )k r 

k(1 - a / w ) Y  2 
Xe= 

E B  

These quantities are computed for various R1/R2  and comparisons made 
in Table 1. The tabulation shows that in the crack length range important to 
Jic testing a / w  >_ 0.45, k2 is not negligible. Indeed, should Ae be a significant 
portion of At ,  neglecting to account for this elastic portion of J would intro- 
duce errors approaching 20%. Therefore, unlike Jic testing with C(T) speci- 
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TABLE 1--Comparison of the quantities used to determine J for the arc-tension. 
X / W  = 0 specimen. 

a/w kl ),* kj ke ~ /Xj X2 

RIR2 = 0.91 

0.3000 1.1773 0.0963 1.2736 1.8404 1.4450 0.5668 
0.3500 1.1674 0.1013 1.2687 1.7164 1.3528 0.4476 
0.4000 1.1565 0.1034 1.2600 1.6092 1.2772 0.3492 
0.4500 1.1448 0.1029 1.2477 1.5183 1.2169 0.2706 
0.5000 1.1325 0.1000 1.2325 1.4423 1.1703 0.2099 
0.5500 1.1196 0.0950 1.2146 1.3793 1.1356 0.1647 
0.6000 1.1063 0.0882 1.1946 1.3271 1.1110 0.1326 
0.6500 1.0929 0.0800 1.1728 1.2835 1.0944 0.1107 
0.7000 1.0793 0.0705 1.1498 1.2459 1.0837 0.0962 
0.7500 1.0657 0.0600 1.1257 1.2120 1.0766 0.0863 
0.8000 1.0522 0.0488 1.1009 1.1790 1.0709 0.0780 

R I R 2  = 0 . 6 7  

0.3000 1.1773 0.0963 1.2736 1.8850 1.4800 0.6114 
0.3500 1.1674 0.1013 1.2687 1.7501 1.3794 0.4814 
0.4000 1.1565 0.1034 1.2600 1.6332 1.2962 0.3732 
0.4500 1.1448 0.1029 1.2477 1.5338 1.2293 0.2861 
0.5000 1.1325 0.1000 1.2325 1.4505 1.1769 0.2182 
0.5500 1.1196 0.0950 1.2146 1.3814 1.1373 0.1668 
0.6000 1.1063 0.0882 1.1946 1.3241 1.1085 0.1296 
0.6500 1.0929 0.0800 1.1728 1.2763 1.0883 0.1035 
0.7000 1.0793 0.0705 1.1498 1.2355 1.0746 0.0857 
0.7500 1.0657 0.0600 1.1257 1.1991 1.0652 0.0734 
0.8000 1.0522 0.0488 1.1009 1.1644 1.0576 0.0634 

RIR2 = 0 . 5  

0.3000 1.1773 0.0963 1.2736 1.8987 1.4908 0.6251 
0.3500 1.1674 0.1013 1.2687 1.7591 1.3865 0.4904 
0.4000 1.1565 0.1034 1.2600 1.6375 1.2997 0.3776 
0.4500 1.1448 0.1029 1.2477 1.5339 1.2294 0.2862 
0.5000 1.1325 0.1000 1.2325 1.4469 1.1740 0.2145 
0.5500 1.1196 0.0950 1.2146 1.3746 1.1318 0.1600 
0.6000 1.1063 0.0882 1.1946 1.3147 1.1006 0.1201 
0.6500 1.0929 0.0800 1.1728 1.2648 1.0784 0.0919 
0.7000 1.0793 0.0705 1.1498 1.2223 1.0631 0.0725 
0.7500 1.0657 0.0600 1.1257 1.1846 1.0524 0.0590 
0.8000 1.0522 0.0488 1.1009 1.1493 1.0439 0.0484 

R I R 2  = 0 . 4  

0.3000 1.1773 0.0963 1.2736 1.9007 1.4923 0.6270 
0.3500 1.1674 0.1013 1.2687 1.7593 1.3867 0.4906 
0.4000 1.1565 0.1034 1.2600 1.6357 1.2982 0.3757 
0.4500 1.1448 0.1029 1.2477 1.5302 1.2263 0.2824 
0.5000 1.1325 0.1000 1.2325 1.4414 1.1696 0.2090 
0.5500 1.1196 0.0950 1.2146 1.3676 1.1260 0.1530 
0.6000 1.1063 0.0882 1.1946 1.3064 1.0936 0.1118 
0.6500 1.0929 0.0800 1.1728 1.2554 1.0704 0.0826 
0.7000 1.0793 0.0705 1.1498 1.2121 1.0543 0.0624 
0.7500 1.0657 0.0600 1.1257 1.1740 1.0429 0.0483 
0.8000 1.0522 0.0488 1.1009 1.1385 1.0341 0.0375 
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mens, we must include the contribution of Ae to obtain an accurate measure- 
ment of J when using A(T) specimens. 

Although X2 could be calculated from Eqs 8 and 9, significant computation 
is involved. Noting that X2 is virtually independent of R1/R2, a simple polyno- 
mial in a / w  can be found from which X2 is more easily determined. Using least 
squares, the polynomial is 

X2 = 1.919 -- 6.235(a/w) + 6.935(a/w) 2 -- 2.557(a/w) 3 (10) 

In the range of 0.5 _< a / w  <_ 0.6, Eq 10 agrees with the computed values of X2 
within about 5% for R1/R2  between 0.4 and 0.9. 

Experimental Results 

The Jlc tests were performed on a pressure vessel steel and a n  aluminum 
alloy using A(T) and C(T) specimens. Both methods for determining crack 
growth outlined in ASTM E 813 (compliance unloading and fracture surface 
measurement) were used. The aluminum alloy was 6061-T651 supplied in 
rolled sheet form 1.27 cm (0.5 in.) thick. Specimens were obtained such that 
the L-T direction was tested. The C(T) specimens were of standard geometry 
with through-thickness (B) of 1.27 cm (0.5 in.). The A(T) specimens were 
produced such that the outside radius R2 was 5.08 cm (2.0 in.) and the inside 
radius R1 was 2.54 cm (1.0 in.). The pressure vessel steel was ASTM A-723 
Grade 1, Class 4. Specimens were obtained from a long hollow cylindrical 
forging that had an outside radius of 11.7 cm (4.6 in.) and an inside radius of 
4.8 cm (1.9 in.). Specimens were obtained in the C-R orientation with a B 
value of 3.4 cm (1.35 in.). After testing the A(T) specimens, C(T) specimens 
were machined from one of the broken halves of the A(T) specimen. The larg- 
est possible specimen was obtained, one with a B value of 2.3 cm (0.8 in.). 

The results of the testing of these samples appear in Figs. 3 to 6. The results 
from the pressure vessel steel (Figs. 3 and 4) suggest very little difference in Jlc 
by using different specimens. With the multispecimen method (Fig. 3), the 
slope of the resistance curve is the same for either specimen, but the intersec- 
tion with the blunting line is somewhat greater when using compact tension 
specimens. Although Jlc appears to be affected by the specimen, the differ- 
ence between the two test results can be easily attributed to scatter. With 
compliance unloading (Fig. 4), more variation is evident. The two resistance 
curves from the arc-tension specimens are approximately parallel but offset 
such that different values of Jic were obtained. Comparing these with the two 
curves generated using compact tension specimens, we find that the least 
squares fit to these data give a slope which is substantially steeper than those 
obtained with arc-tension specimens. The Jic values obtained from these tests 
are very close (76 kJ /m 2 and 81 kJ /m 2) and compare very favorably with one 
of the two arc-tension specimen Jl~ measurements. Again, one might consider 
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FIG. 3--Multispecimen J-R curves f o r  A-723 pressure  vessel steel. 
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FIG. 5--Mult ispecimen J-R curves for  6061-T651 aluminum. 
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FIG. 6--Compliance unloading J-R curves for  6061-T651 aluminum. 

the differences as the result of using different specimen geometries, but it is 
safe to account for these differences as material scatter. 

Comparing the results of testing the 6061-T651 aluminum alloy also shows 
little or no difference between arc-tension and compact tension specimens. 
With multispecimen testing (Fig. 5), essentially the same resistance curve was 
obtained using either specimen geometry. The least squares lines fit to these 
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data give a small difference in slope and somewhat different Jlc value, but 
again these differences are material property scatter. With compliance un- 
loading, similar to the steel results, more scatter was observed. All the resis- 
tance curves had essentially the same slopes, but Jlc varied a great deal with 
these specimens. The two compact tension Jlc values agreed very well, but the 
two arc-tension specimens differed substantially, although the average of the 
two compact tension values compared very well with the average of the two 
arc-tension values. 

For further comparison, the Ji~ results are presented in Table 2. For each 
material and specimen type, the three Ji~ values generated (one by the multi- 
specimen method and two by the compliance unloading method) are treated 
as a single statistical population. The mean value and standard deviation are 
given for each population. It is clear that the mean value of Jic from the A(T) 
and C(T) specimens of pressure vessel steel is essentially the same, although 
there seems to be somewhat more scatter generated when the A(T) specimens 
are used. The reason for the scatter cannot be established at this time. Fur- 
ther testing would be required to determine if the difference is due to speci- 
men geometry or natural material scatter. The same can be stated for the 
aluminum. Reasonable agreement between the mean values of Jic from either 
specimen type was observed, but as in the case of the aluminum tests, scatter 
is much greater when A(T) specimens are used than when C(T) specimens are 
used. Again whether the cause of the scatter is the specimen geometry or ma- 
terial related, it would have to be determined by testing a larger number of 
specimens. 

Regardless of the reasons for increased scatter in the Ji~ results from A(T) 
versus C(T) specimens, the fact that the mean values of Jic for two different 
materials using both A(T) and C(T) specimens is encouraging. Further test- 

TABLE 2--Statistical comparison of Jlc measured with A(T) and C(T) 
specimens. 

Material 

Jlc, kJ/m2 

A(T) C(T) 

Pressure vessel steel 

6061-T651 aluminum 

Mean 
Standard deviation 

Mean 
Standard deviation 

75 
94 
79 
82.6 
10.0 

7.9 
5.5 

16.1 
9.8 
5.56 

86 
76 
81 
81.0 
5.0 

9.4 
8.6 
5.9 
8.0 
1.83 
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ing should be performed, perhaps in coordination with ASTM Task Group 
E24.08.04, as a laboratory round robin to establish if the A(T) specimen 
should be included in later versions of ASTM E 813. 

Summary and Conclusions 

Analyses and tests were performed to determine the applicability of using 
A(T) specimens for Jic testing. The analysis showed that to determine J for 
these specimens a more involved calculation is necessary, namely, J must be 
broken down into its elastic and plastic components. Two areas under the 
load displacement curve must be measured. This is more complex than the 
analysis involved with compact tension specimens, but the additional amount 
of analysis involved should not restrict the use of A(T) specimens. The Jtc 
measurements were made using compact tension and arc-tension specimens. 
The A(T) specimen should be considered as an alternative specimen in future 
versions of ASTM E 813. 
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ABSTRACT: This paper investigates a dynamic fracture test that produces smoothly 
varying stress intensity histories of controlled amplitude and duration. A test configura- 
tion has been adopted in which a simple edge-cracked specimen is loaded in bending by 
impacting it at the midsection without supporting it at the outer edges. The stress inten- 
sity history is measured by a strain gage near the crack tip and has approximately a sinus- 
oidal time dependence. 

The dependence of stress intensity amplitude and duration on the impact velocity and 
on the specimen material and dimensions has beendetermined both analytically and ex- 
perimentally. The limit on the specimen aspect ratio to obtain a smooth stress intensity 
history controlled only by the first mode of vibration of the specimen has also been estab- 
lished. Stress intensity pulses of durations varying between 90 and 500/zs can be readily 
achieved, and the maximum amplitude can be independently adjusted over an order of 
magnitude (20 to 200 MPa mJ/2). 

The new experimental procedure has been used to measure the dynamic fracture tough- 
ness of 4340 steel (HRC 50) at three loading rates. Comparison of the dynamic results with 
the value of the static toughness indicates little strain-rate sensitivity of the fracture 
toughness of 4340 steel in the range of loading rates investigated (quasi-static to 3 • 106 
MPa m la s-l). 

KEY WORDS: dynamic fracture, stress intensity history, impact bend test, unsupported 
bend specimen, dynamic fracture toughness, 4340 steel, rate sensitivity 

Nomenclature 

a Crack length 
Crack velocity 

B Specimen thickness 
CCR Elastic compliance of bend specimen due to crack 

1Research Engineer, Department of Metallurgy and Fracture Mechanics, SRI International 
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Elastic compliance of uncracked bend specimen 
Specimen deflection 
Specimen deflection along center line due to crack 
Uncracked specimen deflection along center line 
Young's modulus 
Maximum kinetic energy of specimen 
Maximum strain energy of specimen 
Dynamic stress intensity factor 
Static fracture toughness 
Dynamic initiation fracture toughness 
Maximum stress intensity amplitude 
Specimen mass 
Hammer mass 
Hammer load 
Maximum hammer load 
Maximum effective dynamic load on the specimen 
Specimen length 
Time 
Time at which maximum stress intensity amplitude is reached 
Duration of stress intensity history 
First natural period of oscillation of specimen 
First natural period of oscillation of the uncracked specimen 
Hammer velocity at t MAX 

Hammer impact velocity 
Velocity of the specimen center of mass at t MAX 

Specimen width 
Coordinate along specimen axis 
Mass density of specimen material 
Poisson's ratio 

Introduction 

A dynamic fracture test having an adjustable and smoothly varying load 
history is desirable for unambiguous determination of dynamic fracture be- 
havior. Unfortunately, conventional tests, such as the Charpy impact test or 
the dynamic tear test, do not produce a smoothly varying stress intensity his- 
tory. Thus interpretation of the results is not straightforward. This paper dis- 
cusses a modification of the conventional impact bend test, first proposed and 
investigated by Kalthoff and co-workers [1-3], which produces a smoothly 
varying stress intensity history. The amplitude and duration of the stress in- 
tensity history are easily varied by varying the impact velocity and the speci- 
men dimensions. 

We have investigated the influence of specimen dimensions and impact ve- 
locity on the stress intensity history both analytically and experimentally. We 
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have then used the new test procedure to measure the dynamic fracture 
toughness of 4340 steel at three strain rates. 

Background 

Dynamic effects in impact-loaded, three-point-bend specimens (3PBS) 
have been discussed in several recent publications. In particular, Kalthoff 
and co-workers have shown that the stress intensity history results from the 
superposition of the specimen free oscillations on the fundamental oscillation 
of the hammer-specimen-support system [1,2,4-6]. B6hme [6] has proposed 
a semi-analytical description of the behavior of the hammer-specimen- 
support system to predict the influence of specimen dimensions, impact ve- 
locity, and material properties on the stress intensity history. He has further 
demonstrated that the dynamic effects due to the specimen oscillations can be 
estimated for specimens of arbitrary size and material from a set of normal- 
ized master curves. Each master curve depends only on the ratios of crack 
length to width, a/W, and specimen length to width, S/W.  

B6hme and Kalthoff [1] have also observed that soon after impact the 3PB 
specimen momentarily loses contact with the supports. Therefore, during the 
initial phase of the test, the supports do not influence the loading, and the 
stress intensity history obtained for specimens impacted with or without sup- 
ports is identical. The crack tip loading is then strictly achieved by inertia. 
Only at later times, when the specimen makes contact with the supports 
again, does its behavior differ from that of the unsupported specimen; the 
stress intensity history for the supported specimen continues to rise, whereas 
that for the unsupported specimen decreases to zero. 

On the basis of these observations, Kalthoff and co-workers [2,3] have 
demonstrated that the bend specimen impacted without supports--called 
one-point-bend test (1PBT)--provides a convenient configuration to obtain 
controlled and smoothly varying stress intensity histories. 

The test arrangement and loading mechanism for the 1PBT are illustrated 
in Fig. 1. Figure 2 shows the resulting stress intensity history in a specimen 
with a blunt notch, as measured with a strain gage placed near the notch tip. 
This stress intensity history is roughly sinusoidal and is characterized by the 
half period To and the maximum amplitude K MAx. Figure 2 also shows the 
corresponding hammer load. On impact, the center portion of the specimen 
is accelerated away from the hammer, whereas the end portions of the speci- 
men lag behind because of inertia. This causes the specimen to bend and to 
load the crack tip. The specimen deflection also progressively unloads the 
hammer tip until the maximum deflection (and hence the maximum stress 
intensity) is reached. As the specimen bends back, the stress intensity de- 
creases, whereas the hammer load increases again because the relative dis- 
placement of the hammer and of the specimen's center portion are now in 
opposite directions [1]. 
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F I G .  1--Test arrangement and loading mechanism for the 1PBT. 
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F I G .  2--Typical stress intensity and load histories obtained in IPBT. 

According to this interpretation of the stress intensity records, the first nat- 
ural period of oscillation of the specimen controls the duration of the approxi- 
mately sinusoidal stress intensity history. Thus the test duration can be con- 
trolled by changing the dimensions of the specimen to change the natural 
frequency. Furthermore, the results of BOhme [6] suggest that the maximum 
stress intensity amplitude is proportional to the impact velocity. 

The purpose of the present investigation was to verify the foregoing predic- 
tions, to establish the range of load durations that could be achieved with the 
1PBT, to determine more precisely the role of specimen dimensions and ma- 
terial properties on the stress intensity history, and to apply the 1PBT to dy- 
namic fracture toughness testing. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



GIOVANOLA ON ONE-POINT-BEND IMPACT TEST 311 

Investigation of the Dynamic Behavior of the 1PBT 

Analysis 

Here we assume that the stress intensity history is sinusoidal with a period 
2T0 equal to the first natural period of the specimen and with an amplitude 
KI MAX. We then determine how these two parameters depend on the specimen 
material and dimensions and on the impact velocity. 

Details of this approximate analysis are presented in the Appendix together 
with references to earlier analyses. We find that To and K~ ax are given by 

a ) a / 
' f i e '  p = h2 ' W '  p (1 )  

and 

( a )  g MAX ---- Vimp xfW- px/~h3 ~ ,  ~'V' ~ (2) 

where TUN is the first natural period of oscillation of the uncracked beam with 
free ends; hi, h2, and h3 are dimensionless functions of the specimen dimen- 
sions and of Poisson's ratio; and the other symbols are as defined in the No- 
menclature section of this paper. In Eq 2, it has been assumed that the ham- 
mer mass, M, is much larger than the specimen mass, m. 

Equations 1 and 2 show that for geometrically similar specimens (and ne- 
glecting a mild dependence on Poisson's ratio), To scales with the specimen 
size and with the square root of the ratio of mass density to elastic modulus; 
K MAx is proportional to the impact velocity and scales with the square root of 
specimen size, mass density, and elastic modulus. Both To and K MAx are in- 
dependent of specimen thickness and increase with crack length for given val- 
ues of S, W, and Vamp. Equations 9 and 18 in the Appendix can be used to 
obtain estimates of To and KI Max. The estimates of K Max will only yield ap- 
proximate trends, however, because two coefficients are not known precisely 
in Eq 18. 

Experimental Verification 

To verify the predictions of Eqs 1 and 2, we have tested several steel and 
aluminum specimens. Table I gives a matrix of the specimens tested and their 
dimensions and aspect ratios. The specimens had a blunt notch of 0.5 mm (20 
mil) tip radius to prevent fracture during the tests. We measured the stress 
intensity history with a single element strain gage placed a small distance--3 
to 5 mm (0.1 to 0.2 in.)--away from and directly above the notch tip. The 
gage was oriented to measure strains perpendicular to the crack. The stress 
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intensity can be calculated from the strain measurement by two methods. In 
the first method, stress intensity and strain are related using a static calibra- 
tion procedure developed by Loss [7,8]. In the second method, the elastic sin- 
gularity solution [9,10] is used to relate near-crack-tip strain and stress inten- 
sity factor; a plane stress situation is assumed at the gage location. B6hme 
and Kalthoff have discussed the uncertainties associated with this approach 
[11]. By comparing K values measured simultaneously with either of the two 
methods, we have found that for the specimen geometries considered here, 
the two methods agree to within 5%. Because of its simplicity, we used the 
singularity solution method for the blunt notch experiments. The impact tests 
were performed on a standard pendulum impact machine modified to accom- 
modate the 1PBT specimen and a redesigned instrumented hammer. Figure 3 
shows a schematic of the test setup. In some experiments we varied the impact 
velocity between 1 and 5.3 m/s by changing the drop height of the hammer. 
The impact velocity was measured by two pairs of light-emitting diodes/pho- 
todiodes. For each specimen and test condition, we repeated the experiment 
several times to check reproducibility. Figures 4 to 7 summarize the experi- 

! 
/ 

System I 

LE D-Photodiodes 

Gage 

F rame 

FIG. 3--Experimental setup used to perform 1PBT. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



314 FRACTURE MECHANICS:  SEVENTEENTH VOLUME 

mental results. They agree well with the analytical predictions (Eqs 1 and 2) 
and demonstrate that the interpretation of the specimen behavior in the one- 
point-bend test and the assumptions made in the analysis are correct. 

Figure 4 represents the stress intensity history for several steel and alumi- 
num specimens impacted at 5.3 m/s. First we observe that for specimens with 
high S / W  values, higher modes of oscillation also significantly affect the 
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stress intensity history. Beyond a value of S / W  = 7, the stress intensity his- 
tory displays large oscillations superimposed on the fundamental oscillation 
(Fig. 4b). This behavior complicates the interpretation of fracture tests. Thus 
specimens with S / W  values less than seven are preferable. (We have not in- 
vestigated whether a / W  ratios higher than 0.3 would suppress the higher os- 
cillations in geometries with S / W  > 7). By taking into account this limitation 
on S~ W, test durations To in the range of 90 to 500 #s can be readily achieved 
with 1PB specimens of practical size. 
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F I G .  4--(continued). 

Test durations measured in Fig. 4 and predictions from Eq 9 in the Ap- 
pendix are compared in Table 2. Estimates are given only for specimens for 
which the compliance can be evaluated with reasonable confidence from 
handbook tabulations. The agreement between predictions and measure- 
ments is sufficiently good to confirm that the first mode of oscillation of the 
specimen largely controls the test duration for specimens with S / W  < 7. The 
largest error is on the order of 30%. The greatest discrepancies arise for those 
stress intensity histories that show marked inflections, and they may be at- 
tributable to the influence of higher mode oscillations. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



GIOVANOLA ON ONE-POINT-BEND IMPACTTEST 317 

TABLE 2--Comparison of predicted and measured 1PBT durations. 

Specimen Predicted Measured To -- 1/2 T~ 
Size Half Period Duration 1PBT 

Number (Ti/2), /~s (To),/zs To 
• 100 

S /W 

1 300 284 --6.0 7.0 
2 1123 854 --31.5 14.0 
3a 261 304 14.3 3.8 
3b 294 300 2.0 3.8 
3c 345 340 --1.5 3.8 
4 508 434 --17.1 5.6 

Figure 4 further demonstrates that the stress intensity histories for steel 
and aluminum specimens are remarkably similar except for the amplitude. 
Again, this finding is expected from Eqs 1 and 2. Because the ratio p/E is 
about the same for steel and aluminum, specimens with the same dimensions 
will have the same fundamental period. Because higher oscillations are multi- 
ples of the fundamental, we anticipate that steel and aluminum specimens 
will have a stress intensity history with the same global shape. According to 
Eq 2, K~ Ax values for steel and aluminum specimens of identical geometry 
should be approximately in the ratio of 3 to 1. The measured ratios for speci- 
men sizes 1 to 5 in Table 1 are 3.2, 3.1, 2.6, 3.1, and 2.9 to 1, respectively. 

Tests on the same specimen at several impact velocities show that K~ Ax L, 
proportional to Vimp, as predicted by Eq 2. This is illustrated in Fig. 5, whict 
shows the stress intensity histories for steel specimen 4 tested at 3.5 and 5.~ 
m/s, plotted after scaling with the impact velocity. 

The effect of geometrical scaling is represented in Fig. 6. The stress inten 
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sity divided by the square root of the specimen width has been plotted as a 
function of time divided by the specimen width for two similar specimens (5 
and 6). The agreement of the two curves is relatively good considering that the 
scaling of the in-plane dimensions, in particular of the crack length, was not 
exact (see Table 1). 

Figure 7 shows the influence of increasing the crack length on the stress 
intensity history when all other dimensions are kept constant. Both To/2 and 
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FIG. 7--Stress intensity histories for specimen 3 with three different crack lengths. 
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K MAx increase with crack length as predicted by the analysis. Note, however, 
that the initial portion of the stress intensity histories is the same for all three 
crack lengths. This result occurs because in the early part of the loading, the 
dynamic stress intensity factor depends on time and not on crack length. Only 
after elastic waves have traversed the crack length several times does the stress 
intensity become proportional to the square root of crack length [12,13]. 

Finally, multiple tests on the same specimen at the same impact velocity 
have demonstrated that the stress intensity histories are quite reproducible 
for large specimens (less than 6% deviation on KIMAX). For small specimens, 
the scatter increases somewhat (15% deviation on KMAX), presumably be- 
cause small specimens are more sensitive to misalignment errors. 

Dynamic Fracture Tests 

As part of an investigation of dynamic crack instability criteria, we have 
used the 1PBT to determine the dynamic fracture toughness of commercial 
aircraft-quality 4340 steel at three different strain rates. Specimens corre- 
sponding to sizes 3 and 4 in Table 1 were cut from 63.5 by 12.7 mm (2.5 by 0.5 
in.) bars, and quenched and tempered to a Rockwell C hardness of 50. The 
specimens were notched, fatigue precracked in accordance with ASTM Stan- 
dard Test Method for Plane-Strain Fracture Toughness of Metallic Materials 
(E 399), and instrumented with a strain gage. 

Six tests were performed at each of three impact velocities--3.5, 5.3, and 
50 m/s  (11.5, 17.4, and 164 f t /s)-- to achieve stress intensity rates of 3.3 X 
105,5 X l0 s, and3 X 106 MPa ml/2 s- l  (3.0 • 10s, 4.6 X l0 s, and 2.7 • 10 6 

ksi in. 1/2 s-l) .  The experiments at impact velocities of 3.5 and 5.3 m/s were 
performed on the modified pendulum tester with specimens of size 4 with 
a / W  = 0.3 and 0.38, respectively. To achieve the 50 m/s impact velocity, we 
resorted to a compressed air launcher to accelerate a steel hammer plate. The 
test arrangement remained otherwise the same as for the experiments on the 
pendulum tester. The high-impact-velocity specimens were of size 3. For 
comparison, we also measured the static fracture toughness in triplicate fol- 
lowing the standard procedure in ASTM E 399. 

For the dynamic fracture tests, we obtained the stress intensity from the 
strain measurements using the static calibration method. The dynamic initia- 
tion fracture toughness, Kid, was determined from the experimental stress 
intensity history as the stress intensity value at the point where crack exten- 
sion is first noticeable on the record. Crack extension manifests itself by either 
a clear drop in the measured strain or by a gradual deviation from an essen- 
tially linearly rising stress intensity curve. 

Figures 8 to 10 show typical stress intensity histories measured at the three 
loading rates, together with the point of crack initiation. The curves in Figs. 8 
to 10 represent the true stress intensity history only up to the point of crack 
initiation, because once the crack propagates the stress intensity is no longer 
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directly proportional to the recorded strain. Figure 8 shows that for the tests 
at 3.3 X 105 MPa m 1/2 s - l ,  the crack started to propagate and then arrested 
after extending 2 to 5 mm (0.1 to 0.2 in.). At the higher rates, the specimens 
fractured completely. 

At low impact velocities, crack initiation causes a clear drop in the mea- 
sured strain, and the point at which Kid is evaluated can therefore be easily 
determined (Fig. 8). At the highest impact velocity, the strain record has a 
smoother appearance; thus the point of crack initiation was chosen as the 
point of separation of the recorded strain history from a straight line fitted to 
the main portion of this curve (Fig. 9). For the intermediate impact velocity, 
some test records showed a significant departure from linearity before a sharp 
drop in strain; others only showed a rapid drop in strain. Therefore, for the 
intermediate impact velocity, either one or the other definition of the point of 
crack initiation was used, as appropriate for the particular test record 
(Fig. 10). 

The results of the static and dynamic fracture experiments are summarized 
in Fig. 11. Although the scatter in data increases with loading rate, the aver- 
age value of the dynamic fracture toughness Kid, 58.5 MPa m x/2 (53.5 ksi 
in.In), is essentially the same for the three rates, and it is only slightly lower 
than the static Kic value, 63.7 MPa m in (58 ksi in.In). 

Discussion 

Results of the Fracture Tests 

The dynamic fracture toughness measurements reported here demonstrate 
that in the relatively narrow range of strain rates 3.3 X 10 s to 3.0 X 10 6 MPa 

o~ 

E 

>_- 
I -  

z 
O9 

nr" 
t -  
oo  

80 0 

6 0  -_ . . . . . .  

4O 

2O 

-20 

' ~ \ ' I r I I [ ' L O  
, -Hammer ad , ) ~ -  

\ / \ 1 
\ / 

n W l d  " / " " 

�9 I 

0 100 200 300 400 

-40 z 

-60 ,~" 
o 

-80 m 

-100 
< 
I 

-120 

-140 

0 -160 
-100 500 

TIME, #s 

F I G .  8--Stress intensity and hammer  load histories for  fracture test at low stress intensity rate. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



GIOVANOLA ON ONE-POINT-BEND IMPACT TEST 321 

E 
r 

o,. 

>." 
I -  

uJ 
I -  
Z 

03 
03 
LLI 

I-- 
03 

8 0  

60  - Kid 

40  

20  

0 I 

- 1 0  

I 

Vim p = 50 m/$ 

0 10 

I ' I i I ! I I 

/ 
/ 

20  30  4 0  

T I M E ,  .us 

50 

FIG. 9--Stress intensity history for  fracture test at high stress intensity rate. 

80 xl \  I ' I ' / "  I t 0 
/ 

_ _  % -20 

E Kid ~ / 
~ 6 0  . . . . .  - - -~ ' i  ~ ~ -  -~ a. - -  Hammer Load -40  z 

>2 \ t -60  

-~ 0 
40  - 8 0  a: 

uJ 
I -  " '  
- -  Z V im p = 5.3 m/s -100  ~; ~ 
03 < 
03 L Lu 20 -120  -r  r r  
1- 
03  -140  

0 _, ^ L/ , I , V~I , I . .^ .A . . . .  I. " '~ '^~^~ ' -160  

- 1 0 0  0 100 200  300  4 0 0  500  

TIME, .us 

F I G .  10--Stress intensity and hammer load histories for  fracture test at intermediate stress 
intensity rate. 

m 1/2 s -1 (3 • l0 s to 2.7 • 106 ksi in. 1/2 s--l), Kid for 4340 steel HRC 50 is not 
sensitive to changes in loading rate. Furthermore, comparison of the dynamic 
fracture toughness value 58.5 MPa m 1/2 (53.3 ksi in. in) with the static frac- 
ture toughness value 63.7 MPa m 1/2 (58.0 ksi in. in) shows that the overall 
strain-rate sensitivity of the fracture toughness is only mild. If it is assumed 
that  the strain-rate sensitivity of the fracture toughness is a consequence of 
the strain-rate sensitivity of the flow stress, then our results are consistent 
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with dynamic flow stress data for 4340 steel [14,15]. These data, obtained for 
lower hardnesses (HRC 40 and HRC 30), indicate little strain-rate sensitivity 
for the flow stress over a range of strain rates from 10 -4 s -1 to 104 s -1. 

However, our results contradict the dynamic fracture data of Homma et al 
[16,17] for nominally the same material and for comparable loading rates. 
Homma et al [16,17] report a K~d value of 31.7 MPa m 1/2, more than 30% 
lower than the static toughness. This discrepancy may reflect differences in 
microfailure modes. Homma et al [16] observed a transition from fully dimple 
fracture at low strain rates to a mixture of dimples and cleavage facets at high 
strain rates. Scanning electron microscope (SEM) observations did not reveal 
a change in microfracture mode in our experiments. Under both static and 
dynamic conditions, fracture occurred by what appears a mixture of dimple, 
intergranular, and transgranular failures. 

The difference between the results of Homma et al and the present results 
may also be due to a difference in the definition of the point of crack initia- 
tion. Homma et al measure Kid after 20 to 50/~m of crack extension, whereas 
the Kid value we report probably corresponds to 200 to 500/~m of crack exten- 
sion. 

Significance of  the 1PBT 

The present investigation has confirmed the suggestion by Kalthoff et al 
[2,3] that the 1PBT provides an attractive test configuration for dynamic frac- 
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ture experiments. It produces a smoothly varying stress intensity history that 
can be easily characterized in a calibration experiment. Furthermore, the 
loading rate and the pulse amplitude and duration can be readily adjusted 
over an order of magnitude range for each parameter. The analytical and 
experimental results given in this paper provide the information necessary to 
choose the appropriate combination of specimen dimensions and impact ve- 
locity to achieve desired test conditions. 

The results for the 1PBT expressed in Eqs 1 and 2 also supplement the 
results obtained for the impacted 3PBT reported by B6hme [6]. They provide 
an independent analysis of the free specimen oscillations that were shown to 
play an important role in the impacted 3PBT, and they yield the same conclu- 
sion regarding the representation of these dynamic effects by master curves 
that depend only on specimen aspect ratios. 

The maximum stress intensity amplitude that can be obtained in a 1PBT 
using a conventional pendulum impact tester is rather low, particularly in 
experiments with lighter alloys such as aluminum or titanium alloys. For 
these materials, devices capable of higher impact velocities are required. This 
problem may also be circumvented by attaching ballast plates to the specimen 
extremities. The high-strain-rate fracture experiments also showed that the 
point of crack initiation is not always clearly defined on the records of strain 
as a function of time. Further study of this problem is desirable to obtain an 
unambiguous definition of the point of dynamic crack initiation. 

An interesting aspect of the 1PBT was brought to light by the fracture ex- 
periments in which crack arrest occurred. They indicated that the one-point- 
bend test could provide a convenient experimental procedure to study not 
only dynamic crack initiation but also crack propagation and arrest. The ad- 
vantage of the one-point-bend test for crack propagation investigations would 
be that because of the inertial loading, the driving force on the running crack 
tip and the crack velocity could be easily controlled by changing the impact 
velocity. Further, because of its very simple boundary conditions, the one- 
point-bend test should be much easier to simulate in numerical calculations 
than the conventional wedge-loaded compact tension crack arrest test config- 
uration. 

Summary and Conclusions 

The stress intensity history obtained by impacting an unsupported, 
cracked, bend specimen has been investigated. A combination of experi- 
ments and analysis was used to establish the influence of specimen material 
and dimensions and impact velocity on the maximum stress intensity ampli- 
tude and the test duration. Stress intensity pulses of durations varying be- 
tween 90 and 500/,s can be readily achieved. For steel, maximum amplitudes 
exceeding 100 MPa m in have been produced with a pendulum impact tester. 

The applicability of the test procedure has been illustrated by measuring 
the dynamic fracture toughness of 4340 steel (HRC 50) at three different 
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strain rates. The tests indicated little strain-rate sensitivity for the fracture 
toughness of this material.  

Finally, it is suggested that  the one-point-bend test could also conveniently 
serve to investigate dynamic crack propagat ion and arrest. 
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APPENDIX 

Over the years several authors have presented analyses of the impacted-bend speci- 
men to help in evaluating dynamic fracture experiments [6,18-22]. Here we present 
simple derivations to obtain the test duration To and the maximum stress intensity 

MAX amplitude K I for the 1PBT. The resulting expressions are to be considered more as 
a dimensional analysis than as precise quantitative predictions. 

Estimation of the Duration To 

To evaluate the test duration To, we assume that it is equal to one half the funda- 
mental period of oscillation Tl of the cracked beam. Ireland has previously proposed 
an empirical formula to estimate the period of inertial oscillation in the impacted 
3PBT [21]. We estimate TI using Rayleigh's method. To do so, we assume for the 
deflection d of the beam the following function of position x along the axis: 

S ) X CL. S d(x) =dC~sin x + 2-~-dcR, 0 < x  < 2 (3) 

The first term on the right of Eq 3 represents the center line deflection of the un- 
cracked beam, and the second term represents an estimate of the deflection due to the 
crack. 

Next we express d cL and dc cL in terms of the respective elastic coFmpliances CUN and 
CCR, and of an effective dynamic load amplitude Pt~FFx, where P~IAX can be regarded 
as the maximum hammer load corrected to account for the inertia forces in the sense 
of the analysis reported in Refs 19 and 20. Thus 

nEFF d cL = ~UN/~ ~MAxDEFF and d cL ~--" C'CR/"MAX (4) 

The beam deflection at any point x and time t is given by 

d(x,t)=ICuNsin(sx)+CcR~-IpEFAFxSin(-~-~t); 
S 

0 < x < - -  (5) 
2 
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Using Eq 5, we calculate the maximum kinetic energy of the specimen 

EK~N E FF  2(2__~_)2[ 2 s 4S S C2CR ] 
MAX = pBW(PMAx) CUN -~- + 7 CuNCcR + -~- 

The maximum strain energy is simply 

(6) 

/;:,ST R : --1 (pEFF)2(Cu N -+- CCR) 
~MAX 2 (7) 

Equating kinetic energy and strain energy yields 

N + 7r 2 + 

T1 = 2rr 2pBW (CcR + ,CuN) 

Substituting 

E CUN -- 4EBW------ T 1 + 3(1 + u) 

(8) 

and rearranging yields 

~ 1  4 1 / 3 2  / ( - ~ )  

Tl = TUN (1 + /3) 1 + 3(1 + u) (9) 

where ~ : CcR/CuN and TUN = (4 $2/7r W)~/3p/E is the fundamental period of the 
uncracked beam. 

The dependence of Tl on specimen dimensions and material properties given by Eq 
9 is the same as the dependence anticipated from Ireland's formula [21]. 

Estimation of the Maximum Amplitude KI MAx 

To estimate the maximum stress intensity amplitude, we express it as 

KMAX - 3 S~fYa 
2 B W  2 F(a/W)p~Fx (10) 

where F(a/W) is the handbook-tabulated stress intensity calibration appropriate for 
EFF the given S / W  ratio [23]. We then proceed to express PMAX using Newton s law and 

conservation of momentum and energy. 
At every instant t, the force PH on the hammer is given by 

nMAX / t ~ 
PH(t) = r H g~--TTJ (11) 

where pMAX is defined in Fig. 2 and g(t/T1 ) is a nondimensional function that can be 
obtained experimentally. 
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Integration of Newton's law for the hammer from the initial time of impact t = 0 to 
the time t ~Ax at which the specimen deflection, and hence the stress intensity, is maxi- 
mum gives 

, tMAX 

f0 MAX t PH g(-~l) dt = TIpMAX[ G(tMAX~\---~--I / -- G(0)I (12) 

= TIpMAXo~ .~-M(Vim p -- VH ) 

where M is the hammer mass, Vim p is the initial impact velocity, VH is the residual 
hammer velocity at time t MAx, and e~ is a coefficient resulting from the integration of 
g(t/Tl ). Considering the approximately sinusoidal shape of the hammer load in Fig. 2 
(period = To -~ T~/2), we see that ~ is on the order of 1/27r ~- 0.15. 

From Eq 12 we obtain 

t~Tip MAx 
Vu = IF'imp (13) 

M 

Application of momentum conservation to the hammer-specimen system, with sub- 
stitution of Eq 13 for VH, yields 

o~Tl p MAx 
Vs -- (14) 

m 

where m is the specimen mass and Vs is the velocity of the center of mass of the speci- 
men, which at t MAx is also the uniform velocity of the whole specimen. 

Finally, the energy conservation equation can be written 

1 V~mp M =  1 V ~ M +  1 mV2s + 1 
7 7 7 + (15) 

where the last term of the right-hand side represents the strain energy, DEFF CUN , MAX ' 
and CcR have been defined above�9 

�9 EFF We now write PMax as a multiple of p~gX: 

1 pEFF __ ~ AX MAX - -  p~i (16) 
X 

The results of Ref 20 indicate that 1/k should be between 0 and 1. 
By substitution of Eqs 13, 14, and 16 in Eq 15 we obtain 

pEFF __~ 2VimpTlo ~ I" 1 

I 

MAX 1 1 1 

L XT~~ M-  -~ --gn "~- " ~  (CuN "~ CCR) 

(17) 
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Finally, combining Eqs 9, 10, and 17, we obtain 

K1 MAX : Vim p ~ 1%/12~pE ~ 2  F(a/w) 1 + 3(1 + u) L(/3) 

1 
X (18) 

1 

M 

where 

- - E B ( C u N  + CCR) + )'e~ 2 1  +--~] ' -~LZ(3)~-~)  ~1 + 3(1 + v )  

4 7 r ~ t l / 4 + 4 / T r 2 B  + 1 /6 /32)  
L(/3) = 1 + /3 

Equations 9 and 18 are the expanded versions of Eqs 1 and 2. The assumption To = 
T1/2 has been made in writing Eq 1. 
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ABSTRACT: A novel Mode II test specimen has been developed that has potential appli- 
cation in understanding phenomena associated with mixed-mode fatigue failures in high 
performance aircraft engine bearing races. The attributes of the specimen are as follows: 
it contains one single-ended notch, which simplifies data gathering and reduction; the 
fatigue crack grows in-line with the direction of load application; a single axis test ma- 
chine is sufficient to perform testing; and the Mode I component is vanishingly small. 

KEY WORDS: Mode II, fatigue, edge sliding mode, anti-plane shear 

Nomenclature 

a Crack length 
B Specimen thickness 
E '  E p lane  stress, = E / ( 1  - -  v 2) plane strain 
F Pin  shear reaction force 
H Specimen arm height 
J Strain energy release rate (pa th- independent  integral) 

AJ Variat ion of J f rom Pmin to Pmax 
KI Mode I stress intensi ty factor 
Kii Mode II  stress intensi ty factor 
P Applied end load 
R M i n i m u m  fatigue l o a d / m a x i m u m  fatigue load 

~Materials Engineer, Structural Materials, NASA Lewis Research Center, Cleveland, OH 
44135. 

2Scientific Consultant to Fatigue and Fracture Branch, NASA Lewis Research Center, Cleve- 
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r Polar coordinate referred to crack tip 
S Extent of end reaction parabolic shear distribution 
U Total relative crack mouth displacement in x direction 
W Specimen width 
x, y Cartesian coordinate referred to crack tip 
YI Dimensionless stress intensity coefficient for Mode I 
Yn Dimensionless stress intensity coefficient for Mode II 
0 Polar coordinate referred to crack tip 
v Poisson's ratio 
a Applied end stress = P/BH 
X Stress function 

Introduction 

Current development of high performance rolling element bearings for air- 
craft engines (up to 3 million DN, where DN is the product of shaft diameter 
in millimetres and speed in revolutions per minute) has aroused concern 
about fatigue crack growth in the inner bearing race that leads to catastrophic 
failure of the bearing and the engine. 

The following basic model is suggested. During a period of steady engine 
speed, such as cruise operation, the hoop stress in the inner race (shrink plus 
centrifugal stresses) is substantial but steady. Consider now a microscopic 
region of the inner race close to the bearing surface where there is a defect. 
Each time the race rotates relative to the bearing cage, this region will be 
contacted once by every rolling element in the cage. The Hertzian contact 

pressure during a particular encounter will depend on the angular position of 
the defective region in relation to the direction of the overall radial bearing 
load. The rotational speed is so high that the frequency of significant contacts 
is on the order of kilohertz. Eventually a microcrack will develop at this site, 
so that a fully reversed cyclic stress intensity field may be postulated. The 
Mode II component changes abruptly in sign as the center of Hertzian pres- 
sure moves across the crack. The magnitude of the alternating Mode II field 
will follow a predictable spectrum that will be essentially repeated at intervals 
of a certain number of shaft rotations, as can readily be deduced from Section 
24 of Ref 1. The steady hoop stress component of Mode I stress intensity is 
much greater in magnitude than the cyclic Mode lI component, and will tend 
to keep the crack faces apart, thus avoiding rubbing which would inhibit 
Mode II growth. The hertzian stress distribution gives a maximum shear 
stress at some small distance below the contact surface. The cyclic variation of 
this stress as the bearings move along the inner race is thought to cause crack 
initiation [2]. From a recent paper by Hahn et al [3], the "predominantly 
Mode II cyclic crack growth driving force" is discussed. The final failure is 
Mode 1 due to the interference and centrifugal stresses. While some investiga- 
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tors believe crack initiation occurs at the surface in Mode I, this belief is by no 
means universal. 

To address this problem in the laboratory, initially a test specimen and 
loading method is required whereby fatigue crack growth under predomi- 
nantly Mode II loading may be isolated and studied. The present work is di- 
rected towards developing such a specimen and method. 

Background 

A fatigue specimen has been developed at NASA-LeRC (Lewis Research 
Center) by which fatigue data relative to the aforementioned bearing cracking 
problem may be obtained. This specimen was developed after an extensive 
literature search revealed that a specimen meeting all the following require- 
ments did not exist. The requirements of a suitable specimen are: 

1. The specimen contains a single notch, which simplifies analysis and the 
monitoring of crack propagation. 

2. The fatigue crack grows in-line with the centerline of the machined 
notch at or near a zero degree angle to the notch axis. 

3. A uniaxial testing machine is sufficient for performing tests. 
4. The Mode I loading stresses are insignificant compared with the Mode 

II stresses. 

Prior to this developmental work, several of the various Mode II specimens 
described in the literature were examined using acrylic plastic and 7075-T6 
aluminum as specimen materials. The results of these examinations are de- 
scribed briefly below. 

A V-notched specimen type (Fig. la) designed by Iosipescu has been used 
by several investigators as a monotonically loaded shear fracture test speci- 
men [4]. Specimens of this type fabricated from plastic and analyzed photo- 
elastically using polarized lighting did not exhibit the classical Mode II stress 
pattern; that is, concentric semiellipses centered at the notch tip (e.g., see 
Fig. 2). Nor was this expected by Iosipescu, who believed this type of pattern 
signified compressive rather than shear forces. When loaded monotonically 
to failure, the V-notched specimens exhibited cracking at 45 ~ to the notch 
tip. By revising the notches from the V-configuration to a slot configuration, a 
weak elliptical pattern was observed at very high loads; however, the cen- 
terline of the pattern was not in line with the specimen notch centerline. The 
most nearly successful test of this general specimen type was with a specimen 
that was fully restrained from bending by redesign of the test fixture. This 
specimen failed at the notch centerline but contained additional large cracks 
starting at the notch tips and propagating at about a 70 ~ angle to the notch 
centerline towards the tensile loaded zones of the specimen. 

Many variations of the specimen and method of loading met with the same 
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(c) Chisholm specimen. 

FIG. 1--Three candidate Mode H test specimens. 
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FIG. 2--Mode H photoelastic pattern at notch tip of Columbia resin model of NASA LeRC 
Mode H specimen. 

generally unsatisfactory results. Consequently further efforts with this speci- 
men type were discontinued. A decided advantage of this specimen type over 
other designs would have been its simplicity and economy of material. Even 
had the preliminary tests been successful, however, the monitoring of two 
cracks simultaneously and the resulting fatigue data reduction may have been 
problematic. 

A specimen type designed by Richard [5] for Mode I[ fatigue crack propa- 
gation was also investigated. This specimen design and fixturing is shown in 
Fig. lb. A very good Mode II photoelastic stress pattern was observed with 
this specimen design. However, at high loads this specimen tends to fail at the 
grip holes, while at moderate loads the fatigue crack propagates from the 
notch root towards the tensile-loaded leg of the specimen at an angle of 
about 70 ~ . 

Variations to this specimen included notching at both the top and bottom 
as well as the use of side grooves to reduce the web cross section. These modi- 
fications, however, did not improve the results. 

A double-notched fatigue crack propagation specimen developed by 
Chisholm [6] is shown in Fig. lc. This specimen exhibited a very good Mode 
II pattern at both notch tips, and the monotonic fracture paths were in line 
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with the machined notches (that is, a crack angle of near zero degrees). At 
high loads, the fatigue cracks in 7075-T6 AI specimens proceeded also at near 
zero degree angles. At low fatigue loads, however, fatigue cracks ran approxi- 
mately 70 ~ to the machined notches. It should be noted that according to 
tangential stress or strain energy density criteria crack growth is predicted to 
occur at an angle of 70 to 80 ~ from the crack line. However, by applying a 
large enough AJ (plastic deformation is observed) crack propagation is con- 
strained along the crack line. 

Although the double-notched specimen is an attractive candidate for fa- 
tigue work, a single-notched specimen with simpler fabrication and testing 
considerations is preferable. 

Various other specimen designs were also investigated (about nine major 
designs, with about twenty variations) with unfavorable results. The primary 
failure mode of most of these specimens was a 70 ~ crack moving into the ten- 
sile loaded side of the notch, indicative of a Mode I failure. These specimen 
designs were as described in Refs 7 to 9, plus several original NASA designs. 

Specimen and Loading Method 

The final design of the LeRC Mode II test specimen is shown in Fig. 3a. Its 
overall dimensions were initially chosen as 76 mm (3 in.) by 102 mm (4 in.), 
because this was a convenient size for preliminary photoelastie examination 
of the specimen's stress field. Photoelastic models were fabricated from both 
19.1 mm (3/4 in.) and 6.4 mm (1/4 in.) thick acrylic plastic. Crack growth spec- 
imens were made from 6.4 mm (1/4 in.) and 3.2 mm (1/8 in.) thick 7075-T6 
aluminum sheet. This thickness was chosen so that loading would not exceed 
the maximum capacity of the testing machine (a 10-kip, hydraulically oper- 
ated servoeontrolled facility). 

The testing fixture is shown in Fig. 3b. It was fabricated from Type 300 
maraging steel and allowed clearance for a 19.1 mm (3/4 in.) thick specimen. 
V-notches were used to engage the top loading pins so that adjustments in 
horizontal pin spacing could be accomplished by use of steel shims. 

The testing machine applies a compressive load to the load train. As the 
ram of the testing machine is raised, the lower part of the test fixture, along 
with the specimen, moves upward. The left upper pin experiences a down- 
ward reaction force exerted by the upper part of the testing fixture. Rotation 
of the specimen is prevented by the lower central pin. This pin passes through 
and is held in place by the specimen, and contacts the upright leg of the test 
fixture. This pin retains its position within the specimen, but can "move in a 
vertical direction along the upright leg of the test fixture. The slot in the speci- 
men at the lower pin hole allows the right half of the specimen to move up- 
ward, with no pin interference, as the specimen is deformed during testing. 
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(a) Mode I I  test specimen. 

I LOAD CELL 
I I 

FIXED CLEVIS 

F . . . .  ~ r  . . . . . .  

l 

I I 

:n 
. . . . .  . . . . .  

LOWER CLEVIS 

I 

BACK-UP 
] PLATE § 

LOADING RAM 

(b) Specimen pin-mounted in loading fixture. 

FIG. 3--NASA LeRC Mode I I  test specihten and loading arrangement. 
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S p e c i m e n  A n a l y s i s  

The objectives of this analysis were to qualitatively obtain the magnitudes 
of Kn and K~ and their variation with respect to crack length, and to compare 
analytically obtained displacements with experimental results. The specimen 
stress intensity and displacements were analyzed by a method of analysis de- 
scribed in detail by Gross and Mendelson [i0]. This method consists of find- 
ing a stress function X that satisfies the biharmonic equation V4X = 0 and the 
specimen boundary conditions. The biharmonic equation and the boundary 
conditions along the crack line are satisfied by the Williams stress function 
[11]. Satisfying equilibrium of forces and moments (Fig. 4) results in P = 
2oH2B/W. The shear stress distributions are taken as parabolic along bound- 
ary AB, D 'D, and FG. The pin reaction loads ((P/4) -- F)  and ((P/4) + F)  
were adjusted to satisfy the observed condition of negligible crack mouth 
opening. Because of the load asymmetry (Fig. 4), the stress function consists 
of an infinite series of even and odd functions: 

cos,,, + 1,' ,01 

+ d4,,_zrn+l[cos(n -- 1)0 -- cos(n + 1)0] 

+ d4,_jr"+l/2[sin(n -- 3/2)0 -- sin(n + 1/2)0] 

_ _ n - -  1 1)0] + d4.r~+l[sin(n 1)0 ( ~ - i - )  sin(n + 

The boundary values of X and its normal derivative to the boundary are 
obtained from the assumed model (Fig. 4): 

Along AB: 

x -- 
oy 2 

2 

Along BC: 

a X _  ( 3 a  6 F ~ ( y  3 / ~ 2 )  

g WI-I n n  3/I \ 3 - -  

X -- ~ l + a  ~ )  
2 + 

F(x + a) 
B 

Ox 
- o H  

Oy 
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F I G .  4--Analytical model of the NASA-LeRC Mode II  specimen subject to asymmetric load- 
ing; H / W  = 0.5. 
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Along DE: 
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The pin reaction loads ((P/4) -- F) and ((P/4) + F) were adjusted to satisfy 
the observed condition that the crack mouth opening was small. 

Preliminary KII and KI  calculations indicate that the specimen type pre- 
sented here is subjected to a predominantly Mode II condition when under 
load. Values of K are expressed as K(I,II) = Y(l,n)(P/Bal/2); values for the 
stress intensity coefficient Y for both modes are presented in Table 1 for vari- 
ous crack length to specimen width (a/W) ratios. For example, a specimen 
used in preliminary fatigue testing had an a/W ratio of 0.679; the corre- 
sponding YII and Y1 values indicate a K n / K I  ratio of about 65 to 1 at this 
a /W ratio. The solutions obtained for the Mode II specimen shown in Fig. 4 
are given in Table 1 for S = H. When S = 0.8H, an overall reduction of less 
than 1% was obtained for both the stress intensity and displacement coeffi- 
cients. 

While the analytical model does not accurately simulate the actual complex 
load conditions, displacement coefficients have been computed and are re- 
ported in Table 1. 

R e s u l t s  a n d  D i s c u s s i o n  

Photoelastic examination of 9.5 mm (3//8 in.) thick plastic specimens shows 
a symmetrical Mode II pattern at the notch tip. The axis of symmetry is in- 
line with the notch centerline; that is, at an angle of zero degrees to the cen- 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



BUZZARD ET AL ON MODE II FATIGUE CRACK GROWTH 3 3 9  

TABLE 1--Stress intensity factor and crack mouth displacement coefficients for Mode II 
specimen of proportions H / W  = 0.5 and S = H. 

a/H a / W  

Yn YI E '  U 
aA 

{ Bal/2~ / Ball2\ 
~ K n - - ~ )  (K, .v_~_) 0 = 180 ~ 0 = --180 ~ 

1 0.50 1.34 --0.035 2.176 --2.322 
1.2 0.60 1.55 --0.020 2.271 --2.441 
1.4 0.70 1.70 0.044 2.358 -- 2.522 
1.5 0.75 1.73 0.104 2.411 --2.541 

terline (Fig. 2). This symmetry and alignment is stable with increasing load 
and increases in size as load is increased. This suggests that the direction of 
applied load remains constant during loading. Supportive of this, the notch 
width measured by use of a feeler gage remains constant during loading. This 
was true also for tests on aluminum sheet specimens. 

Aluminum specimens were initially fabricated from 6.4 mm (x/4 in.) thick 
sheet; however, the loads required to fracture them monotonically were near 
the limit of the testing facility. The test section of such specimens was there- 
fore reduced to a thickness of 3.2 mm Q/s in.) and later specimens were made 
from 3.2 mm (1/8 in.) sheet entirely. Even at this thickness, no buckling or 
out-of-plane movement of the specimen tangs was observed. 

Initial test data were obtained as monotonic load versus time plots using a 
ram movement rate of 1.27 mm (0.05 in.) per minute. A typical test record is 
shown in Fig. 5a. The photograph of a failed specimen in Fig. 5b shows that 
the fracture path is at an angle near zero degrees to the machined notch. A 
partially failed specimen that had been blackened and scribed (Fig. 6a) shows 
the type of displacement which occurs under load. The photograph (Fig. 6b) 
shows the same specimen after partial cracking caused by monotonic loading. 

Having established by several additional test runs that the fracture path of 
this type of specimen is in the desired direction, preliminary fatigue tests were 
performed to determine the crack propagation direction in Mode II fatigue 
loading. As predicted by the tangential stress and strain energy density crite- 
ria, at low loads the crack propagates at about 70 ~ from the notch towards the 
tensile-loaded leg of the specimen. At increased loads (about 50% of the 
monotonic breaking load), however, the fatigue crack path was at or near 
zero degrees to the machined notch direction. The "threshold" load and 
mechanism responsible for one or the other types of crack propagation has yet 
to be investigated more thoroughly. It was observed, however, by use of 
scribed lines on a specimen as in Fig. 6, that if the specimen is fatigued at a 
maximum load which is great enough to cause one side of the specimen's en- 
tire web section to be displaced vertically relative to the other side, the crack 
grows in line with the machined notch. At lower loads, those at which the 
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FIG. S--Test record (a) and failed specimen (b). 

bottom horizontal scribe line indicates no relative displacement, the crack 
grows at approximately 70 ~ to the machined notch. 

From a continuum point of view, we have large amounts of plastic shear 
deformation at the cyclic loads favoring crack propagation along the crack- 
line. The original crack tip is no longer at the end of the deformed crack. The 
maximum tangential stress theory is no longer applicable in determining the 
direction of crack growth in this case. Some bending in the specimen legs 
produces a Mode I component, which is negligible compared with the Mode 
II value. 

This would at first suggest that for in-line Mode II crack propagation to be 
operative the overall displacement resulting from the applied load must be 
great enough to cause one half of the specimen to shear past the other half 
(here in a vertical direction) in its entirety. If the load or displacement is too 
low, or if the material is very brittle, then there is no relative sliding motion 
between the two specimen halves. The specimen may now be considered as 
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FIG. 6--Examples of Mode H specimen deformation while under load (a) and after unloading 
from 98% of failure load (b ) for 3.18 mm (0.125 in.) thick 7075-T6 aluminum specimen. 
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being held in place in the test fixture by the upper left-hand pin and the lower 
pin (Fig. 3), and the right-hand side is acted upon by an upward tensile force. 
The top of the V-shaped notch root acts as a stress-raiser, causing eventual 
tensile failure to originate there. Further work must be done in this area. 

The specimen's satisfactory performance under cyclic loading is verified by 
the preliminary data shown in Fig. 7. The specimen was cycled at 2 Hz at a 
maximum load of 13.789 MN (3100 lb). All cyclic loading was performed at 
an R ratio of 0.1. After approximately 2000 cycles, the maximum load was 
reduced to 13.344 MN (3000 lb). Crack propagation was monitored with ref- 
erence to scribe lines spaced at 1.27 mm (0.050 in.) intervals along the web 
centerline. The test was interrupted after 4000 cycles and subsequently re- 
started and loaded to a maximum cyclic load of 13.522 MN (3040 lb). At 
about 4800 total cycles, a second crack was observed emanating at an angle of 
about 70 ~ from the top of the "V" at the notch root. The test was then discon- 
tinued, since the in-line (Mode II) crack growth stopped with the advent of 
this secondary crack growth. The exact time of secondary crack initiation is 
not known. However, it is possible that it initiated during initial stages of the 
restart procedure as the cyclic load was being increased gradually to its maxi- 
mum level. 

The fatigue data obtained from this initial test run (Fig. 7) indicate that for 
each load the crack growth as a function of the number of cycles is fairly 
linear, simplifying conversion to crack growth rates. Kn is a function of crack 
length. However, the experimental results over the applied load range 
13.344 MN (3000 lb) < P _ 13.789 MN (3100 lb) indicate that da/dN is not a 
function of crack length. Over the load range tested it appears that da/dN is 
independent of Ku and strongly dependent upon the applied load. 
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FIG.  7--Results of Mode H cyclic loading of 7075- T6 aluminum NASA LeRC Mode H specimen. 
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Photographs of the failed specimen are shown in Fig. 8. The initial direc- 
tion of cracking was at 0 to 2 ~ to the notch centerline, and gradually changed 
to about 10 ~ after attaining a length of about 2.5 mm (0.1 in.) (Fig. 8a). This 
agrees with the observation of Chisholm for this material [6], and with data 
obtained for a Chisholm-type specimen used in this study. A photograph of 
the fracture surface (Fig. 8b) shows a dark coloration most likely resulting 
from the formation of oxide during rubbing of the mating surfaces. This 
would be expected, since opening mode forces are negligible for this speci- 
men. 

Scanning electron microscope photographs (Fig. 9) reveal the same evi- 
dence of oxided and rubbed surfaces. That the presence of some Mode I is 
desirable to prevent such rubbing is debatable. A truly Mode II situation 
would perhaps by its nature also include the effects of such rubbing in the 

FIG. 8--Notch zone o f  7075-T6 aluminum Mode H test specimen after 4800 cycles (total) at 
13, 788 kN  (3100 lb). 13.344 kN  (3000 lb), and 13.477 kN  (3040 lb). 
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FIG. 9--Scanning electron microscope photographs of Mode H crack surface. Note white par- 
ticles believed to be abraded oxides, 
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charac te r iza t ion  of a ma te r i a l ' s  proper t ies .  Should  the  in tent ional  in t roduc-  
t ion of Mode  I forces be  desired,  it could  p robab ly  be accompl i shed  by dimen-  
sional ad ju s tmen t  of the  loading  points  of the  specimen or by al ter ing the  
length of the  mach ined  notch.  

Fu r the r  deve lopment  of this  type of specimen will be associa ted with deter-  
min ing  a sui table  compl iance  ca l ibra t ion  me thod  and  in fur ther  analyses by 
use of f ini te  e lement  me thods .  An o p t i m u m  design of bo th  the  specimen and  
the test  f ixture is also requi red ,  since the  informat ion  presented  herein is 
based  upon  an ini t ial  design of both .  
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DISCUSSION 

L. Banks-Sills 1 (written discussion ) - - T h e  authors  pose an interest ing phys- 
ical p rob l em tha t  requi res  unde r s t and ing  of both  mixed-mode  and  Mode II  
f rac ture  mechan isms .  One  of the  design requ i rements  of the  Mode II  speci- 
men  presen ted  here calls for c rack  p ropaga t ion  in a self-similar  manner .  

1Department of Mechanics, Materials, and Structures, Faculty of Engineering, Tel Aviv Uni- 
versity, Ramat Aviv, Israel. 
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The direction of crack growth is governed primarily by the properties of the 
material being tested and the conditions at the crack tip. If there is "brittle" 
fracture as occurs with Perspex, a crack in a Mode II field propagates at an- 
gles between 60 and 70 ~ with respect to the parent crack [1,2]. In elastic ma- 
terials, this coincides with the direction of maximum tangential stress [2]. For 
elastic-plastic materials, finite element studies show that depending upon the 
strain hardening parameter, the maximum tensile stress direction is between 
70 and 83 ~ [3]. If, however, there is much plastic deformation ahead of the 
crack tip, resulting from high loads and/or  plane stress conditions, it is ob- 
served in the laboratory that cracks grow in a self-similar manner. This exper- 
imental phenomenon would seem to indicate that there is considerable void 
growth ahead of the crack which causes propagation in that direction. 

These two mechanisms, namely maximum tangential stress and void 
growth, compete in not only Mode II deformation but also Mode I for deter- 
mining crack propagation direction [4]. This direction is controlled by the 
behavior of the material at the crack tip. For Mode II, when elastic behavior 
is dominant, the crack propagates at angles between 60 and 80 ~ with respect 
to the parent crack as predicted by the maximum tensile stress criterion. 
When plasticity predominates, the crack propagates self-similarly by means 
of void growth. 

R. J. Buzzard  et al (authors'  c losure) - -The  authors wish to thank Dr. L. 
Banks-Sills for her discussion. We intend to perform a scanning electron mi- 
croscope study for void growth in the crack tip region. 
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ABSTRACT: A compact Mode II fracture specimen together with its loading frame is 
analyzed and tested. This system is a further development of an earlier circular Mode II 
fracture specimen presented by the authors. For fatigue precracking in two different load- 
ing configurations, formulas relating the Mode I stress intensity factor, applied load, and 
specimen geometry are developed. In order to determine Kuc from the fracture load, a 
relationship between Ku, the applied load, and specimen/loading frame geometry is ob- 
tained. All of these relations are calculated by means of the finite element method. 

These formulas are then employed to perform a series of Mode II fracture toughness 
tests with Perspex (also called Plexiglas or polymethyl methacrylate [PMMA]). The aver- 
age measured KIIe value was 0.94 MPa~mm. The KIr tests were performed with the compact 
tension specimen, yielding K~r = 1.06 MPax/m; thus K~c/Knc was found to be 1.127. In 
addition, crack propagation angles were found to be between 63 and 70 ~ . These results 
are compared with the maximum tangential stress and maximum tangential principal 
stress criteria. 

KEY WORDS: fracture, Mode II, fracture toughness, Perspex, polymethyl methacrylate 
(PMMA), fracture criteria, Mode II specimen 

Interest  in Mode II f racture testing has increased dur ing the last few years. 

Several specimens designed with the aim of measur ing Kiic have appeared in 
the l i terature [1-5]; each of these has various deficiencies. Their  main  short- 
coming is the absence of a un i form pure shear stress field before introduct ion 
of the crack; for a full discussion see Refs 6 and  7. 

The work described herein is a further  development  of earlier studies by the 
authors  [6-10], leading to a practical compact  specimen for Kuc testing. In  
Refs 6 to 10 a circular Mode II  specimen was analyzed and  tested, demon- 
strat ing the presence of a nearly uniform pure shear field before introduct ion 

1Senior Lecturer and Professor, respectively, Department of Mechanics, Materials, and Struc- 
tures, Faculty of Engineering, Tel-Aviv University, Ramat-Aviv, Tel-Aviv, Israel. 
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of the crack. It was further observed that all isostatics pass through this re- 
gion. These two characteristics define the significant region of the specimen. 
In addition, it was shown that for all cases considered, KI/Kn was less than 
0.025 [9,10], so that K1 may be neglected. Calibration formulas for fatigue 
precracking and fracture testing were determined. Tool steel and Perspex, 
both brittle materials, were tested [9,10] and KIIc values were determined. 

The new compact shear specimen in its loading frame is examined by 
means of photoelasticity. Calibration formulas required for fatigue precrack- 
ing and Knc determination are obtained from finite element analysis of the 
specimen. The testing procedure is described, and test results for Kk,  Knc 
and the crack propagation angle in Perspex are reported. These results are 
then compared with crack propagation theories. 

Speelmen 

The compact shear specimen is illustrated in Fig. la.  The lines marked CD 
are isostatic directors which function together with the isostatic directing con- 
tours of the loading frame. Forming an angle of 45 ~ with the vertical speci- 
men axis, these lines cause the isostatics to follow +__45 ~ directions through 
the significant region of the specimen. This region is located between DD and 

h 

+ 
h 

c c 

-_ d 2 > 

P 

( :lc  

P 

(o) (b) 

FIG. 1--(a) Compact shear specimen with crack o f  length a (W = 30 ram, 2b = 6 ram, dl = 
82 ram, d2 = 98 mm, d = 8 mm, h ----- 31 mm). (b) Loading frame (R1 --- 95 ram, R2 : 20 mm). 
The 45 ~ isostatic directors are located at CD in the specimen continuing at C' in the frame. 
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D D .  All the isostatics pass through this region at +_45 ~ with respect to the 
vertical axis, creating a nearly uniform pure shear field before crack introduc- 
tion. In order to induce these conditions, the compact shear specimen is em- 
ployed with the loading frame illustrated in Fig. lb. The load is applied as 
shown so that its position relative to the central vertical specimen axis, to- 
gether with the isostatic directing contours, creates the significant region. 

This region is examined by means of photoelasticity. Figure 2a is a photo- 
graph of an uneracked aluminum specimen attached to the loading frame 
constructed from ASSAB 705 steel (a Swedish steel similar to SAE 4337). 
This loading frame is employed in the subsequent studies. A photoelastic 
coating (PS-I,a Vishay Intertechnology product designation) applied to the 
aluminum specimen illustrates the region of constant Tma x. The 45 ~ isoclinic 
exhibited in Fig. 2b is produced in a Perspex specimen loaded in the loading 
frame. It may be noted that in the region of constant r . . . .  the directions of 
the principal stresses are oriented at angles of -+-45 ~ with respect to the verti- 
cal specimen axis. Thus Figs. 2a and 2b demonstrate the existence of a pure 
shear region before introduction of a crack. 

Finite Element Analysis 

In order to carry out fracture toughness testing with the compact shear 
specimen, Modes I and II calibration formulas are required, the former for 
precracking and the latter for Kuc determination. Because fatiguing the spec- 
imen in Mode II would, in many cases, cause the crack to turn out of its 
plane, the precracking procedure is performed under Mode I loading. In this 
way, the fatigue crack propagates in a self-similar manner, so that at failure 
the crack experiences only Mode II conditions. 

For all the finite element calculations, the square root singular stresses at 
the crack tip are modeled by means of four rectangular quarter-point eight- 
noded elements surrounding the crack tip. It has been shown that this ele- 
ment has a bounded strain energy and is square root singular in a region adja- 
cent to the crack tip [11]. Results accurate to at least 2% in Mode I and/or  
Mode II have been achieved by extrapolating the displacements on the crack 
faces to the crack tip [11,12]; that is, by employing the expressions 

K* = x /~ /~  v 2 - - v l  
r + l  x~r 

K *  --  " ~ #  u2 --  ul 
K + I  

(1) 

where ~ is the material shear modulus, r : 3 - 4v for plane strain and (3 - 
g)/(1 + g) for generalized plane stress, v is Poisson's ratio, r is the distance 
from the crack tip, u2 and Ul are the upper and lower crack face x-direction 
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displacements, respectively, and v2 and v] are the respective y-direction dis- 
placements (Fig. 3). Then 

Kl  = l im Kl* 
r--*O 

K n  = l imK* 
r--*O 

(2) 

The Mode I results are described first. Analysis was carried out for the two 
loading cases illustrated in Fig. 4. Because of the moment induced by the 
loading in Fig. 4b, a much larger KI is produced for equivalent applied loads. 
Since Perspex has a rather low fracture toughness in tension, a calibration 
formula is determined for the loading configuration in Fig. 4a. For complete- 
ness, a formula associated with Fig. 4b is also produced. This latter relation- 
ship may be employed with materials such as aluminum and steel, for which 
this loading configuration is more convenient. The mesh employed is exhib- 
ited in Fig. 5. Because of symmetry, only half of the specimen is analyzed. 
Thus there are only two distorted elements surrounding the crack tip. All ele- 
ments are eight-noded isoparametric elements. The loading is modeled as a 
point force located at the hole center, with the holes neglected. Finite element 

FIG. 3--Crack tip coordinates. 

D X  

P P 

P P 

to) (b) 

FIG. 4--Loading configurations of compact shear specimen for fatigue precracking. 
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FIG. 5--Finite element mesh of compact shear specimen for Mode I analysis. Darkened nodes 
indicate possible location for load application. 

calculations for 0.3 ___ a / W  <_ 0.7 at 0.1 intervals were carried out and a 
fourth-order polynomial fit through these points. For the loading in Fig. 4a: 

K[ B 
W t  

{23.09 -- 151.4(a/W) + 544.2(a/W) 2 

-- 845.0(a/I'V) 3 + 533.3(a/VV) 4} (3a) 

and for Fig. 4b: 

K I - -  
W t  

{5.528 -- 42.29(a/W) + 159.8(a/W) 2 

- -  2 S 4 . 1 ( a / W )  3 + 162.5(a/W) 4} (3b) 

where a is the crack length, W is the specimen width, and t is the specimen 
thickness (see Fig. la). These formulas are used in determining the applied 
load required for fatigue precracking the compact shear specimen. 
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After the notch is extended with a fatigue crack, the specimen is inserted 
into the loading frame (Fig. lb) and loaded to fracture. Then Kxk may be 
calculated from the recorded load at fracture. Thus a relationship between 
applied load and the stress intensity factor KH is required. To accomplish 
this, a finite element analysis of the loading frame and specimen is per- 
formed. In the calculation, the values of E and v for both the steel loading 
frame (E = 206 GPa, v = 0.3) and the Perspex specimen (E = 3.4 GPa, v = 
0.39) are employed. The finite element mesh of the loading frame/specimen 
assembly is shown in Fig. 6. In the finite element model, the two structures do 
not overlap, so that the analyzed structure is slightly less stiff than the actual 
one. Moreover, some unpublished studies show that changing the relative 
stiffness of loading frame and specimen affect KI rather than K~x. It may be 
concluded that neglecting this extra material should not affect the relation- 
ship between Kn and the applied force P. The connection between the speci- 
men and loading frame is through the six darkened nodes shown in Fig. 6; 
that is, the pins are modeled as point forces again with the holes neglected. 
Other studies will be carried out to examine the effect of this form of model- 
ing. As with Eqs 3a and 3b, calculations for 0.3 < a / W  < 0.7 were per- 
formed at intervals of 0.1 and a fourth-order polynomial fit through the 
results, yielding 

FIG. 6--Finite element mesh of compact shear specimen and loading frame for Mode H analy- 
sis. Darkened nodes indicate connection between the two structures. 
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K n - -  
W t  

- -  {0.882 -- 0.795(a/W) -- 0.131(a/W) 2 

-- 2 .063(a /W)  3 + 3.421(a/B04} (4) 

Values of K~ were also calculated at each interval and seen to be less than 
0.3% of Kn.  In previous results obtained for the circular specimen, K~/K~x 
was less than 2.5% [10]. Note in that ease, as well as in the present study, KI 
was found to be negative, indicating a slight closing of the crack. These new 
results demonstrate that there is a negligibly small K~ for a loading frame/ 
specimen assembly when the loading frame is much stiffer than the specimen. 
Hence in this ease an even better Mode II fracture specimen is obtained. 

To determine if Eq 4 is material dependent, similar calculations employing 
the mesh of Fig. 6 were performed for a loading frame/specimen assembly of 
the same material. The relative thickness of each was considered. The result- 
ing relationship between KH and P was determined to be 

P~f~-a 
K I I  - -  _ _  

Wt 
{1.006 -- 0.313(a/W) + 3.344(a /W)  2 

-- 6.691(a/W) 3 + S.649(a/W) 4} (S) 

Equations 4 and 5 are plotted on the same graph and exhibited in Fig. 7. The 
largest difference of 2% occurs for an a / W  of 0.3, decreasing to less than 
0.1% as a~ W increases. Hence it may be concluded that either Eq 4 or 5 may 
be employed for all material combinations of the loading frame and speci- 
men, and that there is no need for a special formula for each material tested. 

Testing 

Both Kit and K I I  c testing of Perspex was performed. Following ASTM Test 
for Plane-Strain Fracture Toughness Testing of Metallic Materials (E 399), 
four compact tension specimens were tested. The crack opening displacement 
(COD) gage that was employed exerts approximately 14.5 N on the specimen 
at fracture. Since this force is approximately 5% of the fracture load, the Kit 
values were adjusted. To this end, the stress intensity factor for the geometry 
in Fig. 8 was employed [13]. With a force of 14.5 N, KI was calculated and 
superposed with the value of Kic calculated for a compact tension specimen 
(Table 1). The average corrected Kxc value was determined as 1.062 MPaxfm-. 

Tests to determine the yield stress (Cry) were also performed. As previously 
observed [10], the yield stress and ultimate stress are indistinguishable. The 
average from three tests showed an order of magnitude value for the ultimate 
stress to be 50 MPa. In accordance with ASTM E 399, a minimum specimen 
thickness was determined as 1.2 mm. All specimens were of 10 mm nominal 
thickness. 
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FIG, 7--Comparison of Ku versus crack length for specimen and loading frame composed of 
identical and different materials. 
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FIG.  8--Geometry employed to evaluate effect of COD upon Klc. 

The procedure for K n c  testing followed as closely as possible that for KIc 
testing. Specimen dimensions are shown in Fig. la. Chevron notches 1 mm 
thick were inserted into the Perspex specimens. Employing Eq 3a, appropri- 
ate for the loading configuration in Fig. 4a, fatigue precracking was per- 
formed in two stages. In the first stage, the stress intensity factor was less than 
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TABLE 1--Mode I test results for Perspex. 

W, a, t, PQ, KIr Klc,* 
Specimen mm mm mm kN M P a - , / m  M P a ~  

121 P 59.9 27.8 9.63 0.258 0.963 1,033 
122 P 60.1 30.0 9.67 0.238 0.964 1.043 
130 P 59.6 27.4 9.71 0.278 1,004 1,073 
131 P 59.4 27.5 9.70 0.281 1.029 1.098 

*KI~ values corrected for load exerted by COD. 

0.8 Kxc, and  in the second less t han  0.6 Kxc, unt i l  the final crack length a was 
reached (Table 2). The crack length was measured after fracture as pre- 
scribed in A S T M  E 399 at three locations along the crack front  (in the center 
and  at one fourth the thickness from each end).  Good fatigue precracks could 
be a t ta ined from the chevron starter notch. Difficulties were encountered 
when V-starter notches were employed, so that  this type of notch was not 
pursued.  

After complet ion of the precracking procedure, the specimen was inserted 
into the loading frame (as in Fig. 2a). Note the restraining devices at points Q1 
and  Q2 in Fig. l b ;  these are employed to prevent the slight out-of-plane ten- 
deney. The crack opening displacement  gage has been adapted here for mea- 
suring, in this ease, the relative crack face sliding. The "knife  edges" em- 
ployed in this applicat ion are exhibited in Fig. 9a; Fig. 9b illustrates the 
p lacement  of the knife edges relative to the crack. Note that  the placement  of 
this device is just  beh ind  the fat igue precraek so that  it will not  interfere with 
the fracture process. 

TABLE 2--Mode H test results for Perspex. 

W, a, t, PQ, Kilo, Kllc ,* 
Specimen mm mm mm kN M P a x / m  MPa,,/m c~ 

115 P 30.4 15.4 9.57 1.00 0.910 0.923 
116 P 30.4 16.5 9.59 --66.3 ~ 
117 P 30.3 15.5 9.58 1".08 01991 1 Jr)05 --66.3 ~ 
118 P 30.3 15.1 9.59 0.98 0.888* . . .  --69.7 ~ 
119 P 30.4 15.2 9 . 5 7  . . . . . .  .__ --67.7 ~ 
120 P 30.3 15.6 9.58 1.00 0.924 t .__ --66.3 ~ 
123 P 30.3 16.4 9.61 0.85 0.820 0.835 
124 P 30.3 15.2 9.65 0.90 0.810 t . . .  --64.3 ~ 
125 P 30.3 15.1 9.67 1.04 0.930 0.944 --62.7 ~ 
126 P 30.3 15.6 9.65 0.98 0.902 0.916 --63.0 ~ 
127 P 30.3 15.1 9.60 1.17 1.050 1.064 --66.0 ~ 
128 P 30.3 15.5 9.61 0.97 0.890 0.904 --64.7 ~ 

*KIIe values corrected for load exerted by COD. 
*Invalid test results; Pmax/Po > 1.1. 
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(a) 

(b) 

FIG. 9--(a) Knife edges for compact shear specimen. (b) Location of these on the specimen 
indicated by cross-hatch. 

The specimens were fractured and a load-displacement graph recorded. 
All records were similar to the one shown in Fig. 10 which is a Type I record. 
As shown in Fig. 10 and following ASTM E 399, the load PQ was determined 
at the point of intersection of the load-displacement curve and the line whose 
slope is 95% of that of the tangent to the linear portion of the load-displace- 
ment record. Perhaps reconsideration of the method of determining PQ is re- 
quired for K.c  testing; after more experience is gained in testing metals, this 
should be possible. In the Mode II testing, the force exerted on the crack by 
the COD gage is between 1 and 2% of the fracture load. Since it is nearly on 
the load line, it was added to PQ; the small couple resulting from the distance 
between the knife edges and the crack was neglected. Values of Kik corrected 
for this additional force (15 N) are exhibited in Table 2. For an experiment in 
which the crack length and load met all requirements for a valid Mode I test, 
Klic was determined by means of the calibration formula in Eq 4. Several 
invalid results appear in Table 2; in those cases, the ratioPmax/PQ > 1.1. The 
average Ki1 c value from the seven valid experiments is 0.94 MPa~m-. Thus 
Kle/Klie is 1.127. 

Also exhibited in Table 2 is the angle at which the crack propagated rela- 
tive to the original crack. This angle was measured by a Nikon comparator of 
20 • magnification at three locations along the crack front: at the intersec- 
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FIG. lO--Load-displacement record of a Mode H fracture toughness test. 

tion of the specimen surfaces and the crack front and at the maximum crack 
length along the crack front. Those values appearing in Table 2 are the aver- 
age of these three values. 

Discussion 

In this section theoretical models for the propagation of cracks under 
mixed-mode loading in brittle materials based on the maximum tangential 
stress [14] are discussed, and comparison of Kiic measurements and crack 
propagation angles c~ made with these theories. Mode II is viewed as a special 
case of mixed-mode fracture. 

In 1963, Erdogan and Sih [14] proposed that a crack propagates along a 
ray extending from the crack tip (Fig. 3) on which aoo is maximum. Employ- 
ing the first term in the Irwin-Williams expansion with Oaoo/O0 = 0, they 
found the angle of propagation a to satisfy 

KI sin ot + Kn(3 cos ot -- 1) = 0 (6) 

This result was also established in Ref 15 from energy considerations. Equa- 
tion 6 implies that not only Oaoo/O0 ---- 0 (i.e., aoo is the maximum tangential 
stress), but also arO = 0 (see Eqs 22 and 23 in the Appendix); thus aoo is also 
the maximum principal tangential stress. Note that only the singular term of 
O(r -1/2) is considered. Moreover, in Refs 14 and 15, it was proposed that the 
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crack propagates when ooo(O = o~) = o~r (a critical value of the stress) or 
equivalently 

1 
KIc ----- ~- cos(a/2) [KI(1 + cos o~) -- 3Kn sin o~] (7) 

Since only Mode II deformation is being considered, KI = 0; thus Eqs 6 and 7 
imply 

a = --70.5 ~ (8a) 

a n d  

K1c = 1.15 KII c ( 8 b )  

It has been pointed out [16,17] that it is insufficient to consider only the 
singular term in the stress expansion. If the next order non-zero term is in- 
cluded, it may be seen from Eq 24 that a maximum tangential stress occurs 
when 

cos -~- + 3 cos -- -~- cos -~- -- 5 cos = 0 (9) 

The angle of crack propagation a, as determined from Eq 9, depends on the 
distance r/a, at which it is measured from the crack tip. It may be further 
observed from Eq 22 that Or0 is not zero at this angle (i.e., o00 is not a principal 
stress). Hence as suggested in Ref 18, it is also possible to predict the crack 
propagation angle as the root of arO = 0 or 

c o s  ~ + 3 c o s  - ~ -  c o s  ~ - 5 c o s  = 0 (10) 

The criterion of Eq 10 implies that crack propagation occurs along the direc- 
tion of pure Mode I deformation [19]. For several values of r/a, crack propa- 
gation angles are calculated and exhibited in Table 3. 

Employing these angles, a relationship between Klc and KHc may be deter- 
mined. Rewriting Eq 21 as 

_ 3Kn I _ ( s i n O + s i n _ ~  ) 5 r . 0 
aoo 4 2x/~r + -~- ( a ) (S ln  ~ -- sin - ~ )  1 (11) 

implies that 

KIe = /~ KIIe (12a) 
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T A B L E  3--Crack propagation angle ~ and ratio o f  Mode I and 
Mode H fracture toughnesses f3 at several distances r /a  f rom the 

crack tip. 

a~o = 0 Oaoo/aO = 0 

r/a a 13 a 13 

0.01 - -70 .0  ~ 1.150 - -69 .6  ~ 1.150 
0.03 - -68 .9  ~ 1.142 - -67 .9  ~ 1.142 
0.05 - -67 .9  ~ 1.135 - -66 .1  ~ 1.136 
0.07 - -66 .8  ~ 1.130 - -64 .6  ~ 1.131 
0.09 - -65 .8  ~ 1.125 - -63 .0  ~ 1.128 

where 

/ 3 = ~  - +sin + ~  sin-~--sin (12b) 

Values of/3 are also exhibited in Table 3 corresponding to values of c~ calcu- 
lated fo r the  maximum tangential stress (Eq 9) and the principal tangential 
stress (Eq 10). Comparison of the two theories shows only slight differences 
between the angle of crack propagation ~ as well as the ratio/~ of KJKur 

Consideration of the experimental results in Table 2 shows measured val- 
ues of ~ to be compatible with either of the requirements Oaoo/OO = 0 or o,0 = 
0 when measurement is made at some small distance from the crack tip. In 
addition, the ratio of the average K~c and K I I  c values from Tables 1 and 2 
yields 1.127, a value somewhat lower but still consistent with those ratios 
shown in Table 3. Perhaps for a more precise correlation, the coefficients of 
each term of the asymptotic expansions in Eqs 9, 10, and 12b should be deter- 
mined from the finite element analysis of the compact shear specimen, rather 
than from consideration of an infinite plate with a far field uniform applied 
shear stress as is carried out in the Appendix. Nonetheless, the experimental 
and analytical results tend to support each other. On the other hand, from 
these experimental results, it does not appear possible to discern between the 
two different mechanisms of crack growth, namely crack propagation per- 
pendicular to the direction of maximum tangential stress (0ooo/00 = 0) or in 
the direction of Mode I conditions (~rr0 = 0). Indeed either one seems a logical 
candidate for a crack propagation theory of brittle materials from a physical 
as well as an experimental viewpoint. 

Conclusions 

A Mode 11 compact specimen and its loading frame have been presented. 
Photoelastic verification of a pure shear region in the specimen before crack 
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introduction was carried out. Calibration formulas for Mode I fatigue pre- 
cracking of the specimen, as well as a relationship between Kn and the ap- 
plied fracture load, were determined. The relationship is universal in that  it 
applies for all material combinations of loading frame and specimen. Mode I 
and Mode II  fracture toughness experiments on Perspex were performed. 
Employing the compact shear specimen presented here, an average Knc value 
of 0.94 MPax/m was determined. In addition, an average KIr value was deter- 
mined as 1.06 MPax/m, so that  KIJKIIc was found to be 1.127. The average 
measured crack propagation angle was found to be 65.7 ~ . Both the experi- 
mentally determined K i c / K n c  ratio and the crack propagation angle a con- 
form to analytically obtained values of these quantities from assumptions that  
in brittle material crack propagation occurs either perpendicular to the direc- 
tion of max imum tangential stress or in the direction of Mode I conditions. 
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APPENDIX 

An asymptotic expansion for the stresses surrounding a crack tip with a remotely 
applied pure shear field (Fig. 11) is developed in order to discuss crack propagation 
theories. Following Refs 17 and 20, the solution may be developed from complex vari- 
able theory. The pair of holomorphic functions which represents a solution to the 
problem is given as 

ir z ir 
@(z) = ~a'(z) = + - -  (13) 2 (z 2 - -  a2 )  1/2 2 

1[" 

T 
- Q  O 

F I G .  1 1 - - C e n t r a l  crack in an infinite plate with a pure shear stress applied far  from the crack. 
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ir z ir 
f~(z) -- (14) 2 (z 2 -- a2) 1/2 2 

In terms of the functions cI,(z) and ~(z), the stress components may be written as [20] 

~ x  + % = 2 [~ (z ,  + ~ ( z ) l  

(oyy --  axx) + 2iOxy = 2[(~ -- z)~'(z) + fl(z) -- ~(z)] 

To expand these equations near the crack tip x : a, take 

z --  a =- ~ = re i~ 

(lS) 

(16) 

(17) 

so that 

Icb(~')l----2--X/2-iz I ( ~ )  - 1 / 2 _  + 3 ( ~ )  1/2 + "'" + 1  iz (18, 

Consideration of Eqs 15 to 18 yields 

0 
axx + ayy = --x/2-z sin 2 4 sin (19) 

and 

~176176176176 2 

4 ~ I s i n ~ _ 3  0 ( l + c o s E O ) - - i c o s O ( l + s i n 2 0 ) l  I (20, 

For our purposes, only terms up to 0(r 1/2) are retained. 
From stress transformation equations, stresses of interest aoo and aro are determined 

a s  

3 X ~ - I  ~ r (  0 ~0_) 5 ~ a r (  0 sin - ~ )  1 (21) o00 -- 8 z -- sin-~- + sin + -~- sin-~- -- 

and 

or0 = 8 ( N  r cos 7 + 3 eos - T cos ~- - s cos (22) 

Note 

0 30 0 
cos- -  + 3 c o s - -  = 2 cos - - (3  cos 0 - 1) (23) 

2 2 2 
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Finally, the maximum value of o00 may be found from 

- -  T - -  C O S  - -  

#0 16 2 

+ -~- cos  - -  5 cos  = 0 (24)  
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Influence of Partial Unloadings 
Range on the Jx-R Curves of ASTM 
A106 and 3-Ni Steels 
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Wilhem, W. A. Andrews, and J. C. Newman, Eds., American Society for Testing and 
Materials, Philadelphia, 1986, pp. 364-378. 

ABSTRACT: An investigation was performed to evaluate the effects of elastic unloadings 
on the J-integral-resistance curves of ASTM A106 Class C steel and 3-Ni steels. Compact 
specimens (1T) were tested using (1) the multispecimen technique, (2) the direct-current 
potential drop technique, and (3) an elastic unloading compliance technique with unload- 
ings ranging from 10 to 90%. The two former techniques were 0% unloading procedures 
used to generate the reference J-R curves. These reference curves were compared with J-R 
curves obtained using elastic unloading for the two steels. Results indicated that use of the 
elastic unloading compliance technique caused no significant difference in the J-R 
c u r v e s .  

KEY WORDS. J-integral, resistance curves, single-specimen tests, multispecimen test, 
direct-current potential drop, elastic unloading compliance, deep unloadings, J-R curves, 
testing techniques 

Sui table  p rocedures  for tes t ing f rac ture  toughness  play an integral  pa r t  in 
evaluat ing  and  qual i fying ma te r i a l s  for nuclear  pressure  vessel piping.  The 
test  p rocedure  for  de t e rmin ing  the  p lane-s t ra in  f rac ture  toughness ,  K~c, is 
widely accep ted  and  well documen ted  (ASTM Test  for P lane-S t ra in  Frac ture  
Toughness  of Meta l l ic  Mate r i a l s  [E 399]). This f rac ture  mechanics  concept  
has also been  used to charac te r ize  high-cycle fa t igue crack growth (ASTM 
Test  for  C o n s t a n t - L o a d - A m p l i t u d e  Fa t igue  Crack  Growth  Rates  Above 
10 -8 m Cycle [E 647]). However,  in the  design and  const ruct ion of many  mod- 
ern s t ructures  the  elast ic  a s sumpt ions  are violated,  which precludes  the  appli-  

1Research Metallurgist, David Taylor Naval Ship R&D Center, Bethesda, MD 20084. 
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cation of linear elastic fracture mechanics in characterization of the fatigue 
and fracture response. Instead, the behavior of these ductile alloys must be 
analyzed in terms of elastic-plastic fracture mechanics concepts. 

The J-integral test procedure (ASTM Test for J~c, A Measure of Fracture 
Toughness [E 813]) is a widely used and accepted method for measuring frac- 
ture toughness under elastic-plastic conditions. Rice [1] developed the J- 
integral and showed its relationship to crack initiation. Later Hutchinson and 
Paris [2] and Ernst et al [3] extended this concept to account for growing 
cracks. 

These developments with regard to the J-integral were based on deforma- 
tion theory plasticity. This is a nonlinear elastic theory; one restriction to its 
use is that unloading is not permitted. Unloading can be produced by two 
different sources. 

The first source of an unloading effect results from partial unloading of the 
specimen during a test, thereby elastically unloading elements near the crack 
tip which have already experienced plastic (or assumed nonlinear elastic) 
loading. If the nominal elastic unloadings are large enough, the material near 
the crack tip might even experience some plastic unloading which would 
result in some significant hysteresis. This case was treated analytically by 
Clarke et al [4] and calculated to be negligible for 10% elastic unloadings. 
These calculations were performed using the argument that the plastic zone 
size resulting from the AK of a small elastic unload would be much smaller 
than the fracture process zone size in a J-integral test. This effect and possible 
fatigue crack growth interactions were investigated in this study. 

The second source of unloading occurs only to the elements in the wake of a 
growing crack. This effect has been discussed by Hutchinson and Paris [2]. 
Although it may produce a significant cumulative effect on the J-R curve, we 
did not address it in this study. 

As first introduced, the J-integral test procedure consisted of a minimum 
of four specimens that were individually loaded to produce varying amounts 
of crack extension, after which they were heat tinted to mark the crack exten- 
sion and then pulled to failure so the crack length could be measured. The 
J-integral was estimated from the area under the load versus load-point- 
displacement diagram for each specimen. Finally, extrapolation of a least- 
squares fit of the data to the blunting line was used to determine the critical 
value of J for crack initiation under plane strain, J~c. 

The multispecimen test is costly and time consuming. Clarke et al [4] pro- 
posed a method for determining Jic from a single specimen. They measured 
crack extension repeatedly during the test by partially unloading the speci- 
men to determine the elastic compliance. Elastic compliance, the reciprocal 
of the unloading slope, was compared with a calibration curve expression to 
estimate the crack length. Thus the single specimen with many elastic un- 
loadings replaced the more time-intensive multispecimen test. This is the pro- 
cedure presented in the Annex of ASTM E 813. 
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The foregoing work pertained to the determination of J for crack initiation 
Jic. The J-integral has also been thought to have a role during crack growth. 
This led to the use of the J-Resistance (J-R) curve in evaluating a material's 
tearing resistance. Paris et al [5] defined a tearing (T) modulus in terms of 
the J-R curve and proposed an instability theory which stated that a flawed 
member will tear stably until the material tearing modulus is exceeded. At 
that point, tearing instability will occur. More recently, Paris [6] developed a 
crack stability criterion which uses a J versus T plot to diagrammatically 
present conditions that  will lead to crack instability in a material. This 
method has been used to assess the safety of nuclear reactor pressure vessels. 
Tearing instability concepts are strongly dependent on the J-R curve charac- 
terization for a specific material. 

The significance of approaching safety assessment with the J-T diagram 
underlines the importance of developing an accurate J-R curve for character- 
izing a material. Two concerns have been noted with respect to use of the 
single-specimen test procedure to establish the J-R curve. Firstly, the restric- 
tion from deformation theory plasticity states that unloading is not permitted. 
The concern arises as to whether the elastic unloading of the single specimen 
is a significant violation, and what its possible effects are on the J-R curve. As 
mentioned earlier, Clarke et al [4] treated the question analytically, not ex- 
perimentally, for the material investigated in their study. 

Secondly, Landes and McCabe [ 7] studied the effect of load history on the 
J-R curve of HY-130 and ASTM A508 Class 2 steels. They applied 13 to 75 
individual cycles of plastic loading and plastic unloading to produce a J-R 
curve from 1T compact specimens of the materials. These curves were com- 
pared with J-R curves generated with 10 % elastic unloading compliance tech- 
niques. Cyclic loading had no effect on the J-R curve for HY-130 steel, but 
significantly reduced the J-R curve of the ASTM 508 Class 2 steel. The first 
type of behavior was labeled "R-curve-dominated crack growth"; the second 
type was called "cyclic-dominated crack growth". The authors did not as- 
cribe the observed behavior to some material property. They attributed the 
difference in the behavior of the two steels to results of the relationship be- 
tween the size of the cyclic loops and the overall monotonic toughness of the 
two steels. In a similar study on a modified 4340 steel, Landes and Leax [8] 
also reported "R-curve-dominated crack growth". Their  tests were per- 
formed by applying 7 to 45 complete cycles of unstated size to 1T compact 
specimens during a J-integral elastic unloading compliance test. 

Our objective was to establish the effect of elastic unloadings on the J-R 
curve of ASTM A106 Class C steel and 3-Ni steel. To study the effects, J-R 
curves were generated in which the elastic unloading was the parameter var- 
ied, ranging from 0 to 90%. J-R curve tests using multispecimen and direct- 
current potential drop (DCPD) test techniques represented the 0% unload- 
ings. These J-R curves were compared with results from elastic unloading 
compliance tests in which unloadings ranged from 10 to 90%. 
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Although alternative methods exist for J-R curve testing (namely DCPD, 
ACPD, and the dual-gage procedure of Andrews [9], the unloading compli- 
ance single specimen method is widely utilized. Its effect on the J-R curve 
must be known and understood if the J-R curve is to be properly used. 

Materials 

This investigation was conducted using two different steels, ASTM A106 
Class C steel and a 3-Ni steel. The chemical analysis for these steels is shown in 
Table 1. The A106 Class C steel was received in the form of pipe with 98-mm 
(37/8-in.) thick wall, 2 and all specimens were tested at 135~ (275~ to ensure 
full upper shelf fracture response. The 3-Ni steel was procured as 25.4-mm 
(1-in.)-thick plate. The mechanical properties for both materials are pre- 
sented in Table 2. All specimens tested were of the modified compact 1T ge- 
ometry with 20% side grooves (Fig. 1). The ASTM A106 specimens were fab- 
ricated in the L-C orientation (the longitudinal axis of the pipe is the direction 
normal to the crack plane and the circumferential direction is the direction of 
crack propagation). The 3-Ni specimens were of the T-L orientation (the 
transverse direction is normal to the crack plane and the crack is propagating 
in the longitudinal direction). All specimens were precracked as prescribed in 
ASTM E 399 so that  the ratio of crack length to specimen depth ( a / W )  was 
0.65. 

Test Procedures 

The test arrangement used in this study was detailed by Joyce and Gudas 
[ 10] and can be described as a computer-interactive procedure in which digi- 
tized load-displacement data are analyzed during testing. To evaluate the un- 
loading effects, four distinct tests were conducted: (1) a series of multispeci- 
men tests; (2) single-specimen tests in which the amount of elastic unloading 
was kept at 10 to 15%; (3) single-specimen tests in which the unloading 
ranged from 30 to 90% (called "deep elastic unloading"); and (4) direct-cur- 

TABLE 1-- Chemical composition of materials tested. 

Chemical Constituents, wt% 

Material C S P Si Ni Mn Cr Mo 

ASTM A106 
Class C steel 0.26 0.017 0.028 0.22 0.26 0.90 0.11 

3-Ni steel 0.15 0.014 0.010 0.21 2.70 0.34 1.26 0.23 

2Original measurements were made in inch-pound units. 
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TABLE 2-- Mechanical properties of materials tested. 

Material 

Ultimate 
0.2% Yield Tensile 
Strength, Strength, 

MPa MPa Elongation in 
(ksi) (ksi) 50 mm, % 

Reduction 
in Area, % 

ASTM AI06 Class C steel 317 503 28 72 
(45.0) (72) 

3-Ni steel 582 708 27 68 
(83.5) (101.5) 

0.500" L ~  
(12.7 mm) 

POTENTIAL DROP \ 2Y OUTPUTS IN P U T ~ _ ~ ~  

1 \.!i fill 
2Y = 1.1875" 130.2 ram) 
W = 2.0 H 150.8 mini 

FIG. 1--Modified IT compact specimen. 

2.4" (60.1 rnm) 

rent potential drop (DCPD) tests, which represented zero-unloading of a 
specimen. For the 10% unloading tests and the deep unloading tests, the 
compliance calibration expression of Saxena and Hudak  [I1] was used to es- 
t imate crack length at each unloading. 

The formula  for calculating J in all four test cases is the Merkle-Corten 
equation [12] as modified by Clarke and Landes [13]: 

~A j - -  
Bb 

where 

/3 = 2 [ ( l + a ) / ( l + o t 2 ) ] ,  
= [(2 a/b)2+2(2 a/b)  + 2] 1/2 --  (2 (a/b) + 1), 

A = area under  the load-displacement curve, 
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SUTTON AND VASSILAROS ON PARTIAL UNLOADINGS RANGE 369 

B = net specimen thickness, 
b = remaining ligament, and 
a = crack length. 

This expression Was selected as the basis for comparison because it consists of 
both bending and tension components and because it does not have the crack 
growth correction terms found in the more recent single-specimen formula- 
tion [3]. The crack-growth-corrected expression of Ernst et al [3] is difficult 
to apply to results of a multispecimen J test. Since all specimens tested in this 
task had the same crack length, we believe that the crack-growth-corrected J 
expression would not significantly change the differences in J-R curves. 

The value of J at the initiation of crack growth, Jir was determined for the 
multispecimen and single-specimen elastic unloading tests by computing the 
intersection point of the blunting line (J = 2 ay. Aa, where ay is flow stress and 
Aa is crack extension) and the least-squares fit of the data points that are at 
least 0.15 mm (0.006 in.) beyond the blunting line but do not exceed 1.5 mm 
(0.060 in.) of crack extension as measured from the blunting line. The tearing 
modulus, T, was calculated for the same range of crack extension as above by 
using the expression 

dJi E 
T = - - . _ _  

da % 

where 

dJllda = least-squares linear regression slope of Ji versus crack extension 
curve, 

E = elastic modulus, and 
Oy = flow stress = (Oys + Outs)/2. 

Multispecimen Tests 

Ten specimens of the 3-Ni steel and nine specimens of the A106 steel were 
used in the multispecimen technique. The program in the on-line computer 
was modified to print the area and corresponding approximation of 3" on the 
monitor screen as it integrated the area under the load-displacement curve 
during the test. Instead of unloading the specimen at selected different levels 
of clip-gage displacement, these specimens were unloaded at various values of 
applied J. After testing, all specimens were first heat tinted at 370~ (700~ 
to mark the maximum crack extension and then broken open at liquid nitro- 
gen temperature. The initial and final crack lengths were determined using 
the eight-point technique of ASTM E 813. These measured crack lengths 
were used in the evaluation of the J-integral. 
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370 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

Single Specimen Tests: 10% Elastic Unloading 

The single-specimen unloading compliance procedure of Joyce and Gudas 
[10] was followed, in which periodic partial unloadings were made during the 
test to determine crack size. The unloadings were on the order of 10 to 15% of 
the maximum load; a sample load-displacement record for such a test is 
shown in Fig. 2. 

Single Specimen Tests: Deep Elastic Unloading 

The single specimen unloading compliance procedure [10] was again used. 
Typical load-displacement traces are presented in Fig. 2 for 55 and 90% un- 
loading. The desired amount of unloading was decided before the test and 
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FIG. 2--Sample load displacement record (load versus crack opening displacement (COD)) 
for single-specimen tests with 10, 55, and 90% unloading. 
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then applied at each unloading, with the limitation that the load would not be 
allowed to fall below 2.22 kN (500 lb) so as to prevent possible movement of 
the loading pins. The actual percent unloading was computed after the test by 
dividing the unloading range by the maximum load achieved during the test. 
Figure 3 shows the hysteresis loop obtained in one deep unloading cycle. The 
data used in the compliance expression to determine crack length were from 
the high density data acquired in the first 10% of the unloading, so that this 
result could be compared with results of the single-specimen 10% unloading 
tests. Only data from the unload were used for crack length estimation. 

Direct-Current Potential Drop 

Specimens of each material were tested using the direct-current potential 
drop (DCPD) technique. This procedure is based on a correlation between 
changes in electrical potential and changes in ligament area. Johnson [14] 
showed that a theoretical expression can correlate potential drop with crack 
length, and that this expression is sensitive only to specimen depth (HI) and 
the location on the specimen of current inputs and potential outputs. Lowes 
and Fearnehough [15] observed that the plot of crack opening displacement 
versus potential will be linear to the point of crack initiation, and that devia- 
tion from linearity can be used to predict crack initiation. For the placement 
of current and potential leads shown in Fig. 1, Vassilaros and Hackett [16] 
experimentally established the expression 
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372 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

P = (1.5 • al W )  2'9 -~- 0.605 

over a range of crack lengths (a/W) from 0.6 to 0.8. 
After each individual test, the specimen was heat tinted and then broken 

open at liquid nitrogen temperature. The initial and fina ! crack lengths were 
measured on the fracture surface using the eight-point method. 

Unloading Effect on the J-R Curve 

Multispecimen Test Results 

The results for the nine A106 steel specimens tested for the multispecimen 
J-resistance curve are shown as numbered filled triangles in Fig. 4. In every 
case there was measurable crack extension, which ranged from 0.229 to 3.531 
mm (0.009 to 0.139 in.). Specimens 3 to 7 are in the ASTM-specified range of 
0.15 to 1.50 mm (0.006 to 0.060 in.) from the blunting line (shown as offset 
lines in Fig. 4), and using the analysis of ASTM E 813 results in a Jic of 268 
kJ/m 2 (1531 in . - lb / in .  2) and a tearing modulus of 233. 

Figure 5 shows the multispecimen test results for the ten specimens of 3-Ni 
steel. For the first data point of Fig. 5 there was no measurable crack exten- 
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FIG. 4--Comparison of J-R curves for ASTM Al06 Class C steel: the multispecimen test; the 
two single-specimen, 10% elastic unloading compliance tests: and the direct-current potential 
drop test. 
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FIG. 5--Comparison of J-R curves for  3-Ni steel: the multispecimen test; two single-speci- 
men, 10% elastic unloading compliance tests; and the direct-current potential drop test. 

sion, while the remaining nine specimens had measurable crack extension 
ranging from 0.178 to 2.769 mm (0.007 to 0.109 in.). The Ji~ for the multispe- 
cimen results is 178 kJ/m 2 (1016 in.-lb/in.  2) and the tearing modulus is 42.5. 

10% Compliance Unloading Results 

Figure 4 presents the results of single-specimen tests of ASTM A106 steel 
with nominal 10% unloadings for crack length estimation by compliance, 
and compares these results with the results of the multispecimen tests. The 
single-specimen and multispecimen results are in good agreement. The calcu- 
lated J]c values for the two single specimens presented in Fig. 4 are 309 kJ/m 2 
and 236 kJ /m z (1766 and 1347 in.-lb/in.2); tearing modulus values are 206 
and 243. These values for Jic and T bound the multispecimen results, and the 
average Jic for the 10% unloading is 272 kJ /m 2 (1556 in.-lb/in.2), which is in 
good agreement with the multispecimen data. 

Figure 5 compares the multispecimen results for the 3-Ni steel with results 
from the 10% compliance unloading tests of single specimens. There is good 
agreement in the J-R curves, especially in the indicated ASTM range of 0.15 
to 1.5 mm. (0.006 to 0.060 in.). Theaverage Jic of 166 kJ/m 2 (950 in.-lb/in. 2) 
is slightly lower, while the tearing modulus average of 44.5 is slightly higher, 
than in the multispecimen results. 
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374 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

Deep Compliance Unloading Results 

Results for single-specimen tests in which the unloading for A106 steel 
ranged from 35 to 90% of the maximum load are presented in Fig. 6. There 
appear to be two distinct sets of J-R curve results in this figure; however, there 
is no discernible pattern to the behavior. The lower group of data represents 
35, 50, and two 90% unloading tests, while the upper group is from 70 and 
90% unloading tests. Since no trend showed up in the results, this scatter can 
probably be attributed to material variability. This assumption is reasonable 
considering that these specimens were fabricated from pipe with a wall thick- 
ness of 98 mm (3% in.) 

The Jlc and T values for the deep elastic unloading, single-specimen tests 
are given in Table 3. The Jlc values range from 222 to 299 kJ /m 2 (1266 to 1708 
in.-lb/inS), generally lower than the multispecimen results. Looking at the 
band of J-R curves in Fig. 6, the range of J at 2.5 mm (0.100 in.) of crack 
extension is 753 kJ /m 2 (4300 in.-lb/in.2)+ 10%, which is within the typical 
spread for J-R tests. 

Figure 6 compares the 10% elastic unloading results with the deep unload- 
ing tests. Agreement is good among the curves, with the deep unloading 
curves being slightly higher. This is not interpreted as an effect of unloading. 
As in Landes and co-workers' work [7, 8], an effect of unloading or cycling 
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FIG. 6--  Comparison of J-R curves for ASTM AI06 steel: results from single-specimen. 10% 
unloading and deep unloading compliance tests. 
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TABLE 3--J and T results for multi- and single-specimen tests of At06 Class C steel 
at 135~ (275~ 

JIc 
Specimen/Test kJ/m 2 (in.-lb/in. 2) T 

Multispecimen 268 (1531) 233 
10% Elastic Unloading 

FOP 520 309 (1766) 206 
FOP 523 236 (1347) 243 

35% Elastic Unloading 
FOP 32 233 (1333) 270 

50% Elastic Unloading 
FOP 66A 229 (1306) 292 

70% Elastic Unloading 
FOP 68A 299 (1708) 326 

90% Elastic Unloading 
FOP S4A 224 (1281) 273 
FOP 69A 222 (1266) 278 
FOP 70A 232 (1328) 378 

would manifest itself in a shift of the resistance curve to the right and down, 
which is not the case here. 

Figure 7 presents the results of single-specimen J-integral tests for 3-Ni 
steel performed with the partial unloading compliance range of 10 to 90%. 
The 10% elastic unloading results are in the middle of the range of J-R 

curves, and over the first 1.5 m m  (0.060 in.) of crack extension the J-R curves 
are within a tight band.  The range of J at 2.54 m m  (0.100 in.) of crack exten- 
sion is 333 k J / m  2 (1900 in.-lb/in. 2) + 12%. This represents a reasonable 
spread in the data, and there are no obvious trends in the J-R curve behavior. 
The Jtc and T values given in Table 4 suggest a slight decrease in Jlc and 
increase in T with increased unloading range, which is not evident in Fig. 7. 

Because Landes and McCabe [7] observed a cyclic-dominated behavior, 
the fracture surfaces of specimens subjected to large unloadings were exam- 
ined with a scanning electron microscope (SEM). There was no evidence of 
fatigue striations observed on either the A106 or the 3-Ni steel specimens. 

Direct-Current Potential  Drop (DCPD) Results 

The DCPD results for A106 steel are presented in Fig. 4, with the data from 
the multispecimen test and the single-specimen, 10% elastic unloading tests. 
Good agreement is evident in these comparisons. 

Figure 5 presents the DCPD results for 3-Ni steel, and it likewise shows 
good agreement with multispecimen and single specimen, 10% unloading 
compliance tests. 
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FIG. 7--Comparison of J-R curves for 3-Ni steel: results from single-specimen, 10% percent 
unloading and deep unloading compliance tests. 

TABLE 4--J and T results for multi- and single-specimen tests of 3-Ni steel. 

Jlc 
Specimen/Test kJ/m 2 (in.-lb/in. 2) T 

Multispecimen 178 (1016) 42.5 

10% Elastic Unloading 
FVW-18 171 (975) 41.3 
FVW-19 162 (925) 47.7 

30% Elastic Unloading 
FVW-9 154 (877) 41.2 
FVW-10 133 (760) 59.9 

50% Elastic Unloading 
FVW-22 . . . "  . . .  
FVW-24 . . ."  . .. 

70% Elastic Unloading 
FVW-4 135 (769) 56.8 
FVW-29 120 (683) 60.4 

90% Elastic Unloading 
FVW-12 173 (989) 36.9 
FVW-16 148 (846) 51.2 

~ data points in ASTM E 813 range. 
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Summary and Conclusions 

The objective of this investigation was to experimentally evaluate the effects 
of elastic unloadings used in the single-specimen test on the J-resistance 
curve. The single variable in this study was the range of unloading, with the 
extreme being 90% unloading to magnify any unloading effect. The deep un- 
loading test results were compared with the standard 10% unloading results, 
with multispecimen results, and with DCPD results, which represented 0% 
unloading. 

There appeared to be a slight decrease in Jic with increasing unloading 
range as compared with the multispecimen results. This trend was evident in 
both materials. It could be that the larger unloading ranges affect Jl~ in the 
region of the transition from blunting behavior to tearing, but that the rest of 
the J-R curve does not see this effect. Perhaps a better explanation would be 
that this transition is sensitive to the Bauschinger effect which is important in 
cyclic plasticity studies. What is important is that elastic unloading had no 
apparent effect on the resulting J-R curve. This is consistent with the results 
reported by Landes and co-workers [ 7,8]. Landes cyclically loaded two steels 
and studied the corresponding behavior on the J-R curve. Where upward of 
70 large cycles were applied, he observed little effect in the J-R curve for HY- 
130 steel and termed the crack growth "R-curve dominated," but in a similar 
cyclic loading of A508 Class 2 steel, he observed a significant effect on the J-R 
curve and called this crack growth "cyclic-dominated." However, when he 
subjected both materials to a total of 13 cycles per specimen, he observed no 
cyclic effect in either steel. In a usual single-specimen J test, the number of 
unloadings is on the order of 15 to 20. The apparent lack of fatigue crack 
growth interactions was also evident from the scanning electron microscope 
examination of the fracture surfaces of specimens subjected to large unload- 
ing. The SEM results of the A106 and 3-Ni steels indicated no evidence of 
fatigue striations. 

From the various comparisons, the following conclusions are drawn for the 
two materials investigated: 

1. The J-R curves from the single-specimen, 10% elastic unloading tests 
agree very well with the results of the multispecimen tests. 

2. The J-R curves from the single-specimen, 10% elastic unloading tests 
are in excellent agreement with the zero-unloading results obtained from the 
DCPD test. 

3. The J-R curves obtained from the single-specimen, deep unloading 
range study show no significant difference from the single-specimen, 10% 
unloading compliance results; however, a slight reduction in the calculated 
J~c was evident. This could reflect a slight lowering of the flow stress of the two 
materials due to a Bauschinger effect. 
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ABSTRACT: This paper addresses problems involved in measuring fracture toughness of 
thin pressure tube material which, in the presence of radial-axial hydrides, undergoes a 
significant brittle to ductile fracture transition. Compact tension specimens ( - 5  mm 
thickness) are machined from flattened tensile strips of Zircaloy-2 in which radial hy- 
drides (30 to 100 ppm hydrogen) are produced by precipitation under stress. Axial frac- 
ture toughness is determined for the unirradiated material between room temperature 
and 300~ using the dc potential drop method. At low and intermediate temperatures 
crack growth is governed predominantly by the presence of the radial hydrides, and the 
potential drop is shown to underestimate crack extension due to short-circuiting across 
tight crack faces. In the upper shelf regime where crack extension is governed mainly by 
the flow properties of the matrix, the potential drop overestimates crack extension due to 
through-thickness yielding. It is shown that good, reproducible results can be obtained by 
careful data analysis using individual specimen calibrations. 

KEY WORDS: elastic-plastic, fracture, Zircaloy-2, zirconium alloys, pressure tube, com- 
pact tension specimen, J-integral, potential drop, embrittlement, hydride 

The defect tolerance of zirconium alloy pressure tubes is known to be re- 
duced by high hydrogen concentrations due to precipitation of zirconium hy- 
drides [1]. The fabrication route of CANDU (CANada Deuterium Uranium) 
reactor pressure tubes aims to minimize this effect by ensuring that hydride 
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precipitation occurs in the circumferential-axial plane with platelet normals 
in the thickness direction. Under reactor operating conditions, however, hy- 
drides in Zircaloy-2 pressure tubes could be reoriented to the radial-axial 
plane with platelet normals in the hoop direction. Therefore there is a need to 
study the effects of radial-axial hydrides that can lead to severe embrittlement 
[2,3]. 

In the present work axial fracture toughness (linear elastic fracture me- 
chanics [LEFM] Kc) or axial crack growth resistance (elastic-plastic JR-ha) is 
determined for flattened, unirradiated Zircaloy-2 pressure tube material with 
radial hydrides from room temperature to reactor operating temperatures of 
300~ Thin compact tension specimens ( - 5 mm thickness) are tested using 
the d-c potential drop method for monitoring crack extension [4]. The prob- 
lems of measuring the fracture toughness of thin pressure tube material ex- 
hibiting a significant brittle-to-ductile fracture transition are discussed. 

Material and Specimen Preparation 

All test specimens used material from the mid-length of Zircaloy-2 pressure 
tube 841, outer diameter approximately 114 mm, wall thickness from 5.0 to 
5.4 mm. Rings approximately 60 mm wide were sectioned from the tube and 
flattened by a continuous reverse bending technique. After flattening, the 
strips were stress-relieved at 400~ for 24 h to reduce the residual stress from 
straightening. Hydride layers were electrolytically deposited on the surfaces 
of the strips using a 0.1M H2SO4 electrolyte at 90~ with a current density of 
150 mA cm -2. Strips containing 30, 40, 60, and 100 ppm hydrogen with ra- 
dial hydrides were then produced by diffusion annealing followed by slow 
cooling under stress as indicated in Table 1 [5]. 

The typical coarse hydride morphology for the 60 ppm hydrogen strips is 
shown in Fig. 1. The hydride continuity coefficient (HCC) is defined as the 
fraction of the total length of a band along the tube radius that contains a 
projection of radial-axial hydrides [6]. This parameter was measured for each 
strip following the approach of Bell and Duncan [6]. Composite photographs 
of the hydride structure across the wall were made up at • 100 magnification 

TABLE 1--Hydriding parameters for Zircaloy-2 strips. 

Nominal Annealing 
Hydrogen Applied Cooling Rate 

Concentration, Temperature, Time, Stress, to 100~ 
ppm ~ h MPa ~ min -1 

30 250 120 250 2 
40 270 90 250 2 
60 300 S0 250 2 

100 350 21 220 2 
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FIG. 1--Photomicrograph of  Zircaloy-2 with 60 ppm hydrogen, HCC = 0.5 to 0.6, X 100. 

in the radial-transverse plane. For the HCC measurement a band width of 0.1 
mm X wall thickness (after removal of the surface hydride layer) was used. 
Material with room temperature HCC values < 0.3 (30 ppm hydrogen), 0.3 to 
0.45 (40 ppm hydrogen), 0.5 to 0.6 (60 and 100 ppm hydrogen), and 0.8 to 0.9 
(100 ppm hydrogen) was produced [5]. 

Five compact tension and four transverse tensile specimens were machined 
from each strip. Enlarged end uniaxial test pieces (25.4 mm gage length and 
3.2 mm diameter) were tested at a crosshead speed of 1 mm min -1. Typical 
uniaxial tensile properties of the Zircaloy-2 pressure tube material are shown 
in Fig. 2. 

The compact tension specimens were rough machined into plate specimens 
oriented for crack growth in the axial direction in the radial-axial plane. The 
final in-plane dimensions of each specimen were identical with a width, W, of 
38.1 mm and initial slot length, a/W, of 0.43. The remaining in-plane dimen- 
sions were in the proportions recommended in ASTM Test for Plane-Strain 
Fracture Toughness of Metallic Materials (E 399) for a standard compact 
tension specimen. In order to prevent further increase in the total hydrogen 
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FIG. 2--Transverse tensile properties versus temperature of Zircaloy-2 containing 60 ppm 
hydrogen with radial hydrides. 
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concentration of the specimens at high temperatures, surface hydride layers 
were removed by grinding while keeping the reduction in specimen thickness 
to a minimum. A final plate thickness, B, of 4.7 to 5.1 mm was obtained. 

Experimental Procedure 

Testing was carried out in a servohydraulic-controlled testing machine with 
a 50 kN load cell on the 20% transducer range. Before testing, specimens 
were fatigue cracked at a maximum stress intensity factor of 12 MPan/m to 
produce an initial a / W  of 0.5. 

During the fracture toughness tests, crack extension was monitored using 
the d-c potential drop technique with a constant current supply of 5 A. The 
current leads were stainless steel strips attached by screws to the front edge of 
the specimen above and below the crack mouth. Voltage leads of zirconium 
alloy wire, 0.6 mm diameter, were spot welded diagonally opposite each other 
across the crack mouth. Oxidized Zr-2.5 Nb loading pins were used to prevent 
short-circuiting through the load train [7]. The potential drop amplifier was a 
thermally stabilized differential amplifier with a filtered buffer and offset op- 
erating at • gain; the noise was 1.6/zV referred to the input [8]. A po- 
tential drop calibration factor, (Aa/W)/(AV/Vo), of 0.86 was obtained using 
fatigue cracked specimens for an initial crack length, ao/W, of 0.50 and for 
crack lengths in the range a /W --- 0.5 to 0.7. 

Specimens were pin-loaded in stroke control at 1 mm min -1 (/s - 1 
MPan/-m s-l). Analogue and digital recordings of load, stroke, and potential 
drop were made continuously during a test. The automated acquisition of 
potential drop data is described elsewhere [8]. 

Tests were carried out at room temperature and at temperatures up to 
300~ using an electrically heated air furnace. Specimens were allowed to 
soak for at least 1 h before testing to ensure dissolution of the equilibrium 
concentration of hydrogen at the test temperature. 

After testing, low temperature heat tinting at 200~ was used to mark any 
stable crack extension during loading. For consistency, the initial and final 
crack lengths were measured at nine locations across the thickness and aver- 
aged, as recommended in ASTM Tentative Test Procedure for Determining 
the Plane-Strain Jt-R Curve [9]. The average crack extension was then calcu- 
lated and used to calibrate the potential drop method for each test. 

Fracture toughness values were calculated from the load, load-line dis- 
placement (stroke corrected for machine and load-train compliance), and in- 
stantaneous crack size. The LEFM parameter KI~ or K~ was used to charac- 
terize unstable crack growth following ASTM E 399. For consistency, in all 
other cases the elastic-plastic crack growth resistance curve Jn-Aa was ob- 
tained following the aforementioned ASTM tentative procedure [9]. 
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R e s u l t s  a n d  A n a l y s i s  o f  R e s u l t s  

Crack Growth Behavior 

The fracture toughness specimens exhibited three main types of macro- 
scopic crack growth behavior: 

I .  Unstable crack growth with negligible surface yield. 
2. Stable crack growth (tunnelling) with localized surface yield. 
3. Stable crack growth with large-scale surface yield. 

The crack growth behavior of each specimen is indicated in Table 2. Exam- 
ples of surface plastic zones and fracture surfaces are shown in Figs. 3a to 3f. 

The fast fracture exhibited by Specimen 21-1 at 23~ (Figs. 3a and 3b) was 
similar to unstable crack growth observed at temperatures up to 200~ for the 
60 ppm hydrogen specimens and at temperatures up to 270~ for the 100 
ppm hydrogen specimens. Scanning electron microscopy confirmed that  
these fractures occurred predominantly by the cleavage fracture of radial-ax- 
ial hydrides with some ductile shear between hydrides on adjacent planes [5]. 

Crack tunnelling with localized surface yield (Figs. 3c and 3d) was observed 
at 100~ (30 ppm, 40 ppm), 120~ (40 ppm), 150~ (60 ppm), and 180~ (60 
ppm). However, the angle between the surface shear bands and the crack 
plane increased with increasing temperature and decreasing hydrogen con- 

TABLE 2--Summary of crack growth behavior of small Zircaloy-2 compact tension specimens. 

Nominal 
Test Crack 

Temperature, Specimen Thickness, Growth 
~ C No. mm Behavior* 

30 ppm Hydrogen, HCC < 0.3 

23 19-2 5.04 a 
100 19-3 4.91 b 
100 19-5 4.78 b 
150 19-1 5.06 c 
150 19-4 4.76 c 

40 ppm Hydrogen, HCC = 0.3 to 0.45 

23 21-1 4.95 a 
100 20-2 4.95 b 
100 21-4 4.73 b 
120 20-3 4.80 b 
120 21-2 4.88 b 
150 20-4 4.76 c 
150 21-3 4.75 c 
200 20-1 5.06 c 
200 21-5 4.78 c 
220 20-5 4.94 c 
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TABLE 2--Continued. 

Nominal 
Test Crack 

Temperature, Specimen Thickness, Growth 
~ No. mm Behavior* 

60 ppm Hydrogen, HCC = 0.5 to 0.6 

23 16-4 4.88 a 
23 17-5 4.78 a 

150 16-1 4.95 b 
150 18-4 4.85 b 
180 16-3 4.99 b 
180 17-2 5.10 a 
180 18-3 4.91 b 
190 17-1 5.01 a 
200 16-2 5.10 a 
200 18-5 4.87 c 
220 16-5 4.82 c 
220 17-4 4.91 c 
220 18-1 5.14 c 
240 17-3 5.13 c 
240 18-2 5.09 c 

100 ppm Hydrogen, HCC ---- 0.8 to 0.9 

23 9-5 4.98 a 
150 9-3 4.91 a 
150 10-2 4.80 a 
200 14-2 4.86 a 
240 9-2 4.88 a 
240 10-3 4.96 a 
240 15-3 4.69 a 
250 14-4 5.04 a 
260 14-1 4.87 a 
260 15-5t 5.02 c 
270 14-3 4.91 a 
270 15-4t 4.91 c 
280 14-5 5.07 c 
280 15-2 4.76 c 
300 9-1 5.02 c 
300 10-4 5.04 c 

*a. Unstable crack growth with negligible surface yield. 
b. Stable crack growth (tunnelling) with localized surface yield. 
c. Stable crack growth with large-scale surface yield. 

tHCC = 0.5 to 0.6. 

centration and HCC. Full through-thickness yielding (Figs. 3e and 3f) was 
only observed at temperatures _>200~ (40 ppm), 240~ (60 ppm), and 
_ 260~ (100 ppm). Some evidence of the cleavage fracture of radial hydrides 
was found in the tunnelled region of crack growth at intermediate tempera- 
tures, the proportion of cleavage fracture decreasing with increasing temper- 
ature [5]. For specimens exhibiting full through-thicKness yield, however, 
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FIG. 3--Compact tension specimens of Zircaloy-2 with radial hydrides. (a and b) Specimen 
21-1 (40 ppm hydrogen) tested at 23~ 

failure was entirely by the formation and coalescence of equiaxed voids ahead 
of the crack tip (ductile tearing) [5]. 

Potential Drop Calibration 

In general, the potential drop calibration for fatigue cracked specimens 
was not applicable to Zircaloy-2 with radial hydrides. This is shown in Fig. 4, 
which summarizes potential drop calibration factors based upon the mea- 
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(FIGS. 3c and 3d) Specimen 19-3 (30 ppm hydrogen) tested at IO0~ 

sured nine-point average crack extension for each specimen exhibiting stable 
crack growth. At low temperatures ( < 150~ the measured calibration fac- 
tor was up to 60% higher than the fatigue crack calibration of 0.86. On the 
other hand, at high temperatures ( > 150~ the measured calibration factor 
was up to 50% below 0.86. The actual calibration for any specimen also de- 
pended upon hydrogen concentration (at temperatures < 200~ as well as 
instantaneous load and stroke. 
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(FIGS. 3e and 3f) Specimen 20-1 (40 ppm hydrogen) tested at 200~ 
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FIG.  4--Comparison of d-c potential drop calibration based upon measured nine-point aver- 
age crack extension with fatigue crack calibration for Zircaloy-2 compact tension specimens with 
radial hydrides. 

Figure 5 demonstrates the data analysis carried out for all specimens exhib- 
iting stable crack growth at temperatures _> 200~ In Fig. 5a the linear por- 
tion of the JR-Aa curve was extrapolated back to the abscissa in order to re- 
zero the potential drop data (i.e., determine a new reference voltage, V0). 
This effectively eliminated the contribution of the initial surface contraction/ 
crack tip blunting to the voltage signal. The resultant curve is shown in Fig. 
5b. The potential drop data was then matched to the measured nine-point 
average crack extension (i.e., the potential drop calibration factor was deter- 
mined). The resultant corrected data are shown in Fig. 5c. 

For specimens exhibiting unstable crack growth any prior crack extension 
was generally less than i mm. For this situation the potential drop calibration 
factor of 0.86 was used. 
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FIG. 5--Typical data analysis used for compact tension specimens of Zircaloy-2 with radial 
hydrides exhibiting stable crack growth at temperatures >-200~ 

Fracture Toughness 

Figure 6 summarizes the maximum load fracture toughness results for all 
specimens tested in terms of the LEFM parameter, K. For specimens exhibit- 
ing unstable fracture, Kit or Kc was used. For comparison, in all other cases 
values of J were converted to equivalent K values assuming plane stress crack 
tip conditions, (i.e., Kma x = ~ m a x ) .  The reduction in fracture toughness 
with increasing hydrogen concentration and HCC is clearly indicated. 

For the 30 ppm hydrogen specimens (HCC < 0.3) the fracture toughness at 
maximum load, Km~x increased gradually from 38 MPa'~/m at room tempera- 
ture to - 150 M P a ~  at 150~ For the 40 ppm specimens (HCC = 0.3 to 
0.4S), Kmax increased gradually from 33 MPa~/m at room temperature to 
- 170 MPa,,/-m at 200~ The corresponding crack growth resistance curves 
for specimens exhibiting stable crack growth are given in Figs. 7a and 7b, the 
increase in fracture toughness with crack extension and temperature mainly 
reflecting increasing yield at the specimen surface. 

For the 60 ppm hydrogen specimens (HCC : 0.5 to 0.6), K .... increased 
from 29 M P a ~  at room temperature to - 160 MPa~4m at 240~ However, 
there was a tendency for some low toughness fast fracture behavior (Kc = 35 
to 41 M P a ~ )  in the transition region between 180 and 200~ Crack growth 
resistance curves for the 60 ppm specimens (Fig. 7c) indicated that stable 
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FIG. 6--Fracture toughness versus temperature for Zircaloy-2 compact tension specimens 
with radial hydrides: 30 to 100 ppm hydrogen. 

crack growth at 150 and 180~ was governed predominantly by the presence 
of the radial hydrides, the tunnel-shape crack front limiting the extent of sur- 
face yield. However, at temperatures _200~ more widespread yielding 
could be achieved in the absence of fast fracture. Specimens 16-5, 18-1, and 
17-4 tested at 220~ were loaded to displacements of 2 mm (load maximum at 
2.5 mm), 4 mm, and 8 mm, respectively. The threeJR-Aa curves obtained at 
220~ reflect the increasing potential drop calibration factors of 0.41, 0.65, 
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and 0.68 used for Specimens 16-5, 18-1, and 17-4, respectively, in order to 
match the total crack extension measured. 

For the 100 ppm hydrogen specimens, a sharp well-defined fracture transi- 
tion occurred at 260~ for Specimens 15-4 and 15-5 (HCC = 0.5 to 0.6) and 
at 280~ for Strip 14 (HCC = 0.8 to 0.9). At lower temperatures, the fracture 
toughness for fast fracture varied from 23 MPa~/m at room temperature to 38 
MPa~/m at 240~ some scatter occurring at 240~ just below the fracture 
transition. The JR-Aa curves at temperatures above the transition tempera- 
ture (Fig. 7d) were extremely steep being characteristic of full through-thick- 
ness yielding. 

The fracture toughness in the upper shelf regime was relatively indepen- 
dent of hydrogen concentration and HCC, although there was considerable 
scatter in the Kmax values achieved (Fig. 6). This was partly due to problems in 
defining a maximum load toughness in a region of rapidly increasing dis- 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



DAVIES AND STEARNS ON ZIRCALOY-2 393 

100  
100~ 120~ 150~ 200oC 220~ 

90 

80( 

700 

t 
E 
-r 

& 

600 

500 

400 

20-4 

300 

200 

21-2 
1001- I . - ~  I , ~  21- 3 

20-2 

4 8 v 0  4 8 " 0  4 8 " 0  4 8 t O  q 8 
Aa,  am 

FIG. 7(b)- -40 ppm hydrogen. 

placement. Values shown are considered to be within +__4 MPa~/-m of the 
maximum load toughness. In addition, specimens tested were of varying 
thickness (4.76 to 5.13 mm), resulting in variations in the displacement at the 
limit load (increasing displacement with decreasing thickness) and hence the 
maximum load toughness achieved during testing. A linear regression analy- 
sis of all the test results was used to determine the trend in the upper shelf 
regime; this is indicated by the broken line in Fig. 6. The decrease in Kmax 
with increasing temperature is consistent with the toughness being governed 
by the flow properties of the matrix in the upper shelf. 

Trend lines are also shown in Fig. 6 for the lower shelf and transition re- 
gions. A transition temperature for upper shelf behavior or full through- 
thickness yield, TT, was defined as the intersection of the trend lines for the 
transition and upper shelf regions to the nearest 5~ The increase in Tx with 
increasing hydrogen concentration and HCC can be seen. 
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Discussion 

The axial fracture toughness of unirradiated Zircaloy-2 pressure tube ma- 
terial has been shown to be significantly reduced by the presence of coarse 
radial-axial precipitates of zirconium hydride. Zirconium hydrides induce 
cleavage cracks ahead of the crack tip, resulting in a sharp brittle-ductile 
fracture transition for hydrogen concentrations _> 60 ppm (HCC > 0.5 to 0.6) 
(Fig. 6). The solubility of hydrogen in zirconium increases with temperature 
being negligible below 150~ and increasing rapidly to 65 ppm at 300~ [10]. 
Therefore above 150~ the volume fraction of hydrogen present as radial hy- 
dride decreases rapidly with increasing temperature. This sharp increase in 
hydrogen solubility accounts for the steepness of the brittle-ductile fracture 
transition above 200~ a region where there is only a small decrease in the 
uniaxial yield stress and tensile strength of Zircaloy-2 (Fig. 2). 
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The sensitivity of the fracture transition to local crack tip conditions is also 
indicated in Fig. 6 by the duplex behavior of the 60 ppm specimens. Nomi- 
nally identical specimens tested between 180 and 200~ exhibited either un- 
stable fast fracture or ductile stable crack growth. A higher local hydrogen 
concentration and/or hydride continuity head of the crack tip would increase 
the probability of fast fracture. The statistical characterization of fracture in 
the transition region has been discussed by others [11]. 

Specimen Size Limitations 

The lowest fracture toughness of 23 MPa~/m for Specimen 9-5 (100 ppm 
hydrogen, HCC ---- 0.8 to 0.9) exhibiting unstable fast fracture at room tem- 
perature was the only valid plane strain fracture toughness (Kxc) measure- 
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ment meeting the stringent requirements of ASTM E 399. These require- 
ments include: 

and 

a, W - -  a ,B  > 2.5 (Kxc) 
\ ~ y /  

Aa _< 0.02 ( W -  a) 

(1) 

where Oy is the 0.2% offset yield stress. However, the remaining fracture 
toughness values for fast fracture were valid LEFM plane stress fracture 
toughness (Kc) measurements for the specimen thickness tested, since the 
critical fracture load was less than 80% of the general yield load [12]. 

Only Specimen 19-3 (30 ppm hydrogen, HCC < 0.3) tested at 100~ met 
the proposed ASTM size requirements for plane strain J-controlled crack 
growth up to a load maximum [9]: 

a, W -- a, B _> 20 Jmax >__ 20 L max ) 

and (2) 

Aamax --< 0.1 ( W  - -  a)  

where ~ is a flow stress taken as the mean of the uniaxial yield stress and 
ultimate tensile strength. For example, for a typical specimen thickness of 5 
mm the maximum J capacity is 160 kJ m -2 (Kma x : 125 MPax/-m) at room 
temperature decreasing to 100 kJ m -2 ( g m a  x : 90 MPa~/-m) at 300~ It is 
apparent that these values represent only a small proportion of the total load 
bearing capacity of thin pressure tube material deforming under plane stress 
crack tip conditions in the transition and upper shelf regions. 

After a load maximum, general yield across the remaining ligament limits 
the maximum toughness that can be measured using small specimens. In the 
present case a maximum specimen width of 38.1 mm could be machined from 
the strips. The initial crack size was governed by the lower crack size limit 
recommended by ASTM for using the J-integral equation [9] (a/W = 0.5). 
Although the resultant crack growth resistance curves for Zircaloy-2 at tem- 
peratures above 200~ never achieved a limiting plateau level, it is likely that 
testing wider specimens with a larger remaining ligament would result in the 
initial steep portion of the resistance curves being maintained to larger crack 
extensions (Figs. 5 and 7). The curving over of the JR-Aa curves after net 
section yielding produces more conservative crack growth resistance curves 
for flaw evaluation purposes. 
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Direct-Current Potential Drop 

The d-c potential drop calibration based upon fatigue cracked specimens 
has been shown to be inadequate for testing Zircaloy-2 with radial hydrides. 
At low arid intermediate temperatures where crack growth was controlled 
mainly by the presence of coarse radial hydrides, the potential drop signal 
underestimated the true crack extension. This is believed to be caused by 
bridging or short-circuiting across the rough crack surfaces which decreases 
with increasing load as the tight tunnel-shape crack faces open up. This effect 
has been observed previously during delayed hydride cracking tests in 
Zr-2.5Nb pressure tube material [7] as well as during the inspection of 
CANDU pressure tube rolled joint assemblies [13]. In comparison, at high 
temperatures where crack growth was governed by the flow properties of the 
matrix, the potential drop signal overestimated the true crack extension. This 
is a result of the significant specimen geometry changes (crack tip blunting, 
lateral contraction, yield at the back surface) which tend to decrease with 
increasing displacement. For example, the largest decrease in remaining 
cross-sectional area and hence increase in resistance occurred in the initial 
stages of loading prior to a load maximum. This effect was shown in Fig. 5a, 
the original uncorrected Jg-Aa curve for Specimen 15-5 at 260~ as well as 
in Fig. 7c for Specimens 16-5, 18-1, and 17-4 at 220~ 

A major assumption of the potential drop technique is the linearity of the 
crack length/voltage signal relationship. Therefore the application of the 
method to a material such as Zircaloy-2 with radial hydrides for which this 
assumption is violated, is questionable. Unfortunately, the number of meth- 
ods available for monitoring crack extension in thin specimens is limited. Un- 
loading compliance tests on as-received Zr-2.5Nb [14] produced good esti- 
mates of the nine-point average crack extension for plane specimens at room 
temperature (< 7% variation for Aa > 1.5 mm). For plane specimens at 
150~ and short crack extensions (Aa < 1.5 mm), however, the compliance 
calculated crack length underestimated the true crack extension by approxi- 
mately 20%, resulting in nonconservative crack growth resistance curves. 
Multiple specimen testing has some merit but provides no information con- 
cerning toughness variability from specimen to specimen, since only a single 
resistance curve is obtained. The toughness distribution of an inhomogeneous 
material, such as Zircaloy-2 with radial hydrides, can only be determined by 
testing a number of specimens to comparable crack extensions. 

In view of the foregoing observations, a single specimen technique may be 
preferable, provided the results obtained can be shown to be conservative. 
Crack growth resistance curves for Zircaloy-2 specimens exhibiting large- 
scale surface yield have been shown to be increasingly conservative (shifted to 
larger crack extensions) with increasing stroke due to the increase in potential 
drop calibration factor (Fig. 7c at 220~ The sensitivity of the slope of the 
crack growth resistance curve to the potential drop calibration factor in the 
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upper shelf regime is shown in Fig. 8. Here the initial slope, dJ/da, and tear- 
ing modulus, Tmat = (E/b 2) dJ/da [15], were measured from an expanded 
scale for crack extensions up to a load maximum. The reduction in dJ/da and 
Tmax with increasing calibration function indicates the degree of conservatism 
of the potential drop method in estimating the crack growth resistance of thin 
specimens in the upper shelf. (It should be noted that previous tests on pres- 
sure tube material have confirmed that crack growth resistance curves are 
relatively insensitive to specimen thickness in the upper shelf regime [14].) 
Values of dJ/da between 290 and 430 MPa for Zircaloy-2 are similar to pre- 
vious results of 200 to 400 MPa for as-received Zr-2.5Nb in the upper shelf 
[14,16]. Tearing moduli of 130 to 230 may be compared with a Tma t of over 
200 for high toughness materials such as stainless steel [17]. 

In sharp contrast, inspection of crack growth resistance curves in the lower 
transition region for Zircaloy-2 with radial hydrides (Figs. 7a, 7b, and 7c at 
temperatures _< 180~ reveals more material inhomogeneity as well as non- 
conservative results (i.e., an apparent increase in slope with increased load- 
ing). This is the region where significant crack front tunnelling occurs, and 
under such circumstances both unloading compliance and potential drop are 
known to underestimate crack extension [18,19]. In this regime the number 
of test specimens should be increased in order to study the material variabil- 
ity. Additional specimens are also required for short crack extensions to de- 
termine the initial slope of the crack growth resistance curve. 

Summary 

Zircaloy-2 pressure tube material has been shown to undergo a sharp brit- 
tle-ductile fracture transition in the presence of radial-axial hydrides (_> 60 
ppm hydrogen, HCC _> 0.5 to 0.6). The d-c potential drop technique based 
upon a fatigue crack calibration is inadequate for measuring the axial frac- 
ture toughness of this material. At low and intermediate temperatures the 
presence of coarse radial-axial zirconium hydride precipitates produces 
bridging or short-circuiting across tight tunnel-shape crack faces. In this re- 
gion the potential drop signal underestimates the measured nine-point aver- 
age crack extension by up to 60%. At higher temperatures significant 
through-thickness yield and specimen configuration changes occur, and the 
voltage signal overestimates the average crack extension by up to 100%. Un- 
der such circumstances individual specimen calibration is necessary. 

The resultant axial crack growth resistance curves have been shown to be 
reproducible and conservative under conditions of large-scale yield (upper 
shelf and upper transition region). Crack growth resistance curves in the 
lower transition region exhibit more variation and are nonconservative. In 
this region additional specimens are required for short crack extensions to 
determine the initial slope of the crack growth resistance curve. Further spec- 
imens are needed for studying material inhomogeneity in the transition re- 
gime. 
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905, J. H. Underwood, R. Chait, C. W. Smith, D. P. Wilhem, W. A. Andrews, and J. C. 
Newman, Eds., American Society for Testing and Materials, Philadelphia, 1986, 
pp. 401-411. 

ABSTRACT: J-R curves were determined for five materials (7075-T651, 2024-T351, i 
HY130, HY80, and A723, Class 1, Grade 4) using precracked Charpy specimens and 
standard size C(T) and SE(B) specimens. Crack growth in the Charpy specimens was 
estimated using the "load drop" method of analysis of the load-displacement trace, and 
crack extension in the C(T) and SE(B) specimens was determined using the electric poten- 
tial method. The results show that physical crack extension in the larger specimen was not 
well estimated by the Charpy specimen results. If the crack extension is presented as rela- 
tive crack growth (as a percentage of the uncracked ligament), however, the agreement 
between the two widely different specimen sizes is much better, although not exact. Ex- 
cept in the relatively brittle 7075-T651, the J corresponding to 0, 1%, and 2% crack 
growth was higher in the Charpy specimens than in the larger specimens. This was attrib- 
uted to the inability of the "load drop" method to determine the exact location of the 
crack initiation. Although nonconservative, we believe the "load drop" method analysis 
of precracked Charpy data is adequate for quality control toughness testing, provided it is 
realized that J~c and J-R curves may be overestimated slightly. 

KEY WORDS: Jxc testing, precraeked Charpy specimens, J-R testing, fracture me- 
chanics 

Recent work has demonstrated that adequate measurements of crack ex- 
tension in precracked Charpy specimens can be made using their load- 
displacement characteristics alone [1-2]. The method has been called the 
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"load drop" method and is a simplified "key curve" analysis [3]. The purpose 
of this paper is to compare J-R curves generated using the precracked Charpy 
specimens with J-R curves generated with standard size compact tension 
C(T) or bend specimens SE(B) using accurate crack extension measurement 
methods. 

To estimate crack extension using the "load drop" method, the basic as- 
sumption is that substantial plastic deformation occurs on the uncracked lig- 
ament, such that the maximum load (PmJ  generated during the test 
approaches the limit load. In this case, crack initiation should occur very near 
Pmax, and the "load drop" beyond Pmax should be related to the amount of 
crack extension by [1,2] 

Paa b2a 
P~ax b2o 

(1) 

where bo is the original uncracked ligament dimension; baa is the uncracked 
ligament after an increment of crack extension, Aa, (baa = bo -- Aa); and 
Pa, is the load beyond Pmax where the estimate of crack extension is made. 
This method has proven an adequate approximation of crack extension in 
several materials [1,2]. 

To compare J-R curves generated using small specimens with larger speci- 
men measurements, C(T) and SE(B) specimens were obtained from the same 
stock from which the Charpy specimens were made. The larger specimens 
were of standard planar dimensions: W = 5.08 cm (2.0 in.) and B = 2.29 cm 
(0.9 in.). Crack extension was determined using the direct-current electric 
potential method as outlined in Ref 4. 

J was calculated for the precracked Charpy specimen in accordance with 
the familiar form [5] 

2A 
J - (2) 

Bbo 

where A is the total area under the load-displacement curve. Since small 
amounts of crack extension were encountered in these specimens, the correc- 
tion for crack extension was also small and thus no correction for crack 
growth was made. The C(T) and SE(B) specimens were tested in an auto- 
mated facility with computer-aided data processing capabilities. For these 
specimens, J was calculated incrementally accounting for crack extension. 
For the (i + 1) increment, J was given as 

.i, 1 
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where Ji is the total J calculated up to the previous increment; ( a i + l  - -  ai) is 
the increment of crack growth that occurred between the (i + 1) and (i) incre- 
ments; Ai,i+l is the area under the load-displacement trace between the 
(i + 1) and (i) increments; and 

and 

where 

.yi = Ill + 0 . 7 6 ( b i / W )  for C(T) specimens 
(4) 

for SE(B) speeimens 

f ( a / W )  = 2 for SE(B) specimens 

f ( a / W )  = 2[(1 + a)/(1 + ~2)] for C(T)specimens 

ot = [(2a/b) 2 + 2(2a/b) + 2 ]  1/2 - -  [2(a/b) + 1] 

(S) 

(6) 

Equations 3 and 4 are based on the analysis of Ernst et al [3], and Eqs 5 and 
6 are the tension component correction of the C(T) specimen from Clarke and 
Landes [6]. 

All specimens were precracked in accordance with the procedure outlined 
in ASTM Test for Jlr A Measure of Fracture Toughness (E 813). The theoret- 
ical nominal limit load was determined for each material, and the maximum 
load during fatigue precracking did not exceed 40% of the calculated limit 
load. 

Materials 

Five different materials were tested, three steels and two aluminum alloys. 
The aluminums were 2024-T351 and 7075-T651; the steels were HY80, 
HY130, and A723, Grade 1, Class 4 pressure vessel steel. All except the A723 
steel were obtained in plate form, and specimens were obtained such that the 
T-L orientation was tested. Specimens of the A723 steel were obtained from 
thick hollow cylindrical forgings testing the C-R orientation. The mechanical 
properties of these materials are given in Table 1. These materials were cho- 
sen because of the wide range of properties they exhibit and their wide use in 
fracture critical applications. 

Results and Discussion 

The J-R curves developed are shown in Figs. 1 to 5. In all the figures, the 
symbols represent the curves developed using the larger specimens, and the 
continuous curves are average values from several (usually four) precracked 
Charpy specimens. The crack extension is represented in two ways: as physi- 
cal crack extension and as a percentage of the original uneraeked ligament. 
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TABLE 1--Mechanical properties of the materials tested. 

0.2% Offset 
Yield Strength, Ultimate Strength, Reduction of 

Material MPa MPa Area, % 
Elongation, 

% 

A723, Grade 1, Class 4 1310 1317 4 11 
HY80 614 714 66 21 
HY130 958 986 68 20 
2024-T351 338 483 19 14 
7075-T651 514 583 14 11 
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FIG. 1--J-R curves for 7075-T651 aluminum. 

The scales were made so that the data for the larger C(T) and SE(B) speci- 
mens were at the same location on the plot. 

The dual representation of the data was made because of the findings in a 
previous study [1]. In that study the value of J that  resulted in about 1% crack 
extension in the precracked Charpy specimens compared favorably with K~c 
values in larger specimens. Since Kic corresponds to between 0 and 2 ~ crack 
extension, the empirical observation was made that relative crack extension 
may be the common denominator when comparing toughness measurements 
in specimens of vastly different size. Although such an observation may have 
significant implications in the development of fracture test methods and anal- 
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ysis, we make no claims as to its universal application. It merely seems to 
work in the testing of Charpy specimens using "load drop" analysis. The au- 
thors know of no continuum mechanics reason for such a specimen size de- 
pendence and caution against the use of "load drop" analysis or relative crack 
growth analysis to any structure other than precracked Charpy specimens 
without substantial experimental verification of its applicability. 

The aluminum results are given in Figs. 1 and 2. The 7075-T651 curves 
(Fig. 1) show a very shallow slope, which suggests relatively brittle behavior 
even with very small precracked Charpy specimens. The initiation values of 
crack extension are well approximated using the "load drop" analysis of the 
Charpy specimens. Comparing the physical crack extension curves, we ob- 
serve that the precracked Charpy results give a higher value of dJ/da than the 
larger specimens, but when considering crack extension as a percentage of 
the original untracked ligament, either specimen size gives essentially the 
same curve. For 2024-T351 we find a substantially tougher material behavior 
than with 7075-T651. Both the initiation J values and the slopes of the R- 
curves are greater using both small and larger specimens. The agreement be- 
tween large specimen results and precracked Charpy results is not so good as 
with the previous alloy. This is especially true with the physical crack exten- 
sion results. For the small specimens, the initiation J value is somewhat 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



406 FRACTURE MECHANICS:  SEVENTEENTH VOLUME 

125 F 

CRACK EXTENSION (%b o) 

1.5 3.0 4.5 6.0 

I I I I 

E 

v 

-- Charpy 
/X C(T) 
[ ]  C(T) 

Scat ter  f rom four specimens Relative 

, o o _  

75 - -  

50 -- bt,q ~" A z'.- 

t ~,1[.3 Jr_, 
25 - 

. 1 I I I I I 
0 .25  0 . 5 0  0 .75  I . 00  I .25  I .50  

CRACK EXTENSION (ram) 

F I G .  3 - - J - R  curves for A 723. Class 1. Grade 4 pressure vessel steel, 

I 
I .75 

E ,% 

-.# 

CRACK EXTENSION (%b o) 

1.5 3,0 4.5 6.0 
87-= I [ 

7 0 0  

52_5 

350 

175 

I I 

~ Charpy 
/~ C(T) 
l~] C(T) 

SE(B) 

I I I I I I 
0.25 0 . 5 0  0 .75  I .00  I ,25  i .50  

CRACK EXTENSION Cram) 

I 
. 7 5  

F I G .  4 - - J - R  curves for HY80 steel. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



KAPP AND JOLLES ON PRECRACKED CHARPY SPECIMENS 407 

'iii t 
CRACK EXTENSION (%bo) 

1.5 3.0 4.5 6.0 

oJ 
E 

I I I I 

Charpy 
A C(T) 
[--~ C(T) 
~ SE(B) 
0 SE(B) O<~O ~ 

o07-,o0 
_ 

2 0 0 ~ 4 0 0  Rela e 

I I I I I J I 
0,25 0.50 0.75 I .00 I .25 I ,50 I .75 

CRACK EXTENSION Cram) 

FIG. 5--J-R curves for HYI30  steel. 

higher and dJ/da is also much greater. When these same data are plotted as a 
percentage of the uncracked ligament, the R-curves are in much better agree- 
ment. The initial portion of the large specimen curve is overestimated, but 
once about 1.5 or 2.0% crack extension occurs, the agreement is quite good. 
Furthermore, the SE(B) data seem to give a somewhat greater dJ/da than the 
C(T) results. This was also seen in the steel materials. The fact that the pre- 
cracked Charpy results agree better with the SE(B) than the C(T) data was 
expected, since the precracked Charpy specimen is also an SE(B) specimen of 
significantly smaller dimensions. 

The steel results are given in Figs. 3 to 5. The A723 steel was originally a 
hollow cylindrical forging, and it was not possible to obtain large SE(B) speci- 
mens in the proper configuration. Thus only larger C(T) specimens were 
tested. As with the 2024-T351 aluminum, "load drop" analysis of precracked 
Charpy specimens gives a greater initiation J and a much steeper dJ/da when 
considering physical crack extension. Again, the agreement is improved when 
crack extension is given as a fraction of the uncracked ligament. Unlike the 
earlier results, the agreement does not become very good until about 3.5% 
crack extension. This may be somewhat deceiving because SE(B) specimens 
were not tested in the A723 alloy, while they were in the 2024-T351. A direct 
comparison of the precracked Charpy and C(T) results in 2024-T351 (Fig. 2) 
aluminum also shows that reasonable agreement was not achieved until about 
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5% relative crack extension. This suggests that if the same trend were ob- 
served in A723 steel between SE(B) and C(T) specimens, then even better 
agreement between the large specimen results and the precracked Charpy 
data may have been achieved if larger SE(B) specimens of this alloy had been 
tested. 

The fact that the initiation J values are overestimated in both 2024-T351 
and A723 is probably due to the assumption that crack extension begins at 
peak load. In relatively brittle materials, such as 7075-T651, it is likely that 
Pmax is closely associated with the onset of crack extension because the load- 
displacement trace up to maximum load is nearly linear. This suggests that 
global elastic behavior and nonlinearity beyond Pmax can indeed by only at- 
tributed to crack growth. On the other end of the scale, dealing with a very 
ductile material, where the entire uncracked ligament is subjected to plastic 
deformation, the drop in the load the specimen can support is either due to 
crack extension or necking. It is the case that falls between the two extremes 
where inaccuracy would be expected to be maximized. In that instance, crack 
extension commences when the uncracked ligament is partially plastic upon 
rising load. This may be the case for the 2024-T351 and A723 materials and 
will be discussed further below. 

Returning to our J-R curves, we come to the HY80 results (Fig. 4). Again, 
comparing physical crack extensions, the precracked Charpy specimens give 
a much higher dJ/da property, but in this case the initiation values are well 
predicted using either specimen. The curves generated representing crack ex- 
tension as a percentage of original uncracked ligament show that nearly the 
entire large specimen J-R curve can be very well approximated with the "load 
drop" precracked Charpy data. Similar results were obtained in HY130 (Fig. 
5). The large specimen physical crack extension in HY130 was not well mea- 
sured from physical crack extension of precracked Charpy specimens. Plot- 
ting relative crack extension again gives very good agreement between small 
and large specimens. For HY130, the initiation J value of the larger speci- 
mens were overestimated with the precracked Charpy specimens. In either 
HY80 or HY130, the best agreement on the relative crack extension J-R 
curves occurs between about 1.5 and 5.0% relative crack extension. 

The original purpose of the "load drop" method was to generate a simple 
estimate of Klc using small specimens that has application as a quality control 
measure [1]. Since Klc is a measure of the stress intensity factor that results in 
between 1 and 2% crack extension, we can compare the large specimen and 
small specimen R-curves at these amounts of relative crack extension. The 
data reported here were generated using specimens that were precracked to 
a~ W of approximately 0.5. Thus the relative amounts of crack extension Aa/  
ao and Aa/bo are approximately the same and can be determined directly 
from the R-curves (Figs. 1 to 5). These comparisons are given in Table 2 for 
all the materials tested. In the table a single value is given which is the average 
of four precracked Charpy specimens and the average of all the larger speci- 
men results. 
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TABLE 2--Average J values (kJ/m2) f rom small and large specimens at various amounts o f  
relative crack extension. 

Aa/ao : 0.0% Aa/ao = 1.0% Aa/ao = 2.0% 

Material Charpy SE(B) + C(T) Charpy SE(B) + C(T) Charpy SE(B) + C(T) 

7075-T651 8.5 8.1 9.1 9.4 9.7 10.3 
2024-T351 16 13 18 15 19 17 
A732, Class 1, 

Grade 4 56 39 64 49 71 $8 
HY80 177 163 275 231 316 275 
HY130 174 128 285 233 349 315 

The  first  genera l  c o m m e n t  tha t  can be  made  is tha t  the  ini t ia t ion J value is 
universal ly  overes t imated  except  in the  case of the  br i t t le  7075-T651 alloy. 
This  can be exp la ined  by  the a s sumpt ion  tha t  the  crack  begins  to p ropaga te  at  
m a x i m u m  load.  P robab ly  smal l  amoun t s  of c rack  extension occur  in the  
2024-T351 and  the  A723 alloys before  peak  load.  For  the  higher  toughness  
HY80 and  HY130, some crack  extension could have occurred at  the maxi-  
m u m  load.  Since bo th  of these  al loys s t r a i n - h a r d e n  s ignif icant ly,  c rack  
growth with a fully p las t ic  r ema in ing  l igament  may  occur  without  the " load  
d r o p p i n g "  and  thus  we would not  see it wi thout  " load  d r o p "  analysis.  

At  g rea te r  amoun t s  of relat ive c rack  extension,  " l o a d  d rop"  still overesti- 
mates  the  R-curve ,  a l though the abso lu te  and  relat ive differences became  
much  less. For  example ,  at  1% crack  extension,  J f rom the Charpy  specimen 
is abou t  20 to 30% higher  t han  the larger  specimens for  all the mate r ia l s  ex- 
cept  the  7075-T651 where the  difference is a lmost  negligible.  Similarly,  a t  2% 
crack  extension,  the  differences are r educed  to between 10 and 20% for the  
more  duct i le  mater ia l s .  If  the  J values are  represented  as thei r  K equivalents ,  
the  relat ive differences are  r educed  by roughly one half  (i .e. ,  10 to 15 % at 1% 
crack  extension and  5 to 10% at 2 %  crack  extension).  

Tab le  3 allows the  examina t ion  of the  d iscrepancies  between the small  

TABLE 3--Toughness  comparisons and validity considerations." 

Aa Aa Aa 
- - = 0  - - =  1 .0% - - = 2 . 0 %  
ao ao ao 

JL~ 25 JLD JLD 25 JLD JLD 25 JLD Pmax 
Material JLs oy b o JLs oj b o JLs trf b o PLL 

7075-T651 1.0S 0.08 0.97 0.08 0.94 0.09 0.S1 
2024-T351 1.23 0.20 1.20 0.23 1.12 0.24 0.85 
A723, Class 1, 

Grade 4 1.44 0.21 1.31 0.24 1.22 0.27 0.84 
HYS0 1.09 1.28 1.19 1.99 1.15 2.29 1.15 
HY130 1.36 0.90 1.22 1.47 1.10 1.81 1.19 

aSubscript LD = "Load Drop" Charpy Specimens, LS ---- Larger Specimens. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



410 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

specimen and large specimen data from a specimen size criterion viewpoint. 
For cracks to grow under J-controlled conditions, the guideline of a, b, and B 
dimensions of the specimen must be greater than 25 J/aj, with of the 
arithmetic average of the yield strength and ultimate strength. For pre- 
cracked Charpy specimens, the remaining ligament, b, is the important di- 
mension, thus the column 25 J/boof. When this quantity is less than one, J- 
controlled crack growth is assumed to be occurring; when the ratio is greater 
than unity, the specimen is too small for the J test. The larger specimens had 
bo values about five times the bo values of the Charpy specimens; thus if the 
quantity in the table exceeds five, J was not controlling in the larger samples. 
The final column in the table is the ratio of the average measured peak load 
(Pmax) to the theoretical limit load (PLL) of the precracked Charpy specimen 
[5]. This gives an indication of crack extension before peak load or any strain- 
hardening effects that would mark crack extension near peak load. 

For 7075-T651, 2024-T351, and A723, the size validity criterion is met; the 
specimen was sufficiently large for J-controlled crack growth. Therefore, us- 
ing precracked Charpy specimens, valid R-curves should result. The fact that 
the R-curves do not coincide for the 2024-T351 and the A723 materials is 
probably due to crack initiation occurring not at peak load but before it. This 
would have the effect of moving the entire precracked Charpy R-curve to the 
right or point-by-P0int addition of that amount of crack extension that oc- 
curred before maximum load. If an estimate of that amount of crack growth 
before peak load could be made, then better agreement would result. At this 
time a simple method of determining that small increment of crack growth is 
not available. 

In the higher toughness HY80 and HY130 steels, crack growth did not oc- 
cur under J-controlled conditions. According to the guidelines in ASTM 
E 813, the precracked Charpy R-curves cannot be considered as valid. What 
is interesting is that the agreement between small and large specimens of 
these materials was as good as the agreement between small and large speci- 
mens of the less tough 2024-T351 and A723 steel. This suggests that either the 
validity requirement is too restrictive or a coincidence has occurred. Further 
work on refining the validity criterion would answer this question. Also, in 
HY80 and HY130, it is clear that significant strain-hardening occurred. The 
effect of strain-hardening could be crack growth at peak load with no "load 
drop." This has the same result as the case of crack growth near but before 
peak load (i.e., "load drop" analysis underestimates crack extension). Real 
crack extension would move the entire R-curve to the right, thus giving better 
agreement with the large specimen data. 

Summary and Conclusions 

J-R curves were developed for five materials using standard specimens with 
well characterized methods of analysis and precracked Charpy specimens 
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with "load drop" analysis. The results show that physical crack extension in 
the larger specimens is not well approximated with the precracked Charpy 
specimens and the J that results in the onset of crack extension is overesti- 
mated significantly with precracked Charpy specimens. If the crack extension 
data are presented as a fraction of the uncracked ligament, much better 
agreement is obtained. In this case the "load drop" analysis still overesti- 
mates the overall R-curve but to a much smaller degree. Comparisons be- 
tween J that result in 1 and 2% crack extension show that "load drop" is not 
conservative by between 10 and 30% and was consistent even in specimens 
that were not valid according to presently recommended size requirements. 
The overestimate is attributed to the inability of the "load drop" method to 
sensitively determine the onset of crack growth and the inherent geometry 
dependence of J-R curves. 
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ABSTRACT. A single specimen ultrasonic determination procedure of the empirical 
measure of elastic-plastic fracture resistance under monotonic and multiple unloading 
conditions was proposed. It was shown that the elastic-plastic fracture toughness Jlc and 
the tearing moduli Tj (A amax) calculated from the slope of the determined J-A amax curves 
are independent of specimen size and side groove depth. It was also found that the ad- 
vancing crack tip opening displacement 6a is nearly constant during the stable crack 
growth. The multiple unloading R-curve was successfully determined and corresponded 
to the monotonic R-'curve. In addition, the transition behavior from low cycle fatigue to 
monotonic stable crack growth characteristics was experimentally clarified. 

KEY WORDS:  elastic-plastic fracture, single specimen technique, ultrasonic method, 
JR-curve, tearing modulus, 6R-curve, multiple unloading R-curve, low cycle fatigue crack 
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a0 
ai 

Aa 
Aamax 

Crack length 
Initial crack length 
Instantaneous crack length 
Crack extension 
Maximum crack extension at the center of specimen thickness 
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Aap 
Aasz 

da/dN 
Ai, i+l 

Atotal 
b 

b0 
bi 

BN 
C 
E 

AE1 
AE2 
an2 

J 
Jlc 

dJ/da 

/total 
AJ 

AK 
AKeff 

k 
P 
R 

SZW 
Tj 

Tj(Aap) 
Tj(Aamax) 

VL 
Z~VL 

W 

,y 
7/ 

a. 
a/ 

Physical crack extension (ASTM E 813) 
Crack extension due to stretching 
Fatigue crack growth rate 
Area under load versus load-line displacement curve between 
lines of constant displacement at Points i and i + 1 

AA Area under load versus load-line displacement curve during a 
rising load 
Total area under load versus load-line displacement curve 
Uncracked ligament, W -- a 
Initial uncracked ligament 
Instantaneous remaining uncracked ligament 
Net specimen thickness 
Material constant relating da/dN and AJ 
Young's modulus 
Top-on ultrasonic echo difference output voltage 
End-on ultrasonic echo difference output voltage 
End-on ultrasonic echo height difference 
J-integral 
Critical J-integral (elastic-plastic fracture toughness) 
Slope of JR-curve 
J-integral calculated using atotal 
Cyclic J-integral 
Stress intensity factor range 
Effective stress intensity factor range 
Proportional constant relating ~ and AH2 
Load 
Load ratio 
Stretch zone width 
Tearing modulus 
Tearing modulus calculated using the slope of J-Aap curve 
Tearing modulus calculated using the slope of J-Aama~ curve 
Load-line displacement 
Change in load-line displacement during unloading 
Specimen width 
: ~/(2ao/bo) 2 + 2(2a0/b0) + 2 -- (2ao/bo + 1) 
= 1 + 0.766 b / W  
= 2 + 0.522 b / W  
Yield stress 
Ultimate tensile strength 
Flow stress 
Crack tip opening displacement 
Critical crack tip opening displacement (elastic-plastic fracture 
toughness) 

6o Original crack tip opening displacement 
tS. Advancing crack tip opening displacement 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



HIRANO ET AL ON ELASTIC-PLASTIC FRACTURE RESISTANCE 417 

Recently, several attempts have been made to evaluate an elastic-plastic 
fracture resistance under cyclic loading condition and to combine elastic- 
plastic fatigue with monotonic crack growth resistance data [1-5]. The phe- 
nomenon of elastic-plastic fracture takes on a complex, three-dimensional as- 
pect. The flat fracture near the midthickness develops under predominantly 
plane-strain condition, whereas the shear lips near the surface develop under 
plane-stress condition. It is therefore questionable how to define the crack 
extension in the experimental determination of the crack growth resistance 
curve that is meaningful and independent of specimen size and geometry. If 
the J-integral resistance curve is characterized in terms of maximum crack 
extension namax at the center of specimen thickness where plane-strain flat 
fracture occurs, the experimentally determined J'Aamax curve appears to be 
independent of specimen size and side groove depth, where the specimen sizes 
are geometrically similar. Since 2Lamax is nondestructively and continuously 
measured by the ultrasonic monitoring technique, an empirical measure of 
plane-strain elastic-plastic fracture resistance curve can easily be determined 
from a single small specimen [6]. 

In this paper, a single specimen determination procedure of the elastic- 
plastic fracture resistance curves in terms of J-integral and crack tip opening 
displacement ~ under monotonic and cyclic loading conditions is proposed. 
Multiple unloading elastic-plastic fracture resistance curves are successfully 
determined under multiple unloading condition according to the proposed 
procedure and are compared with those obtained under monotonic loading 
condition. The transition behavior from low cycle fatigue to monotonic stable 
crack growth characteristics is also discussed. 

Ultrasonic Monitoring of Inner Crack Growth and Determination of 
Empirical Measure of Elastlc-Plastic Fracture Resistance 

An ultrasonic monitoring technique of inner crack growth in experimental 
fracture mechanics (Fig. 1) is fundamentally based on conventional ultra- 
sonic nondestructive testing using the pulse echo technique. Transducers 
which both send and receive an ultrasonic pulse are placed on the top ("top- 
on" ultrasonic method [6]) and the end ("end-on" ultrasonic method [7]) of 
the compact (CT) specimen. The transducer placement variation does not re- 
quire calibration, and the time-of-flight variation is easily calibrated and very 
versatile. An advantage of the ultrasonic monitoring technique of crack 
growth is that the directivity of the ultrasonic wave can provide inner crack 
length measurements where the crack tunneling occurs. In addition, the ul- 
trasonic monitoring technique is applicable to any test specimen geometry 
that behaves in an elastic-plastic manner. Accordingly, not only fatigue crack 
growth but also fatigue precrack tip plastic blunting, onset of stable crack 
growth, or crack extension during an elastic-plastic fracture toughness test- 
ing can nondestructively and continuously be measured at the specimen mid- 
thickness under the predominantly plane-strain condition [8-14]. 
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Top-on ultrasonic method 

~ E n d - o n  
tr tahsoodn i c 

FIG. 1--Schematic illustration of "top-on" and "end-on" ultrasonic method. 

The proposed single specimen determination procedure of the empirical 
measure of the elastic-plastic fracture resistance curve based on the ultrasonic 
method is summarized as follows: 

1. As schematically illustrated in Fig. 1, transducers which both send and 
receive an ultrasonic pulse are placed on the top and end surface of the CT 
specimen. 

2. The specimen is loaded in a displacement control mode. Continuous 
photographs of the end-on ultrasonic echo signal on a cathode ray tube (CRT) 
are taken during fracture toughness loading, in addition to the top-on and 
end-on ultrasonic echo difference output voltages (AE1, AE2) or the load ver- 
sus load-line displacement (P -- VL) curve measurements. 

3. The crack extension Aa is measured from the echo-shifted distance on 
the photograph of the end-on ultrasonic CRT presentation (Fig. 2b). 

4. The J-integral versus Aa curve is determined from a single specimen by 
plotting the J values experimentally evaluated using the area under the P -- 
VL curve against Aa (Fig. 2a). Elastic-plastic fracture toughness Jlc is also 
determined at the rapid-increase or the maximum points in the AE1, AE2 
versus VL curves, respectively [13]. 

5. The original and advancing crack tip opening displacement (60, fia) are 
nondestructively and continuously measured from the end-on ultrasonic echo 
height difference AH2 at the original fatigue precrack tip or the advancing 
crack tip using the expression 

= k . A n 2  (1) 

where k is the proportional constant. The 60, 6a versus Aa curves are also 
determined from a single specimen by plotting these 6o and ~, values against 
Aa (Fig. 2a). 
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FIG. 2--Single specimen determination procedure of an empirical measure of elastic-plastic 
fracture resistance. 

The multiple unloading elastic-plastic fracture resistance curve is also de- 
termined from a single specimen, since the ultrasonic monitoring technique 
proposed here is applicable to the cyclic loading tests. 

Materials and Experimental Procedure 

Materials and Test Specimens 

The materials tested were intermediate-strength, high-toughness A533 
(Grade B, Class 1) steel and 21/2 Cr-Mo steel. Details of their chemical com- 
position, heat treatments, and mechanical properties are given in Tables 1 
and 2. 
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TABLE 1--Chemical composition (weight percent). 

Material C Si Mn P S Ni Cr Mo Cu AI 

AS33B-I 0.19 0.27 1.27 0.006 0.008 0.63 . . .  0,52 
2t/2Cr-Mo 0.14 0,17 0.61 0.009 0.015 0.12 2.45 1.01 ( J A b  0.02 

TABLE 2--Heat treatments and mechanical properties. 

Ultimate Strain- 
Yield Tensile Reduction Hardening 

Strength Strength Elongation of Area Exponent 
Material Heat Treatments (oy,), MPa (ou), MPa (6), % (~b), % (n) 

A533B-1 1173 K for 50 rain; 
air cooled 539 680 25.0 , . .  0.14 

1203 K for 4 h; 
water quenched 

933 K for 4 h; 
tempered 

1!93 K for 15.5 h; 
water quenched 510 659 28.8 75.9 0.10 

933 K for 10 h; air 
cooled, tempered 

21/2Cr-Mo 

The specimens used were 25-mm-thick compact type (1CT) (Fig. 3). 
Cracks were placed in the L-T orientation. All specimens were fatigue pre- 
cracked in accordance with ASTM Test for Plane-Strain Fracture Toughness 
of Metallic Materials (E 399) to crack lengths corresponding to a~ W of 0.5, 
where a is the crack length and W the specimen width. The 40-mm-thick 
compact type (2CT) specimen w~s sometimes used for the A533B-1 steel. 
After precracking, side grooves were machined into some specimens along the 
nominal crack plane to total section reductions of 12.5, 25, and 50%. Most 
specimens were side grooved with a 45-deg cutter with a root radius of ap- 
proximately 150 ~tm. 

Test Procedure 

J-integral and 6R curve tests were conducted at room temperature on a 
closed-loop electrohydraulic testing machine under the displacement-con- 
trolled condition at a speed of 0.5 mm/min. To study the effect of multiple 
unloading on crack growth behavior, tests also were carried out under dis- 
placement-controlled unloads with a constant AV L (approximately 0.2 - 0.5 
mm) as indicated in Fig. 4. Number of cycles were six and thirteen. Low cycle 
fatigue crack growth tests were carried out under load-controlled cyclic load- 
ing condition at a load ratio R (minimum load to maximum load) of zero. The 
ultrasonic measurements here were performed using a ceramic, normal trans- 
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FIG. 3--Configuration and dimensions of test specimen (1CT). 
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FIG. 4--Estimation of cyclic J-integration. 

ducer operating at 5 MHz and a commercial ultrasonic flaw detector. The 
ultrasonic beam is focused on the center of the fatigue precrack front. The 
behavior detected by the ultrasonic method corresponds to stable crack 
growth which almost occurs at the specimen midthickness under the predom- 
inantly plane-strain condition. 
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The J-integral  was calculated under  the monotonic loading condition using 
the expression [15] 

(2) 

where 
,/ = 2 + 0.522 b/W,  
-/ = 1 + 0.766 b/W,  
bi = instantaneous remaining uncracked ligament, 

BN = net specimen thickness, 
ai = instantaneous crack length, and 

Ai.i+~ = area under  load versus load-line displacement curve between lines 
of constant  displacement at Points i and i + 1. 

The J-integral was calculated under  the cyclic loading condition using the ex- 
pression [16] 

1 
Ji+l  - -  D"7 i [ J i ' b i + l  -'~ (Jtotal ,  i + l  - - J t o t a l ,  i)bo] (3) 

where 

1 + c~ 2 A t ~  [17], 
�9 /total ~--- 1 + oe 2 BN'bo 

o~ = ~f(2a0/b0) 2 + 2(2a0/b0) + 2 --  (2ao/bo + 1), 
a0 = initial crack length, 
b0 = initial uncracked l igament,  and 

Atota ! = area indicated in Fig. 4. 

Cyclic AJ were determined f rom area AA under  load versus load-line dis- 
placement  curve during a rising load as indicated in Fig. 4. The following 
expression was used to estimate a J  [18]: 

1 + o~ 2 . A A  
AJ = - -  (4) 

1 + cd BN'8  

Elastic-Plastic Fracture Resistance R-Curve 

A a and ~ Measurements 

End-on  ultrasonic crack extension measurements  taken at the termination 
of tests are compared  with optical measurements  on the fatigue post-frac- 
tured surface (Fig. 5). The test results show that  the agreement  between the 
ultrasonic measurements  Aa (ultrasonic) and the actual max imum crack ex- 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



HIRANO ET AL ON ELASTIC-PLASTIC FRACTURE RESISTANCE 423 

,r ~ m 

d ~  

�9 ~  I I 

I 1 I I I 

-~ 

s 00 �9 .~. oJ o 

~ V  x ~ e V  

Ne~ ~ 

t o  Q 0 < 1  o 

I I I I 
0 CO QP ~ C'~ O 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



424 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

tension Aamax at the center of specimen thickness is excellent regardless of 
side groove depth. Within the limits of this experiment, the same linear rela- 
tionships between Aamax and the physical crack extension Aap in ASTM Test 
for Jlc, A Measure of Fracture Toughness (E 813) exist in accordance with 
respective side groove depth under both monotonic and cyclic loading condi- 
tions. However, there is a difference in the curvature of a characteristic 
thumbnail-shaped crack front between AS33B-1 and 21/2Cr-Mo steels with 
nearly the same strength level, since the slope of Aama x versus Aap curves var- 
ies. 

The relationship between end-on ultrasonic echo height difference AH2 
and original crack tip opening displacement 6o is shown in Fig. 6 for A533B-1 
steel. In this figure, stretch zone width S Z W  fractographically obtained at the 
center of specimen thickness from the multispecimen test are also plotted 
against AH2 for comparison. It is shown that there is a unique relationship 
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~ 0 . 1  
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FIG. 6--Relationship between end-on ultrasonic echo height difference AH2 and original 
crack tip opening displacement ~o. 
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between AH2 and 6o as expressed by Eq 1, regardless of specimen size and 
side groove depth, and that this unique relationship corresponds to the 
multispecimen test results shown by the relationship between SZW and AH2. 
From the test results described above, the ultrasonic monitoring technique 
proposed here is shown to give excellent estimates of actual maximum crack 
extension and crack tip opening displacement at the center of specimen thick- 
ness under plane-strain condition regardless of specimen size and side groove 
depth. It is therefore a useful tool in experimental determination of an empir- 
ical measure of plane-strain elastic-plastic fracture resistance curve. 

Single Specimen Determination of JR- and ~R-Curves 

The J-integral v e r s u s  Aamax curves obtained according to the proposed sin- 
gle specimen determination procedure are shown in Fig. 7 for AS33B-1 steel. 
The test results show almost no influence of specimen size and side groove 
depth on the J-Aamax curve. Accordingly, if the J-integral resistance JR-curve 
is characterized in terms of Aama x at the center of specimen thickness where 

E 
z 
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A533B-1 V 
z~ 

z~ 
VE] 

o 00 / 
VO 
0 

,oo I_ 

o o%} 
,~ 12.5%[lC T 

2oo / J,c! ? 25 /a/W-05 
I~'/ / / / / /  50%) 

o% 2cr 
1 0 0 ~  v 25%1 a/W=0.5 

~ '  solid symbols:Pmax 
scatter band f &c 

0 1 2 3 4 5 
A a m a x  m m  

FIG. 7--J-A amax curves for  A533B-1 steel. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



426 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

predominantly plane-strain flat "fracture occurs, the experimentally deter- 
mined JR-curve appears to be independent of specimen size and side groove 
depth, where the specimen sizes are geometrically similar. Since Aamax is non- 
destructively and continuously measured by the ultrasonic monitoring tech- 
nique as described above, an empirical measure of the plane-strain elastic- 
plastic fracture resistance curve can easily be determined from a single small 
specimen. On the other hand, it can also be presumed from the relationship 
between Aam~x and Aap at each percentage of side groove depth shown in Fig. 
5 that Jversus Aap curves depend on the side groove depth, and that the slope 
of J-Aap curve decreases with increasing the percentage of side grooves [19], 
although these detailed results are omitted in this paper. 

The tearing moduli are calculated using the expression [20] 

E dJ 
Tj . . . .  (S) 

where 

Tj = tearing modulus, 
dJ/da = slope of JR-curve, 

E = Young's modulus, and 
oj = flow stress ( =  (ays + o,)/2). 

The d J~ da values in this investigation were calculated using the least-squares 
linear fit of J crack extension data which fell at least 0.15 mm beyond the 
measured blunting line to approximately 5 mm of crack growth. Plots of Tj 
(Aamax) determined from theJ-Aamax curve against the percent of side grooves 
are presented in Fig. 8 for A533B-1 steel. The Tj(A amax) values are also nearly 
constant regardless of specimen size and side groove depth, although there is 
considerable scatter as shown by the hatched band in this figure. On the other 
hand, Tj(Aap) decreases as the percent of side grooves increases, and Tj(Aap) 
for 25 and 50% side-grooved specimens are nearly consistent with Tj(Aamax). 

Crack tip opening displacement resistance ~o, ~a versus Aamax curves are 
shown in Fig. 9 for A533B-1 steel. It can be seen from this figure that the 6o -- 
Aamax curve is represented by the plastic blunting line and fracture resistance 
curve after the onset of stable crack growth as well as the JR-curve [21]. These 
quantitative measurements also show that the advancing crack tip opening 
displacement ~, increases immediately after the onset of stable crack growth 
and has a tendency to stay nearly constant during the stable crack growth 
(solid line), and that it is several times smaller than elastic-plastic fracture 
toughness 6ic, although there is considerable scatter. The test results corre- 
spond qualitatively to that obtained by Garwood and Turner [22] using the 
multispecimen test method. 
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FIG. 8--Effect of side groove depth on Tj. 

Multiple Unloading R-Curve Determination 

Comparison of P versus VL curves under monotonic and multiple unload- 
ing conditions is shown in Fig. 10 for 21/2 Cr-Mo steel. There is little difference 
between an envelope P-VL curve under multiple unloading and a monotonic 
P-VL curve, and the P-VL curve is not influenced by the multiple unloading 
within the limits of this experiment. In other words, the distinct cyclic hard- 
ening and softening behavior do not appear on the P-VL curve for this mate- 
rial, because a considerable crack extension occurs at each cycles. 

J v e r s u s  Aamax Curves developed under the cyclic loading condition are 
shown in Fig. 11 for 21/2Cr-Mo steel. In this figure, the J v e r s u s  Aama x Curve 
developed under the monotonic loading condition is also presented by the 
straight line for comparison. Although there is considerable scatter in com- 
parison with the monotonic JR-curve, the test results show almost no influ- 
ence of side groove depth and number of cycles on the multiple unloading JR- 
curve. The JR-curve represents an empirical measure of plane-strain 
elastic-plastic fracture resistance under multiple unloading condition which 
is side groove depth, multiple unloading cycles independent. The multiple 
unloading JR-curve corresponds to the monotonic JR-curve. Accordingly, it is 
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FIG. 9--60, 6a versus Aamax curves for  A533B-1 steel. 

concluded that there is little influence of multiple unloading on empirical sta- 
ble crack growth resistance characteristics. 

Figure 12 shows 60, /~. versus Aamax curves developed under the multiple 
unloading conditions for 2V2Cr-Mo steel. The test result under monotonic 
loading condition for/5, is presented as the scatterband in this figure. It is 
found that the multiple unloading ~oR-curve is also represented by both the 
blunting line and fracture resistance curve, and that corresponds fairly closely 
to the monotonic ~oR-curve shown by the scatterband. Multiple unloading 6. 
values fluctuate within the range of monotonic 6. values shown by the hatched 
band, and have a tendency to be identical to monotonic ~. values in the wide 
range of Aamax, although there is considerable scatter. It is considered that 
there is no significant difference in an empirical measure of stable crack 
growth resistance in terms of 6 under monotonic and multiple unloading con- 
ditions as well as JR-curve. 

Stable crack growth resistance Tj(Aamax) and fracture toughness Jic are 
summarized in Table 3. The Tj(Aamax) values are nearly constant regardless 
of side groove (SG) depth. There is no significant difference in Tj(Aamax) val- 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



H I R A N O  ET A L  O N  E L A S T I C - P L A S T I C  F R A C T U R E  R E S I S T A N C E  429 

2.1/2Cr-Mo 

75  O%S.G. 

_ _ .  r ;/ ,;' // / / 
b O P  f / '  , l ;  l i  .': i I 

I ! ; :  , ,; /; ." :1 
I ! ,;' ,; " ." .'; ! 1  

/ / / ;  ,'/ / I  
I ;:\'/ , '/., '/ /; / I  " / /  ,; ,; ,/ ,' ,, . ' /  

/ /  'l I/ r '  i '  t, / / 
I /  :,' ,,' ;.' ,? :/ / /  
I I t t I." 11 I ~ u ' / 

I/ ~' i' ,' ;' " ' /  ~' ~ ~ ~ 

0 1 2 3 4 
VL mm 

FIG. lO--Comparison of P versus VL curves under monotonic and multiple unloading condi- 
tions for 21/2 Cr-Mo steel. 

ues under monotonic and multiple unloading conditions, since the multiple 
unloading JR-curve corresponds to the monotonic JR-curve. In addition, the 
J]c values determined according to the ultrasonic method are also indepen- 
dent of specimen size, crack length, and side groove depth within the valid 
specimen size requirements [6,13,19]. The Jlc values show almost no influence 
of the multiple unloading. Comparison of elastic-plastic fracture resistances 
for 21/2Cr-Mo and AS33B-1 steels shows that the material whose J~r value is 
large does not always have a large Ts(Aam,x). It is therefore necessary to 
evaluate the stable crack growth resistance as well as the elastic-plastic frac- 
ture toughness in order to assess the structural integrity. 

Transition from Low Cycle Fatigue to Monotonic Stable Crack Growth 
Characteristics 

Low cycle fatigue crack growth rates d a / d N  o r  Aamax under the cyclic load- 
ing condition as a function of AJ  are shown in Fig. 13 for 21/2 Cr-Mo steel. In 
this figure, the results from da /dN  versus AK high cycle fatigue crack growth 
rate data were converted to a da /dN  versus AJ format and also plotted for 
comparison. The dotted chain line relSresents the d a /d N-AJ  diagram con- 
verted from the da/dN-AKeff relationship covering near-threshold fatigue 
crack growth rates [23]. The da /dN-AJ  relationship gradually deviates from 
a linear relationship of d a / d N  = C 'AJ ,  where C is material constant, for 
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FIG. 11--J versus Aamax curves for  21/2 Cr-Mo steel under multiple unloading condition. 

high cycle fatigue crack growth characteristics under the predominantly lin- 
ear elastic condition and connects smoothly to the Aamax-A J relationship un- 
der the cyclic loading condition. Beyond the Jxc value, the Aamax-AJ relation- 
ship gradually approaches the stable crack growth characteristics under the 
monotonic loading condition. The transition behavior also depends on the 
disappearance of crack closure phenomenon and the change of fracture mi- 
cromechanism. In fact, recent test results [24] show that the low cycle fatigue 
crack growth rates atR = -- 1.0 using the center cracked tension (CCT) spec- 
imen still lie on the linear extrapolation of the da/dN-AJ relationship beyond 
the Jlc value. To fully understand the transition region from low cycle fatigue 
to monotonic stable crack growth characteristics, many further tests with 
varying load ratio, loading or strain rate, and test specimen geometry will be 
required. 

Conclusions 

1. The maximum crack extension Aamax at the center of specimen thickness 
under the plane-strain condition can nondestructively and continuously be 
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FIG. 12--/~o, 6a versus Aamax curves for 21/2Cr-Mo steel under multiple unloading condition. 

TABLE 3--Stable crack growth resistance and fracture toughness. 

Specimen Jic, 
Material Test Condition Type a Ty(Aamax) kN/m 

21/2 Cr-Mo Monotonic loading 0 % SG 103 174 
25% SG 88 169 

Cyclic loading 0% SG 87, 88 177 
25% SG 72 . . .  

57 180 
49 152 
52 197 
50 194 

A533B-1 Monotonic loading 0% SG 
12.5% SG 

25% SG 
50% SG 

~SG = side groove. 

measu red  regard less  of spec imen size and  side groove dePth by the ul t rasonic 
moni to r ing  technique .  

2. The  c rack  t ip  opening  d i sp lacement  at  the  or iginal  fat igue precrack  tip 
or  the  advanc ing  c rack  t ip  (~o and  tS,) can nondest ruct ively  and  cont inuously 
be measu red  at  the  center  of spec imen thickness  unde r  p lane-s t ra in  condi t ion 
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FIG. 13--Transition from low cycle fatigue to monotonic stable crack growth characteristics. 

regardless of specimen size and side groove depth by the ultrasonic monitor- 
ing technique. 

3. The measure of plane-strain elastic-plastic fracture resistance J-Aamax 
curve can also be determined from a single small specimen according to the 
proposed procedure when crack tunneling occurs. The tearing moduli 
T1(Aamax) values calculated using the slope of the J-Aamax curve are nearly 
constant regardless of specimen size and side groove depth. On the other 
hand, the tearing moduli Tj(Aap) decrease as the percent of side grooves in- 
creases, and those for 25 and 50% side-grooved specimens are nearly consis- 
tent with Tj(Aamax). 

4. The material whose Jic value is large does not always have a large 
Tj(Aamax) value. It is therefore necessary to evaluate the stable crack growth 
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resistance as well as the elastic-plastic fracture toughness in order to assess 
the structural integrity. 

5. The Aa . . . .  ~o and 6a at the center of specimen thickness can nondestruc- 
tively and continuously be measured under the cyclic loading condition by the 
ultrasonic monitoring technique. Multiple unloading R-curves can also be 
determined from a single specimen. 

6. There is little difference between the monotonic and multiple unloading 
R-curves. 

7. The transition behavior from low cycle fatigue to monotonic stable crack 
growth characteristics has been experimentally clarified. 
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ABSTRACT: An experimental investigation was performed to evaluate the applicability 
of using J-integral resistance (J-R) curves from laboratory specimens to describe the frac- 
ture behavior of circumferentially cracked 8 in. diameter ASTM A106 steel pipe. The 
approach of the study was to perform J-integral tests on 48 in. long, 8 in. diameter, 
Schedule 80 ASTM A106 steel pipes and compare them with J-integral tests performed on 
I/2T, 1T plan, and 2T plan compact specimens machined from the pipe wall. The pipes 
were tested in four-point bending and were monitored for load, crack opening displace- 
ment, bend angle, and electrical potential drop. Elastic compliance and direct-current 
potential drop (DCPD) techniques were used simultaneously to predict crack length dur- 
ing the tests. The compact tension specimens were tested in a conventional screw-driven 
testing machine while being monitored for load, load-line deflection, and electrical poten- 
tial drop. Elastic compliance and DCPD techniques were also used for crack length pre- 
dictions during these tests. 

The results of this series of J-integral tests indicate that similar J-R curves result from 
the two types of specimens. However, small specimen tests cannot easily be used to predict 
full J-R curve behavior for larger, full-sized specimens owing to the modest amount of 
crack extension available in laboratory-sized specimens. 

KEY WORDS: fracture mechanics, ASTM A106 steel, pipe bend specimen, compact 
tension specimen, J-integral, J-resistance curve, elastic compliance, direct-current poten- 
tial drop 

The use of J-integral fracture mechanics concepts to characterize the duc- 
tile fracture properties of engineering materials has been shown to be valid 
and widely applicable [1]. Development of single-specimen J-integral test 

~Research Metallurgist, Materials Engineer, and Branch Head, Fatigue and Fracture Branch, 
respectively, David Taylor Naval Ship R&D Center, Bethesda, MD 20084. 
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methodology [2,3] has broadened the application of this concept and has led 
to increased interest in the J-integral resistance curve. The theoretical foun- 
dation for the use of the J-integral beyond crack initiation was discussed by 
Hutchinson and Paris [4] and conditions for J-controlled crack growth were 
defined. Subsequently, analyses of the stability of crack growth in the J-con- 
trolled regime were conducted by Paris and co-workers [5,6]. Included in 
these investigations were the development of tearing instability relationships 
under fully plastic conditions for several specimen geometries and the intro- 
duction of the tearing modulus parameter which incorporates the slope of the 
J-resistance curve. 

The objective of this research was to investigate the applicability of using J- 
resistance (J-R) curves from laboratory (compact) specimens to describe the 
J-integral fracture behavior of circumferentially precracked 8 in. diameter 
ASTM A106 steel pipe. The investigation was divided into two parts. The first 
phase involved J-integral characterization of 8 in. diameter Schedule 80 
ASTM A106 steel pipe specimens subjected to four-point bend loading. The 
second phase of the investigation was to perform J-integral tests on l/2T, 1T 
plan, and 2T plan compact tension specimens machined from the pipe wall. 
Results of these tests were then compared with the results from the tests on 
the full-sized pipe specimens. 

Materials 

The alloy used in this investigation was ASTM A106 Grade B steel. It was 
supplied in the form of four 6.1 m (20 ft) lengths of 219 mm (8.625 in.) out- 
side diameter Schedule 80 pipe with a typical wall thickness of 14 mm (0.54 
in.). The pipe was manufactured by the United States Steel Corporation and 
conformed to the requirements of ASME Section III Sub-Article NCA 3800. 
The nominal chemical composition of the steel is given in Table 1. 

Twelve tensile tests were performed with three specimens from each of the 
lengths of pipe. The specimens were machined with the longitudinal axis of 
the specimen parallel to the longitudinal axis of the pipe which corresponds to 
the orientation of tensile properties which govern crack extension in the cir- 
cumferentially cracked pipes. The 9.1 mm (0.357 in.) diameter tensile speci- 
mens with 35.6 mm (1.40 in.) gage lengths were tested in accordance with 
ASTM Methods of Tension Testing of Metallic Materials (E 8). The results of 
these tests are given in Table 2. 

TABLE 1--Chemical composition (wt%) of ASTM A106 GrB steel pipe. 

C Mn P S Si Fe 

0.23 0.81 0.0062 0.013 0.164 bal. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



VASSILAROS ET AL ON J-RESISTANCE CURVE ANALYSIS 437 

TABLE 2--Room temperature mechanical properties of ASTM A106 GrB steel pipe. 

Ultimate Tensile 
Yield Strength, Strength, Elongation Reduction in Area, 

MPa (ksi) MPa (ksi) % in 2 in. % (L = 4D) 

Average of 28 (41.1) 495 (71.7) 38 64.5 
12 tests 

Standard 
deviation = 0.921 1.62 3.8 0.522 

Charpy V-notch specimens were machined from several sections of pipe 
and oriented with the plane of the notch perpendicular to the longitudinal 
axis of the pipe and with crack growth occurring in the circumferential direc- 
tion. This orientation (LC) was the same as that used for the compact speci- 
mens and the full-scale pipe tests. ASTM Methods for Notched Bar Impact 
Testing of Metallic Materials (E 23) was followed when testing the Charpy 
specimens. An upper shelf Charpy impact toughness value on the order of 
149 J (110 ft-lb) was attained at approximately 38~ (100~ 

Compact Specimen J-R Curve Testing 

Three geometries of compact tension specimens were produced from the 
pipe. These included I/2T, 1T plan, and 2T plan geometries (i.e., the 1T and 
2T plan specimens had the same dimensions in the side plane as full-thick- 
ness IT and 2T specimens) as shown in Figs. la  and lb. Compact specimens 
ranged from 10 mm (0.4 in.) to 13 mm (0.5 in.) thick. The 1/2T and 1T plan 
specimens were machined directly from blanks cut from the pipe. The 2T 
plan specimen blanks cut from the pipe wall were pressed flat before machin- 
ing. This flattening procedure produced a prestrain of + 6 % or --6% across 
the specimen thickness. All specimens were machined such that crack growth 
occurred in the LC orientation. 

J-integral fracture toughness tests performed on the compact tension speci- 
mens utilized two separate techniques for measuring crack extension. The 
first, used on all three geometries of compact specimens, was the elastic com- 
pliance technique described by Joyce and Gudas [3]. The second method uti- 
lized the direct-current potential drop (DCPD) technique to measure the 
crack extension during the J-integral fracture toughness tests. This method, 
described by Vassilaros and Hackett [ 7], monitored the internal resistance 
(IR) drop across the notch face of the compact specimen subjected to a con- 
stant direct current. The technique partitions the changes in electrical resis- 
tance into components resulting from plasticity and crack blunting, and that 
resulting from a change in crack length. The DCPD was used only on the 2T 
plan specimens with the data being gathered concurrently with elastic compli- 
ance data. 
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The J-integral values calculated for the compact specimen test results used 
the deformation theory formulation with the crack growth correction expres- 
sion by Ernst et al [8]: 

J~i+,) =- 4- b-T BN b i  (a(i+l) - -  ai) (1) 

where 

W =  

7 = 
b i : -  

B N  = 

a i 

A i , ( i + l  ) = 

2 + (0.522) b / W  for a compact specimen, 
specimen width, 
1 + ( 0 . 7 6 ) b / W ,  
instantaneous length of remaining ligament, 
minimum specimen thickness, 
instantaneous crack length, and 
area under the load versus load-line displacement record be- 
tween lines of constant displacement at points i and i+  1. 

All specimen preparation and measurement procedures detailed in ASTM 
Test for J~c, A Measure of Fracture Toughness (E 813) were followed in this 
phase of testing. Fatigue precracks were grown to 0.65 a / W  in all compact 
specimen geometries. 

J-initiation was calculated using a modification of ASTM E 813. A least- 
squares linear regression analysis was performed on the first four valid points 
closest to the blunting line and then again after the addition of each qualified 
point representing the next increment of crack extension through the ASTM 
E 813 prescribed region of crack growth. The specific J-initiation value se- 
lected for each test was the point of intersection between the blunting line and 
the fit line from the set of data corresponding to the first peak in correlation of 
the least squares fit as a function of crack length (i.e., points were added as 
long as the addition increased the correlation of the least squares fit). The 
slope of data in the entire ASTM E 813 range was used to calculate the tearing 
modulus for each specimen test. 

The compact specimens tested had thicknesses ranging from 10 to 13 mm 
(0.4 to 0.5 in.). This range of thicknesses imposes an upper bound valid 
J-integral value on the order of 155 kJ/mm 2 (900 in.-lb/in. 2) in order to main- 
tain plane strain conditions in accordance with ASTM E 813. These condi- 
tions and the extensive shear apparent on the fracture surface indicate that all 
the fracture occurred under non-plane strain conditions. 

J-R Curve Testing of Pipe Specimens 

The J-integral fracture toughness tests were performed with ASTM A106 
Grade B steel pipe configured in four-point bending. Each pipe specimen had 
an overall length of 1219 mm (48 in.). Figure 2 presents a schematic view of 
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FIG. 2--Schematic drawing of pipe test arrangement. 

the arrangement of the test apparatus as well as points of measurement in- 
cluded in the test. For all tests, the center span length was 305 mm (12 in.), 
while the moment arm length was either 381 or 457 mm (15 or 18 in.). Initial 
total fatigue preerack lengths (2a) measured on the mean circumference of 
the pipe ranged from 135 to 211 mm (5.3 to 8.3 in.), or 21 to 33% of the total 
circumference. Measurements taken during the tests included crack mouth 
opening displacement (~1), deflection of neutral axis of the pipe (~i2), total 
system deflection (~3), and load (see Fig. 2). The DCPD crack length mea- 
surement current inputs were located at the extreme ends of the pipe; the 
potential output leads were located 51 mm (2 in.) apart and centered about 
the crack plane at the crack mouth. The pipes were insulated at the loading 
saddle blocks to avoid electrical grounding. 

All precracking and testing were performed in a 1 300 000 N (300 000 lb) 
servo-hydraulic test machine in the deflection-controlled mode. Circumferen- 
tially oriented notches with 0.08 mm (0.003 in.) radius tips were machined 
into the specimens. Fatigue precracks were grown a minimum of 5 mm (0.2 
in.) from the tip of each machined notched at a frequency of 0.17 Hz. The 
maximum AK applied during the final stages of precracking was 33 MPax/m 
(30 ksi ix/in..). Strip heaters were placed around the test section to maintain a 
temperature in the range of 52 to 65~ (125 to 150~ ensuring upper shelf 
behavior as measured in the Charpy impact toughness tests. 
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The J-integral tests performed on the full-sized pipe specimens utilized 
both the elastic compliance and DCPD techniques to measure crack exten- 
sion. The elastic compliance technique used the slope of the crack mouth 
opening displacement measurements obtained during small elastic unload- 
ings (15 to 20% of maximum load) performed during the tests. The compli- 
ance expression experimentally determined by Joyce [9] using 102 mm (4 in.) 
diameter aluminum 6061 pipe was modified for these tests using the elastic 
compliance measurements of initial fatigue cracks which were optically mea- 
sured after the test. The DCPD technique for crack length measurement was 
similar to the compact specimen technique described by Vassilaros and 
Hackett [ 7]. However, the relationship between crack length and potential 
drop used for the pipe was obtained by fitting an exponential equation to the 
data published by Wilkowski and Maxey [10]. 

The J-integral values for these pipe tests were evaluated using two different 
expressions. The first expression was published by Tada et al [11]. This ex- 
pression uses the pipe bend angle and the material flow stress to evaluate J: 

J = of Rr~ [sin (0/2) + cos 0] + K 2 / E  (2) 

where 

of = flow stress, 
R = mean radius, 
0 = 1/2 total crack angle, 
O = total bend angle, 
K = applied stress intensity (elastically calculated), and 
E = elastic modulus. 

The bend angle was calculated using the measured load-line deflection taken 
near the neutral axis divided by the span of the moment arm. This expression 
is an approximatio n to the actual J-integral assuming elastic-perfectly plastic 
material behavior without any crack growth correction. 

The second J-integral expression was published by Zahoor and Kanninen 
[12]. This expression uses the actual bending moment and load-line deflec- 
tion and employs a crack growth correction. The expression is 

f (2P) d ~ +  f .yJdq5 (3) J---- KR/E  + fl ~o ~,o 

where 

K = stress intensity factor, 
E = elastic modulus, 
fl = -- h'(qb)/Rt h (oh), 

2P = total bending load, 
= plastic load-line deflection, 
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~/ : h " ( O ) / h ' ( g a ) ,  
R : radius, 
t = thickness, 

0 = total crack angle, and 
h(0) : [cos (014) - -  1 / / 2  sin (0//2)]. 

The J-integral crack initiation values for the pipe bend tests could not be 
calculated using ASTM E 813 because of the insufficient number of data 
points in the required crack extension range. The crack initiation values re- 
ported for this study were obtained by calculating the J-integral value at the 
intersection of the blunting line (J = 2Aao)  and a power law approximation 
to the J -R  curve data beyond the blunting line as described by Vassilaros et al 
[131. 

Compact Specimen Fracture Toughness Test Results 

Figures 3 and 4 are J - R  curves from 10 mm (0.4 in.) thick 1/2T and 12 mm 
(0.474 in.) thick IT  plan compact specimens, respectively, which were pro- 
duced using the elastic compliance technique. These curves indicate that the 
A106 steel had a crack initiation toughness ranging from 363 to 694 kJ /m 2 
(2073 to 3962 in.-lb/in. 2) and a high residual toughness as measured by the 
tearing modulus. Values of tearing modulus ranged from 222 to 396. Individ- 
ual values for all tests are given in Table 3. The large scatter in the J-initiation 
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FIG. 3--J-R curves for 1/2T compact specimens of ASTM AI06 steel. 
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FIG. 4--J-R curves for 1T plan compact specimens of A S T M  A106 steel. 

values was due in part to normal material variability and additionally to the 
difficulties in evaluating J-R curves with high slopes. When J-R curves have 
high slopes, small variations in measured slopes can produce large variations 
in J-initiation values. The average J-initiation and tearing modulus values for 
the 1/zT plan specimens were 510 kJ/m z (2912 in.-lb/in. 2) and respectively, 
while those for the IT plan specimens were 558 kJ/m 2 (3185 in.-lb/in. 2) and 
361 respectively. The apparent differences between the two sizes of specimens 
are most probably a result of the difference in specimen thickness, with the 
thinner specimens exhibiting both a higher average initiation toughness and a 
higher average tearing modulus. The variation can be minimized by using 
side-grooved compact specimens, but the J-R curve would not be appropriate 
for modelling the J-R curve from pipe specimens. Another advantage of side- 
grooving is the tendency of the crack to resist tunneling and thus to minimize 
the error between the final crack length as predicted by the elastic compliance 
technique and the optically measured final crack length. For plane-sided 
compact specimens tested in this investigation, errors in predicted final crack 
length were as great as 50~ (Table 3). 

J-integral fracture toughness tests were also performed on 13 mm (0.5 in.) 
thick 2T plan specimens to increase the range of crack extension covered by 
the J-R curve. These specimens were tested using the elastic compliance tech- 
nique and the DCPD technique simultaneously in the hope that the DCPD 
technique would eliminate the errors in crack extension measurement shown 
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in Table 3. J-R curves produced from testing two 2T plan compact specimens 
are shown in Fig. 5. The DCPD techniques produced resistance curves with 
lower initiation values and lower slopes than the elastic compliance tech- 
nique. The lower initiation values may have been due to the higher sensitivity 
in measuring tunnelled cracks with DCPD, while the lower slope was due to 
the curve extending to the final measured crack length and not underestimat- 
ing the final crack length as was the case with the elastic compliance method. 
The calculated J levels at crack initiation and tearing modulus results for 
these 2T plan specimens fall within the range of those calculated for the I/2T 
and 1T plan specimens (Table 4). 

Comparison of the full J-R curves of these three different specimen geome- 
tries does indicate some differences in fracture behavior. The ]/2T and 1T 
plan compact specimen J-R curves appear similar over the entire range of 
crack extension (Fig. 6). As is seen in Fig. 7, however, the divergence of the 
1T plan and 2T plan compact specimen J-R curves is apparent. This differ- 
ence in the curves begins at about 1.3 mm (0.5 in.) of crack extension and is 
manifested as a lower resistance curve from the 2T plan specimens. The lower 
J-R curve is most probably due to the prestrain introduced in the 2T plan 
specimen during flattening. Similar effects have been reported for mild steel 
[14] and HY-80 [15]. Therefore the extended crack growth portions of the 
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FIG. 5--J-R curves for 2T plan compact specimens of ASTM A106 steel. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



446 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

T A B L E  4--J-initiation and tearing modulus results from compact specimens test using 
d-c potential drop technique. 

Crack Extension 
0.5-in.-Thick Range to 

Compact Calculated 
Specimen Specimen Test J-Initiation, J-Initiation, Tearing 

No. Geometry Temperature kJ/m 2 (in.lb/in. 2) mm (in.) Modulus 

la-PD 2T plan RT 278 (1590) 1.83 (0.072) 291 
2a-PD 2T plan RT 385 (2197) 2.18 (0.086) 234 
7a-PD 2T plan 125~ 391 (2234) 1.85 (0.073) 299 
8a-PD 2T plan 125~ 500 (2860) 1.98 (0.078) 257 
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F I G .  6 - - J - R  curves from elastic compliance for l/2T and 1T plan compact spectmens. 

J-R curves f rom these specimens are not representative of the pipe material 
but  instead underes t imate  the ductile fracture properties. 

All the above results are f rom J-integral  toughness tests that  were con- 
ducted at room temperature .  Two tests were conducted on compact  speci- 
mens at the upper  shelf temperature  of 52~ (125~ The results of these 
tests indicated that  no change in ductile fracture properties resulted f rom the 
modest  tempera ture  increase of 28~ (50~ 

Pipe Specimen Fracture Toughness Test Results 

J-integral  tests were performed on nine ASTM A106 Grade B steel pipes 
loaded in four-point  bending at 125~ using elastic compliance and DCPD 
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FIG. 7--J-R curves from elastic compliance for 13 mm (1/2 in.) thick 1T and 2T plan compact 
specimens. 

techniques simultaneously. The results of these tests are shown in Figs. 8 and 
9 which are plots of J-Zahoor (Eq 3) versus crack extension using elastic com- 
pliance and DCPD techniques, respectively. Had the figures been produced 
using J-Tada (Eq 2), they would have appeared very similar (within 5% of J 
value). An example of this similarity is given in Fig. 10 for Pipe 7. There are 
several reasons for the good agreement between the two formulations. By ex- 
amining Eqs 2 and 3, it is apparent that both equations share the same elastic 
term. Also, because of the choice of short initial crack lengths (total crack 
angles ranging from 75 to 118 ~ ) in the investigation, the crack growth term 
(7') in Eq 3 was small for these tests. Returning to Figs. 8 and 9, it is seen that 
the two sets of J-R curves follow the same trends, with the curves generated 
using the DCPD technique displaying less scatter than those generated using 
the elastic compliance technique. This is due to the use of measured initial 
and final crack lengths in the generation of DCPD crack extension data, 
whereas the unloading compliance technique cannot correct for errors in 
crack length. 

The J-initiation values calculated using the above method range from 358 
to 770 kJ /m 2 (2042 to 4397 in.-lb/in. 2) and are listed in Table 5. Although the 
values have a wide range, they do agree with the J-initiation values obtained 
from elastic compliance tests performed on plane-sided V2T compact speci- 
mens. In fact, the average J-initiation values of 510 kJ /m 2 (2912 in.-lb/in?) 
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FIG. 10--J-R curves for Pipe Test #7. 

TABLE 5--J-initiation values from pipe tests. 

J-Initiation, Final Crack 
k J / m  2 (in. lb/in.  2) Extension Measurements  

Pipe Elastic Elastic Optically 
Test Compliance DCPD Compliance, Measured,  % 
No. (Fig. 12) (Fig. 13) m m  (in.) m m  (in.) Error 

3 516 (2947) . . .  28.0 (1.101) 35.8 (1.41) 28 
7 769 (4397) 559 (3197) 14.6 (0.576) 19.2 (0.757) 31 
8 697 (3985) 514 (2940) 18.7 (0.738) 20.4 (0.803) 9 

10 . . .  443 (2530) 18.6 (0.733) 25.3 (0.995) 35 
11 357 (2042) 411 (2349) 28.4 (1.120) 25.8 (1.017) 9 
12 446 (2550) . . .  29.2 (1.150) 36.2 (1.427) 24 
13 __ 503 (2873) . . .  " . . .  
14 679"(3880) . . .  . . .  " . . .  
15 437 (2496) 722 (4125) . . .  a . . .  

Average 557 (3185) 525 (3002) . . . . . . . . .  

"No optical measurement .  

for 1/2T compact specimens and 551 kJ /m 2 (3149 in.-lb/in. 2) for 1T compact 
specimens agree very well with the average J-initiation value of 558 kJ/m 2 
(3185 in.-ib/in. 2) from the pipe tests. 

In addition to the J-initiation values, the J-R curve behavior of l/2T and 1T 
plan compact specimens appears similar to the J-R curve behavior of the pipe 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



4 5 0  FRACTURE MECHANICS: SEVENTEENTH VOLUME 

bend tests. When examining J-R curves which display an underestimation of 
crack extension, the real J-R curve behavior must be kept in mind by using 
the optically measured final crack length as a guide. Figure 11 shows J-R 
curves which represent the range of curves from the pipe specimen tests and 
the range of curves from the plane-sided 1/2T compact specimens. Although it 
appears from inspection of this figure that these compact specimens overpre- 
dict the J-integral fracture toughness of the ASTM A106 steel pipe, the final 
measured crack lengths indicate that the actual specimen behavior was simi- 
lar to the behavior of the material in the pipe test. It must also be noted that 
the crack extension measured during the pipe test was also in error from 
+ 9 %  to --35% (Table 5). 

Representative J-R curves from the 10 mm (0.4 in.) thick, plane-sided 1T 
plan compact specimens and the pipe specimens are shown in Fig. 12. Here 
again, the fracture resistance behavior of the laboratory compact specimens 
and that of the pipe specimens appear similar. However, the limited amount 
of crack extension attained in testing of the compact specimens precludes 
good comparison of the full J-R curves. The J-R curves from the 2T plan 
compact specimens display over 12.7 mm (0.50 in.) of crack extension and 
provide comparison of J-R curves from the pipe specimens over a larger range 
(Fig. 13). Figure 13 shows that the curves from the 2T plan compact speci- 
mens have a lower average initiation value and slope. The average initiation 
value of the 2T plan compacts was 489 kJ/m 2 (2795 in.-lb/in.2), which was 
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FIG.  ll--J-Rcurves for 1/27 compact specimens and pipe bend specimens of ASTM A106 
steel. 
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14~ lower than that of the pipe specimens. The entire resistance curves of the 
2T plan compact specimens fall below most of those from the pipe tests when 
comparing results from elastic compliance or DCPD. Inspection of tested 2T 
plan compact specimens and pipe specimens revealed similar fracture sur- 
faces with extensive shear lips and crack tunneling. 

Conclusions 

The purpose of this research was to investigate the applicability of using 
small laboratory compact specimens to model the J-integral resistance curve 
behavior of 8 in. diameter ASTM A106 steel pipe. The results of this investi- 
gation appear to show that J-R curves from l/2T, 1T plan, and 2T plan speci- 
mens can be used to predict J-R curves from 8 in. diameter pipe over the 
range of crack extension available in the compact specimens, provided the 
thicknesses of the compact specimen and the pipe wall are equal and that the 
specimen strain histories are the same. 
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Influence of Crack Depth on 
Resistance Curves for Three-Point 
Bend Specimens in HY130 

REFERENCE: Towers, O. L. and Garwood, S. J., "Influence of Crack Depth on Resis- 
tance Curves for Three-Point Bend Specimens in HY130," Fracture Mechanics: Seven- 
teenth Volume. A S T M  STP 905, J. H. Underwood, R. Chait, C. W. Smith, D. P. 
Wilhem, W. A. Andrews, and J. C. Newman, Eds., American Society for Testing and 
Materials, Philadelphia. 1986, pp. 454-484. 

ABSTRACT: To obtain a better understanding of the behavior of shallow cracks in struc- 
tures the influence of crack depth on fracture toughness has been studied. Fracture 
toughness tests were carried out on S0-mm thick three-point bend specimens sampling 
HY130 high strength steel. The mode of crack growth in all cases was tearing, and frac- 
ture toughness values at initiation of crack growth were evaluated as well as resistance (R) 
curves. Fracture toughness values were calculated in terms of both the crack tip opening 
displacement (CTOD) and the J integral. Crack extension was deduced from unloading 
or reloading compliance and by use of an alternating-current potential drop technique. 

It was found that the fracture toughness values at initiation of crack growth, and the 
R-curve slopes, were consistently higher for crack depth to width (a /W)  ratios of 0.3 or 
less than for the a / W  ratio of 0.5 commonly used for routine fracture toughness tests. 
For very deep cracks, a / W  ~ 0.8, the fracture toughness at initiation of tearing was 
little different from that for a / W  = 0.S. The R-curve slope, however, was higher for 
a / W  --- 0.8 than it was for a / W  --- 0.5. The latter observation (and the observed increase 
in fracture toughness with decrease in crack length for a /W less than 0.3) is considered to 
be consistent with loss of constraint for very short and very deep cracks. 

KEY WORDS: high strength steel, fracture toughness, crack length, crack initiation, 
crack growth, resistance curves, crack tip opening displacement, J-integral 
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Specimen thickness 
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Slope of relationship between voltage change and crack extension 
Crack tip opening displacement 
Elastic modulus 
Effective, plane strain, elastic modulus (---- E / 1  - -  v 2) 

J-integral 
J value at initiation of crack growth measured to ASTM E 813 pro- 
cedures 
J value at initiation of crack growth 
Mode I stress intensity factor 
Maximum value of K imposed in fatigue cycle 
Plane strain fracture toughness for Mode I loading 
Nominal K calculated neglecting side grooves 
Linear variable displacement transformer 
"Constant" relating J-integral value to CTOD value 
Applied load 
Limit load 
Load to yield uncracked specimen 
Load point displacement 
Rotation factor 
Loading span 
Tearing modulus 
Clip gage displacement 
Values of V for lower and upper clip gages, respectively 
Plastic component of V 
Specimen width 
Distance of rotation point from crack tip 
Geometric correction factor for calculating K values 
Nondimensional elastic compliance 
Knife edge height above specimen surface 
Values of z for lower and upper clip gages, respectively 
Crack tip opening displacement (CTOD) 
CTOD at initiation of tearing 
Crack extension 
Range of K imposed in fatigue cycle 
Change in voltage for ac/pd traces 
Poisson's ratio 
Geometric factor used to calculate J values from A 
Elastic component of 7/ 
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~]max Overall value of 
~/p Plastic component of ~/ 
o Stress 

at Flow stress 
On Ultimate or tensile strength 
ov Yield, or 0.2% proof, stress 

Introduction 

This investigation was prompted by the fact that most fracture toughness 
tests are performed on deeply notched specimens, largely for convenience of 
analysis. Cracks, or defects in structures, however, are generally shallow rela- 
tive to the thickness of the section in which they lie. It is therefore necessary to 
establish the behavior of shallow cracks in order to ensure that suitable analy- 
sis procedures are adopted when assessing the significance of real, shallow, 
defects in structures. 

The present test program sets out to establish the influence of crack depth 
on the resistance of the material to initiation and propagation of ductile frac- 
tures in HY130. The specimen adopted was loaded using the three-point bend 
configuration. This was used in preference to the compact tension geometry 
because of yielding around the loading holes in the latter geometry when the 
crack depth is shallow. Crack growth was monitored by indirect means, and 
both compliance and alternating-current potential drop (ac/pd) techniques 
were used for this. 

Material 

The results of a chemical analysis on a sample of the 52-mm-thick HY130 
plate used for these studies are given in Table 1. The results of room tempera- 
ture tensile tests (on specimens oriented both parallel and transverse to the 
rolling direction) are given in Table 2. 

Test Program 

The fracture toughness test program, which is summarized in Table 3, con- 
sisted of two phases. Phase I consisted of tests on 18 specimens with blunt 
notches of different notched depths to establish: (1) calibrations for the deter- 
mination of crack length using compliance and ac/pd techniques, and (2) the 
rotation factors appropriate to different notch depths to indicate the best 
method for calculating CTOD values. Phase II consisted of tests on speci- 
mens with fatigue cracks prepared to different depths in order to develop 
crack growth resistance curves ("R-curves") for specimens of varying crack 
depth. 

The Phase II tests involved the development of R-curves for specimens with 
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TABLE 2--Results  o f  tensile tests on HY130  performed at +20~ 

Tensile 
Orientation Relative 0.2% Proof Strength, Elongation, Reduction of 
to Rolling Direction Stress, MPa (ksi) MPa (ksi) % Area, % 

Longitudinal 980 1026 23 61 
(142) (149) 

Longitudinal 967 1029 23 59 
(140) (149) 

Transverse 976 1032 20 58 
(142) (150) 

Transverse 905 1023 22 58 
(131) (148) 

TABLE 3--Specimens tested. 

Phase Specimen Blunt Notch or 
No. No. Fatigue Crack? ao /W* Purpose of Test 

Phase I M1-31 blunt  notches 0 blunt notch calibrations 
MI-1 and 32 0.05 

MI-2 0.10 
M1-33 0.12 
M1-3 0.15 
M1-34 0.17 
M1-4 0.20 

M1-5 and 35 0.25 
M1-6 0.30 
M1-36 0.36 
M1-7 0.40 
M1-8 0.50 
M1-37 0.59 
M1-9 0.61 
MI-10 0.71 
M1-38 0.79 

Phase II M1-14 fatigue cracks 0.60 single-specimen R-curves 
M1-15 0.58 
M1-17 0.24 
M1-18 0.21 
M1-19 0.44 
M1-20 0.45 
M1-21 0.75 
M1-22 0.80 
M1-23 0.35 
M1-24 0.38 
M1-27 0.11 
M1-28 0.09 
M1-29 0.11 
M1-30 0.18 
M1-39 0.27 
M1-43 0.23 

*a0 ---- Initial notch or crack depth (being average of two surface measurements  for blunt notch 
specimens or per ASTM E 813 for specimens with fatigue cracks), and 

W = specimen width. 
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TOWERS AND GARWOOD ON INFLUENCE OF CRACK DEPTH 459 

different fatigue crack depths. Sixteen specimens over a range of different 
nominal crack depths were tested to generate single-specimen R-curves using 
unloading compliance and ac/pd techniques. 

Specimen Preparation 

The fracture toughness test specimens listed in Table 3 were all prepared 
for three-point bend tests, with the specimen width, W, and specimen thick- 
ness, B, both being nominally 50 mm, and the specimen length being approx- 
imately 230 ram. The specimens were all extracted in T-L orientation to the 
notation of ASTM Test for Plane-Strain Fracture Toughness of Metallic Ma- 
terials (E 399). 

The overall dimensions of the specimens conformed to the requirements for 
the subsidiary specimen to the British Standard Methods for Crack (Tip) 
Opening Displacement (CTOD) Testing (BS $762: 1979). All the test pieces 
except one, however, were side-grooved nominally by 20% of the specimen 
thickness (i.e., 5-mm-deep side-grooves on each side of the specimen). This is 
not specified or allowed for by BS 5762. The specimen geometry used is al- 
lowed by the ASTM Test for Jic, A Measure of Fracture Toughness (E 813) as 
an "alternative specimen", provided the net thickness (for side-grooved spec- 
imens) is greater than 2SJ~c/Oe, where of is the "effective yield strength" or 
flow stress. ASTM E 813 allows side-grooves in specifying that "specimens 
may be side-grooved up to 25% of their original thickness". Side-grooves 
were adopted in the current test program because they help to ensure straight 
crack fronts during crack growth, and indeed the recently published tentative 
test procedure for determining the plane strain JrR curve points this out [1]. 
The square section three-point bend specimen adopted in this program also 
conforms to the requirements of the JrR curve test procedure [1], provided 
the various validity criteria of Section 9 of that document are conformed to. 

Fatigue cracking was performed at room temperature in three-point bend- 
ing over a 200-mm loading span with the maximum stress intensity in the 
fatigue cycle, KFmax, being nominally limited to 32 MPa,fm. The R-ratio (the 
minimum load in the fatigue cycle divided by the maximum load) was kept to 
0.1 or less throughout the fatigue operation. 

With one exception, the side-grooves were machined into the specimens 
with fatigue cracks after the fatigue cracking operation. Specimen M1-43, 
however, was side-grooved to a 2.5 mm depth each side of the specimen (i.e., 
to 10% of the specimen thickness, B) with a 3.18-ram (1A-in.) radius cutter 
before fatigue cracking. After fatigue cracking, the specimen was side- 
grooved to the full 20% of B, using the V-tipped milling cutter with a 60 ~ 
included angle which was used to machine all the side-grooves. This proce- 
dure was used in an attempt to obtain a straighter fatigue crack front than 
was obtained without the use of side-grooves during pre-cracking. Six speci- 
mens with shallow cracks were produced by fatigue cracking with a 60-mm 
specimen width. The top 10 mm of the specimen was then machined off. 
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460 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

In Table 4 the initial fatigue crack lengths and the crack extensions are 
collated for the fatigue precracked specimens based on the requirements of 
the CTOD testing standard (BS 5762), the Jlc testing standard (ASTM 
E 813), and the tentative procedure for determining the JI-R curve [1]. The 
methods for averaging the initial fatigue crack length, a0, measurements are 
different in these codes, which accounts for the differences apparent in Table 
4. As the crack fronts are bowed, with the fatigue crack growth being greatest 
near the center of the specimen, the largest initial crack length values are 
obtained by BS 5762 procedures and the smallest by the tentative JrR curve 
test procedures, with the a0 value of ASTM E 813 lying between the two. 
Again, if the crack extension is bowed, the BS 5762 procedures will give the 
largest values of crack extension and the tentative J~-R curve procedure the 
smallest. This difference is accentuated by the requirement in BS 5762 to ex- 
clude the stretch zone from the measurement of crack extension. If the crack 
growth is greater at the root of the side-groove than it is in the center of the 
specimen, as clearly occurs for the side-grooved specimens with the shortest 
cracks, then the order of the crack growth value is inverted (i.e., the tentative 
JrR curve procedure gives the largest crack extensions and BS 5762 the 
smallest). 

The validities of the fatigue crack shapes to BS 5762, ASTM E 813, and the 
tentative JrR curve test procedure are summarized in Table 4. All specimens 
were valid to the requirements for fatigue crack shape of BS 5762, but very 
few were valid to ASTM E 813 or the tentative J~-R curve test procedure. This 
is because the maximum variations in the individual fatigue crack length 
measurements are limited to a given percentage of the specimen width in BS 
5762, but to a given percentage of the average crack length (be it weighted or 
otherwise) in the other two cases. Clearly, for a given crack front shape, the 
requirements based on limiting the variations in fatigue crack length mea- 
surements to a proportion of the crack length become more arduous the 
shorter the crack length. For the shortest crack lengths the requirements of 
ASTM E 813 and the tentative JI-R curve test procedure are too restrictive to 
be practical. It is also apparent from Table 4 that the uniformity of crack 
extension in the specimens was rarely within the requirements of the tentative 
JI-R curve test procedure. 

Instrumentation 

Tests were performed in three-point bending using servohydraulic test ma- 
chines. The loading span was normally 200 mm, but for the four shallow 
notched specimens (M1-27 to M1-30) a 210 mm loading span was used to 
reduce their maximum load level. For certain tests an alternating-current po- 
tential drop (ac/pd) technique was utilized. The ac /pd  equipment used is a 
developed version of the equipment used by Okumura et al [2]. A 1-kHz fre- 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



TOWERS AND GARWOOD ON INFLUENCE OF CRACK DEPTH 461 

~4 

s. 

< 

~.~ ;~ 

�9 ~ * ~  

�9 -~ ~ 

U. 

tr 

~ e 

N 

~ m 

r 

~ z  

XXXX~X 

A 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



462 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

quency was used for the tests with a 1.6 A current. The specimens were elec- 
trically insulated from the test machine. 

Two clip gages were mounted across the notch mouth of every specimen 
tested (Fig. 1). The arrangement used resulted in the lower and upper knife 
edges being 7.1 mm and 54.0 mm above the top surface of the specimen, 
respectively. The spacing between the knife edges was therefore 46.9 mm. For 
all tests a "comparator  bar"  arrangement was used to measure load point 
displacement [3]. Where ac /pd  was used the two clip gages and the compara- 
tor bar arrangement were electrically insulated from the specimen. 

Experimental Procedures 

Data Logging 

Continuous records of applied load versus lower clip gage displacement 
and of potential drop or load point displacement versus lower clip gage dis- 
placement were taken on an x-y-y chart recorder for all tests. In addition, the 
variables of applied load, upper and lower clip gage displacement, crosshead 
displacement, load point displacement (from the comparator bar), and 
elapsed time were recorded on an Intercole System Limited Compulog III 
Computer. Initially the data logging rate was approximately one reading of 

FIG. 1--Typical test specimen showing detail of double clip gage arrangement and ac/pd 
voltage leads in foreground. 
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all six variables every second during loading and three every second during 
unloading. Later, however, the logging rate was reduced to approximately 
one complete scan every second throughout. 

Testing Sequence 

Force was applied to the specimens up to a level generally corresponding to 
a stress intensity factor, K, of 32 MPax/~,  which was calculated using the 
nominal crack length to width ratio, the nominal specimen width of 50 mm, 
and the nominal gross-section thickness of 50 mm. This force level was chosen 
because it corresponds to the nominal maximum used for fatigue cracking. 
For the specimen tested with a notch depth of zero, M1-31, the calculation of 
a stress intensity factor is not relevant, and the initial load for this specimen 
was based on a similar proportion of the limit load, PL, to that for the speci- 
men with the shallowest notch depth. The initial load levels were generally in 
the range of 18 to 25% of the nominal limit load calculated using the expres- 
sion given in ASTM E 813 and Ref 1. On reaching the initial load level re- 
ferred to above, the specimens were unloaded by 25% of that load (i.e., to 
75% of the initial level). The specimen was then reloaded to the initial load 
and unloaded again. This sequence was repeated so that at least three unload- 
ings were performed. For later tests these three initial unloadings were by 
75% of the initial loading (i.e., to 25% of the initial load). This was done on 
the basis of the recommendation of Clause 8.3.2. in Ref 1 that the initial 
unloadings should be from 0.4 to 0.1 PL. Following the initial unloadings the 
blunt notch specimens were either loaded until the maximum load point was 
exceeded or until the force capacity of the machine was reached. The speci- 
mens were then unloaded, heat tinted at approximately 300 to 400~ and 
broken open after cooling to around --196~ in liquid nitrogen. The speci- 
men with a zero notch depth, however, was left unbroken. 

Subsequent to the initial unloadings the tests on fatigue precracked speci- 
mens were continued with unloadings being performed at regular intervals 
during the test. In all unloadings subsequent to the initial three, the unload- 
ings were to a load level of 75% of the level at the start of the unloading (after 
that level had been allowed to settle on the test machine's digital load read- 
out). At the end of the test the specimens were finally unloaded, heat tinted at 
approximately 400~ and broken open after cooling in liquid nitrogen. Early 
tests were performed in crosshead displacement control, with a displacement 
rate during loading of 0.5 mm/min  and during unloading of 0.2 mm/min.  
Before each unloading the digital reading of load on the test machine was 
monitored, and the unloading was not begun until this reading had settled at 
a constant level. For some of the specimens, however, partial instabilities oc- 
curred after passing the maximum load point. In these cases, the clip gage 
displacement increased very rapidly prior to the crack restabilizing. For this 
reason the later tests were performed in (lower) clip gage control to improve 
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464 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

the stability of the test setup over that for crosshead control, with the lower 
clip gage displacement rate being 0.25 mm/min  during loading and 0.1 m m /  
min during unloading. 

Analysis of Test Results 

Rotation Factors of  Blunt Notch Specimens 

Values of the crack tip opening displacement (CTOD) can be derived on 
the assumption that a bend specimen hinges about a point located in the liga- 
ment beneath the crack. (This is the assumption implicit in the BS 5762 pro- 
cedure for calculating the plastic component of CTOD to that test proce- 
dure.) In BS 5762 the hinge is assumed to lie at a point distant from the crack 
tip by 40% of the remaining ligament (W -- a), or the rotation factor, r, is 
assumed to be 0.4, where 

X 
r -- - -  (1) 

W - - a  

where x is the distance of the rotation point from the crack tip (Fig. 2). 
Assuming the crack flanks remain straight, the rotation factor can be de- 

rived from the values of upper and lower clip gage displacement [4]. Plots 
obtained of r versus lower clip gage displacement on the blunt notch speci- 
men calibration are shown in Fig. 3. 

W-O 

FIG. 2--Schematic diagram of rotation point in bend specimen. 
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FIG. 3--Rotation factor versus lower clip gage displacement for tests on blunt notch specimens. 

Derivation of  Crack Extension and Resulting R-curves for 
Fatigue Precracked Specimens 

Crack Extension from a c / p d - - A  schematic diagram from a typical ac/pd 
versus lower clip gage displacement trace is given in Fig. 4. This trace shape is 
typical for tests on ferritic steel specimens, and the factors that give rise to this 
shape are described in Refs 2 and 5. 

The investigations of Okumura et al [2] and Marandet and Sanz [5] indi- 
cate that the difference between the potential drop at a given stage of crack 
growth and the potential drop at the minimum in the trace (i.e., AVin Fig. 4) 
is close to being linearly related to the crack growth increment, Aa. In Fig. 5 
this difference in potential drop is plotted against the ductile crack extension 
measured per ASTM E 813 procedures for the present test results. This plot 
gives the results for the blunt notch specimens, and the Phase II specimens 
for single specimen R-curves, but excluded are specimens that became unsta- 
ble during the test. There is a clear trend for the crack extension to be closely 
related to the voltage difference, AV. To derive crack extensions from the 
plots of ac/pd versus lower clip gage displacement (V1) for single specimen 
R-curves the crack extension is assumed to vary linearly with the difference of 
the potential drop from the minimum (AVin Fig. 4); that is, Aa = C" AV. 

The slope of this relationship, C, was defined for each specimen as the 
crack extension measured for the final unloading point to ASTM E 813 (from 
the heat tinted broken specimen halves) divided by the voltage difference, 
A V, at the final unloading point. Thus the slope of the Aa versus A V relation- 
ship is fixed for each specimen at the minimum in the ac/pd versus V trace 
(assumed to correspond to Aa : 0) and at the final unloading point. 
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Crack Extension from Compliance--The unloading (and reloading) com- 
pliance data from the load versus lower clip gage displacement traces were 
used to derive crack growth increments. Although there are published solu- 
tions that enable the crack length to be deduced from the compliance based 
on notch mouth opening for a three-point bend specimen, these solutions are 
usually for notch mouth openings measured on the top surface of the speci- 
men, as for example is the case for the solutions given by Tada et al [6] and in 
the tentative JI-R curve test procedure [1]. In practice, the mouth notch 
opening is often measured at some distance above the top surface, as is the 
case for the present tests (Fig. 3). Garwood and Willoughby [7] have pub- 
lished a modification to the approximation given in the tentative JI-R curve 
procedure [ 1 ] to account for the measurement being made at a certain height 
above the top surface of the specimen. A comparison between this modified 
relationship and the results of finite element modelling of a three-point bend 
specimen on which the relationship is based indicated that the error in pre- 
dicted compliance is within 3% for a knife edge height, z, to width, W, ratio 
of 0.12 and for 0.3 < a / W  < 0.6. The relationship proposed by Garwood 
and Willoughby has up to now only been validated relative to practical test 
results for fracture toughness specimens with a / W  ratios of around 0.3 to 0.6 
and z / W  values of approximately 0.2 or less. 

In Fig. 6 the relationship of Garwood and Willoughby [7] has been plotted 
in terms of normalized lower clip gage compliance, WBeffEV1/PS, versus 
a / W  (Fig. 6a being the plot for a / W  values in the range 0 to 1.0 and Fig. 6 b 
being for 0 < a / W  < 0.3). For the fatigue precracked specimens, the origi- 
nal crack length to width, ao/W, ratios are based on values determined per 
ASTM E 813 procedures. Clearly the relationship obtained by Garwood and 
Willoughby is close to the experimental data for relatively high a / W  ratios, 
say > 0.3, but for low a~ W is not so accurate. Indeed, this loss of accuracy at 
low a / W  ratios is not unexpected and was apparent when the relationship was 
compared with the finite element results on which the approximation is 
based. To provide a means of deriving crack length from lower clip gage com- 
pliance for low a / W  values a polynominal was fitted to the data obtained for 
the initial and final unloadings performed on both the blunt notch and fa- 
tigue precracked test pieces for a / W  values in the range 0 to 0.5, giving the 
relationship. 

a / W =  --0.25453 + 0.48441a -- 0.23854a 2 + 0.068964a 3 

-- 0.01059c~ 4 + 0.00080063ce 5 -- 0.000023319a 6 

where 

W B ~ E  Vl 
a - -  - -  - -  ( 2 )  

S P 
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and the variables a, Bell, E, P, S, V1 and Ware as defined in the Nomencla- 
ture section. The curve fit "oscillates" over the range 0.3 < a / W  < 0.5. For 
this reason this relationship has only been used to derive crack extensions 
from unloading compliance over the range 0 < a / W  < 0.3. The crack exten- 
sion for a given unloading was obtained by subtracting the original crack 
length (deduced from the unloading compliance for the initial unloadings) 
from the current crack length (deduced from the unloading compliance for 
the particular unloading of interest). The same procedure was followed to 
obtain the crack extensions based on reloading compliance. (The main reason 
for using the reloading compliance data was that unloading compliance data 
were not always available for the Phase II tests.) For a/Wvalues of 0.3 or less 
the crack length was deduced from (unloading or reloading) compliance 
based on Eq 2. For a / W  > 0.3 the relationship obtained by Garwood and 
Willoughby was used. 

Calculation of Fracture Toughness Values 

Derivation of CTOD Values--The CTOD values were calculated from the 
load versus lower clip gage displacement traces for each unloading using the 
general procedure of BS 5762. Some assumptions made when calculating 
CTOD values differed from the procedures of BS 5762; these differences are 
described below: 

(a) Crack length (a)--This was taken as the fatigue crack length through- 
out and was the weighted average calculated per ASTM E 813 procedures (to 
be consistent with the J estimation procedure). 

(b) Specimen thickness (B)--The specimen thickness B was taken as a 
Beff for side-grooved specimens, where 

(B -- BN) 2 
Ben = B (3) 

B 

per ASTM E 813 procedures. BS 5762 does not provide for side-grooved spec- 
imens. Although this should not influence the plastic component of CTOD 
(because the specimen thickness does not enter the equation), the method for 
calculating the stress intensity factor, K, for the elastic component of CTOD 
needs to allow for the specimen being side-grooved. Freed and Krafft [8] pro- 
posed that the plane strain fracture toughness, Kic, for a side-grooved speci- 
men could be deduced from the nominal K, Knominal, calculated neglecting 
the side-grooves by the use of the relationship 

Klr = Knominal <~-N ) m (4) 

where m lies somewhere between 0.5 and 1.0. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



470 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

The Beff values used in place of B as given by Eq 3 are higher than would be 
proposed by Freed and Krafft [8], and more pessimistic (i.e., lower) values of 
K and therefore CTOD will be derived. 

(c) Stress intensity factor ( K ) h T h e  procedure for K calculation in BS 
5762 is based on an approximation that is inaccurate for a / W  ratios of 0.6 or 
greater. For this reason the procedure given in the K~c testing standard 
(ASTM E 399), which is expected to be accurate to within ___0.5% for 0 < 
a / W  < 1.0 and for a span-to-width ratio of 4, was used to calculate Y for 
Specimens M1-21 and M1-22 which had initial a / W  ratios of 0.75 and 0.80, 
respectively (Table 3). 

Derivation of J--J values were derived using the relationship 

~A 
J - (5) 

BNb 

where 

A = area under the load versus load point displacement trace, 
BN ---- net section thickness, 

b -- original uncracked ligament ---- W -- a 0, 
W = specimen width, 
a 0 ---- original fatigue crack length, and 

= geometric correction factor ----f(ao/W) per ASTM E 813 terminol- 
ogy. 

To comply with ASTM E 813, ~/is taken as 2 for the three-point geometry. 
This value, however, is only appropriate for relatively deep cracks (e.g., 
a / W  > 0.45). For shallower cracks a lower value for ~ is appropriate. Vari- 
ous estimates of the variation of ~ with a / W  ratio are presented in Fig. 7. This 
includes results for the elastic ~ factor ~e which can be derived using linear 
elastic fracture mechanics [9], an overall factor, l~/max o r  7"/ [10], and for the 
plastic ~ factor, ~p, derived for the limit load situation [10]. The continuous 
plot of ~ p versus a / W  was derived from the limit load solutions for four-point 
bending given by Haigh and Richards [11] which are based on slip-line field 
analysis. The details of this derivation are given in Appendix I. Based on the 
values plotted in Fig. 7 it was decided to calculate J values with 7/being taken 
as equal to the ~ e values calculated using the procedures described in Ref 9 for 
the three-point bend geometry, the derivation being described in Appendix 
II. Since the l"/e values are less than those *1 values deduced for other regimes 
for a / W  approximately less than 0.4, this should yield pessimistic estimates 
of the J values. For a / W  > 0.4 the J values calculated based on ~/e will be 
slightly higher, by at most 11%, than J values calculated per ASTM E 813 
procedures (for which ~ is taken as equal to 2). 
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FIG. 7--~/values computed for the three-point bend geometry with a span-to-width ratio of 4. 

Test Results 

J values nominally corresponding to initiation of tearing (i.e., J~ values) 
are plotted versus original crack length to width ratio, ao/W, in Fig. 8a. Val- 
ues of the "tearing modulus" [12], T, where 

OJ E 
T -- - -  (6) 

Oa at2 

are plotted versus a 0/W in Fig. 8b. The CTOD values nominally correspond- 
ing to initiation of tearing (i.e., 8i values) are plotted versus a 0/W in Fig. 9 a; 
Fig. 9b shows the slopes of the CTOD R-curves as a function of ao/W. In Fig. 
10 the J versus crack extension, Aa, plots have been grouped into discrete 
ranges in ao/W. For the R-curves derived from compliance, plots were ob- 
tained by first plotting the fracture toughness values (i.e., J or CTOD values) 
against Aa values derived by subtracting the current estimate of crack length 
from the crack length derived from the average compliance for the initial un- 
loadings. In many cases, however, the resulting R-curves displayed apparent 

Copyright  by ASTM Int ' l  (al l  r ights reserved);  Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
Universi ty of  Washington (Universi ty of  Washington) pursuant to License Agreement.  No further reproductions authorized.



472 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

I I 

\ \ \, 
B 

I l 
I I 
I ! 
lx al 

~I / 
11 a.~.x.,'%"" n I 

f x 0 j 

I I 

I 

~e 

x 17 

! 

I �9 
i I 
I I 

I I 
/ I 

I ! 

/ I / / n x  I 
1~Ox xDxl D 

I I I 

zW/r 'or 

o 

~==~v 

E~ 

d" 

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 : 2 8 : 3 5  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 .



TOWERS AND GARWOOD ON INFLUENCE OF CRACK DEPTH 473 

! I 

I I 
! I 

s I 

0 x ~ 1 1  O ~ < J  

X ~ ~  ~ 

I I 

a A . ) n ~ - 2 y  Q O l  3 ~ a d o l S  

I I 

~ . . ~ .  i ~  

I I 
~ . ~  ~ t 

x 0 Q ~ x  I 
i 

z I 
z ~  o I 

~ . 1 /  / f 

I I 

w w  ' ! 9  

",,11- 

t ~  

Copyr ight  by  ASTM Int ' l  (a l l  r ights  reserved) ;  Wed Dec  23  18:28:35  EST 2015
Downloaded/pr in ted  by
Univers i ty  of  Washington  (Univers i ty  of  Washington)  pursuant  to  License  Agreement .  No fur ther  reproduct ions  au thor ized .



474 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

FIG. lO--Summary of J R-curves for specimens of varying crack lengths. 

"negative crack growth" in the initial portion of the R-curve. To deal with 
this phenomenon, which is not unusual [13,14], curve fits were made manu- 
ally to the overall R-curve and the point of zero crack extension was taken as 
the minimum value of Aa on the curve fit (i.e., the origin of the plot was 
moved so that  negative crack growth was no longer apparent).  I t  is possible 
that  this practice could lead to overestimates of the toughness at initiation of 
tearing [13]. "Negative crack growth",  however, was observed for specimens 
over a wide range of ao/W ratios, and presumably the comparisons between 
results for specimens with varying a 0 /W will not be affected (because overesti- 
mates of the initiation toughness will occur independently of the a 0/W ratio). 

The fracture toughness at initiation of tearing, plotted in terms of J in Fig. 
8 and in terms of CTOD in Fig. 9, was obtained by performing a linear regres- 
sion analysis on three fracture toughness values taken from the curve fits to 
the R-curves at 0.5, 1.0, and 1.5 m m  crack extension. The JQ and 6i values 
were then calculated at the intersection between this regression line and a 
blunting line (i.e., in a similar manner  to ASTM E 813). For the J versus Aa 
plots the blunting line was taken as J ----- 2ofAa, where of, the "flow stress", 
was taken as 985 MPa  based on the tensile test data in Table 2. 
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Discussion 

The tendency for the tearing resistance to be greater at shallower crack 
depths, as indicated in Figs. 8 to 10, has an important implication with re- 
spect to fracture mechanics based assessments; that is, the testing of deeply 
cracked bend specimens with a / W  of nominally 0.5 would appear to produce 
conservative values of initiation toughness and tearing modulus when applied 
to shallow surface cracks. At the same time it may be possible to rely on 
higher values of fracture toughness if shallow surface cracks are being as- 
sessed in a structure. It is necessary to be certain that the trends apparent in 
the reported data are real and not a consequence of the use of inappropriate 
formulae for the calculation of fracture toughness values. This is discussed 
further below. 

Determination of J for Shallow Cracks 

The J values reported here were calculated from the area under the load 
versus load point displacement trace, A, using the relationship of Eq 5. This 
relationship has been commonly adopted for deeply cracked bend specimens 
(a/W = 0.5) with ~/being taken as 2. For shallow cracked test pieces, how- 
ever, there has been little work carried out to establish an appropriate method 
for estimating J values. In this report ~/has been taken as equal to the elastic 
value, */e, and has thus been assumed to be independent of the extent of plas- 
ticity. The data shown in Fig. 7 indicate that this is a conservative procedure 
for shallow cracks in that ~/e is lower than the computed values of 7, which are 
more appropriate to situations with developed plasticity. Indeed, the use of ~/e 
values for calculation of J results in slightly higher J values for deeply cracked 
test pieces than would be the case if ~/were taken as 2. Despite this, and the 
tendency for ,/~ to decrease rapidly with decreasing a0 /W ratio, there is a clear 
trend for the initiation toughness, Ja,  and the slope of the J-R curve, of which 
the tearing modulus is a measure, to be higher the shorter the original crack 
length (Fig. 8). (The increasing modulus evident in Fig. 8 for very deep 
cracks, a/W > 0.6, is discussed later.) 

Determination of CTOD for Shallow Cracks 

The CTOD values plotted in Fig. 9 were calculated based on the procedures 
of BS 5762, although some changes were necessary to allow for the present 
specimens being side-grooved, the fatigue crack lengths being measured to 
ASTM E 813 and the stress intensity factor solution in BS 5762 being limited 
in its applicability. The main limitation to the use of the formula in BS 5762 
for shallow notches is that it is based on a hinge model for plastic displace- 
ments. This may not be adequate for shallow notched specimens. You and 
Knott [15] in their investigation into crack depth effects in high-strength 
steels opted for araldite resin impressions of the crack shape as a means of 
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obtaining CTOD values for shallow cracks. Comparison of the rotation fac- 
tors, r, plotted in Fig. 3 with the value of 0.4 assumed in BS 5762 for plastic 
displacements indicates that 0.4 is reasonable for deeply cracked test pieces, 
although in some cases a value nearer 0.5 is approached at large displace- 
ments. The tendency for the r values to rise rapidly with increased displace- 
ment for shallow notched test pieces can be explained in terms of plasticity 
development. For low displacements where plasticity is very limited, the ap- 
parent rotation point will be reasonably close to the middle of the ligament 
(i.e., r = 0.S) and (in the extreme) for no crack at all, the rotation point 
would presumably be very close to the middle of the ligament. (Having said 
that, it seems that the r value for Specimen M1-32, which has zero crack 
depth, starts from around 0.3. Possibly the three-point bending configuration 
affects the rotation point position relative to pure bending; also, the presence 
of side-grooves may alter the rotation point position.) As plasticity develops, 
the yielding will not just be confined to the ligament beneath the crack, it can 
also spread back from the crack tip and flanks to the top surface, and the 
situation presumably becomes such that the crack is increasingly contained 
within a yielded skin in a fairly uniform stress field (depending on the work 
hardening characteristics of the material). This leads to higher values of r 
than occur with a hinge mechanism. The rapidly changing r value with dis- 
placement for the shallow cracked specimens indicates that the assumption of 
a single value of 0.4 is inappropriate in this situation. Deduction of CTOD 
values from the rotation factors measured using the two clip gages, however, 
may itself be inappropriate because a rotation model assumes that the crack 
flanks remain straight. For shallow cracks the crack flanks will tend to be 
curved due to yielding occurring along them. Thus it is not appropriate to use 
a hinge model to calculate CTOD values for such cases if the measured rota- 
tion factor is used, because large overestimates of the crack tip opening dis- 
placement may occur. 

By using the rotation factor of 0.4 (implicit in the BS 5762 formula) for 
shallow cracks the rotation point is taken closer to the crack tip than it is 
measured to be. This may compensate for the fact that the crack flanks are 
curved, but to an unknown extent. There is experimental evidence that the BS 
5762 formula is adequate for a / W  ratios as low as 0.1S [16]. Indeed Archer 
[17] found that the formulae being used to estimate CTOD values at that time 
were adequate for calculating CTOD values for a / W  ratios down to 0.1. For 
very shallow cracks, a / W  : 0.05, Archer's data indicate that the actual 
CTOD will be overestimated using the BS 5762 formula, but in the present 
investigation the lowest ao/W ratio for fatigue precracked specimens was 
0.09. 

Influence of a /W  Ratio on Initiation Toughness and Tearing Resistance 

The above discussions of the methods used for fracture toughness calcula- 
tion indicate that the trends shown in Figs. 8 to 10 are not solely caused by the 
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method for calculating fracture toughness values. You and Knott [15] also 
found that for two high strength steels of approximate yield strengths of 700 
and 1300 N mm -2, (which they called HY80 and HY130, respectively), the 
CTOD value at initiation of ductile crack growth, ~i, was higher the lower the 
a~ W ratios. For "HY80" they found that t~ i w a s  164% higher for an a / W  
ratio of 0.1 relative to an a~ W = 0.5. For "HY130" the equivalent increases 
in tSi were 175% ( a / W  = 0.1) and 25% ( a / W  : 0.2). For the present data 
given in Fig. 9a, the average increases in ~i relative to the ~i for an a~ W ratio 
of 0.5 are 151% ( a / W  = 0.1) and 56% ( a / W  = 0.2). The equivalent in- 
creases in JQ obtained from Fig. 8a are 71% ( a / W  = 0.1) and 31% ( a / W  = 
0.2). Thus the trends obtained in the present investigation are similar to those 
observed by You and Knott despite the fact that You and Knott measured di~ 
for the shallow cracks by infiltration of the crack rather than by use of the BS 
5762 formulation. 

The difference in magnitude of the effect that the a / W  ratio has on tSi and 
Jo  values for the present investigation may be a result of the J estimation 
procedure underestimating the J values for short cracks or the CTOD estima- 
tion procedure overestimating CTOD, or a combination of the two. Alterna- 
tively the magnitude of the a / W  effect may be different for the two parame- 
ters because the interrelation betwe6n the two parameters may also be 
dependent on a/W;  that is, if 

J : movb (7) 

then m may be a/Wdependent .  Work reported by Dawes [3], however, indi- 
cates that m is little different for a / W  ---- 0.2 relative to a / W  = 0.5. 

The increased resistance to crack initiation and growth that is evident for 
low a / W  values (i.e., <0.3)  relative to a / W  values of - 0 . 5  has also been 
observed for ferritic steels in the ductile-to-brittle transition region. Thus an 
increased resistance to initiation of cleavage fracture with reduced a~ W was 
found by Dawes [3]. Sumpter [18], and Anderson [19]. This can be explained, 
as can the present results, in terms of reduced constraint for shallow cracks, 
and this is discussed with respect to tearing in Ref 15 and with respect to 
cleavage fracture in Ref 19. 

A qualitative indication of a reduction in constraint in specimens with low 
a / W  ratios can be obtained from the fracture faces. For relatively deep 
cracks, say a / W  = 0.5, it can be seen in Fig. l l a  that the crack extension is 
relatively uniform across the specimen thickness. This indicates that the con- 
straint present at the midthickness is similar to that at the roots of the side- 
grooves. For the very shallow cracks, with a / W  = 0.1, it can be seen in Fig. 
11 b that the crack extension occurring at the roots of the side-grooves is much 
greater than that occurring at the midthickness. This indicates that the con- 
straint at the midthickness of the shallow-notched specimens is less than that 
present for the deeply cracked specimens. If the purpose of side-grooving is to 
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produce straight-fronted crack growth (both to improve crack growth predic- 
tions and to produce fairly uniform constraint across the crack front) it seems 
sensible to reduce the severity of the side-grooves for shallow cracks. 

The slope of the resistance curves is apparently a / W  dependent. Thus the 
tearing modulus, T, is 97% higher for a / W  = 0.1 and 62% higher for 
a / W  ---- 0.2 than it is for a / W  = 0.5 (Fig. 8b). At the same time T is 36% 
higher for a / W  ---- 0.8 than it is for a / W  = 0.5 (Fig. 8b). The equivalent 
results for the slopes of the CTOD R-curves are that the slope is 180% higher 
for a / W  = 0.1, 85% for a / W  = 0.2, and 28% for a / W  = 0.8 than it is for 
a / W  = 0.5 (Fig. 9b). Again the variable magnitude of these effects for the J 
and 6 R-curves may be either due to J being underestimated, 6 being overesti- 
mated, or m being a / W  dependent. The increased slope of the R-curves as 
a / W  increases from 0.5 to 0.8 has also been experienced for 25-mm-thick 
compact tension specimens sampling HY130 by Gudas et al [20] and for 50- 
mm-thick three-point bend specimens sampling "HY130" by Etemad [2I]. 
Vassilaros et al [22] also found that the tearing modulus (i.e., the slope of the 
J-R curve) increased as a / W increased from - 0.72 to - 0.82 in 25-mm-thick 
compact tension specimens sampling A533B. The fracture toughness for ini- 
tiation of crack growth was apparently little affected by the change in a / W  
ratio from 0.5 to 0.8 in the present investigation (Figs. 8 and 9). If anything, 
the initiation toughness was slightly lower for the deeper cracks. Etemad also 
found that the initiation toughness, or at least the toughness at low values of 
crack extension, was lower for a / W  = 0.8 than for 0.5. Gudas et al [20] and 
Vassilaros et al [22] found little consistent effect of a~ W ratio on the initiation 
toughness. These observations appear to tie up with results reported by An- 
derson, where the effects of geometry on the ductile-to-brittle transition for 
ferritic structural steel were studied using three-point bend specimens [20]. 
Anderson found that for low values of fracture toughness, specimens with 
a~ W ratios of - 0 . 7 5  gave lower values of fracture toughness than for a~ W of 

0.52. For high values of fracture toughness (not necessarily after initiation 
of tearing), however, the specimens with deeper cracks ( a / W  - 0.75) pro- 
duced higher values of fracture toughness than for a~ W - 0.52. These obser- 
vations can be explained in terms of constraint. For low values of fracture 
toughness a crack depth of - 0 . 7  to 0.8 appears to induce slightly greater 
crack tip constraint than for shallower cracks. As plasticity develops, how- 
ever, (and the fracture toughness values correspondingly increase) loss of con- 
straint occurs for the very deep cracks ( a / W  ~ 0.7 to 0.8) because the liga- 
ment is relatively small. A further complicating factor occurs for R-curves. 
The shallower the ligament, the steeper the stress and strain gradient into 
which the crack propagates. How this affects the situation, however, is diffi- 
cult to assess quantitatively. 

Conclusions 

A clear trend has been found for the fracture toughness at initiation of duc- 
tile crack growth to be higher the shorter the crack length, particularly for 
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"short  cracks" with a / W  values less than 0.3. This trend has been observed 
for fracture toughness values calculated both in terms of the J-integral and 
the crack tip opening displacement. 

The slope of the J and CTOD resistance curves was found to increase as 
a / W w a s  reduced from 0.5 to lower values. The tearing modulus, T, which is 
a measure of the slope of the J resistance curve, was 97% higher for a / W  = 
0.1 and 62% higher for a / W  = 0.2 than it was for a / W  = 0.5. These in- 
creases in resistance curve slope can be explained in terms of loss of constraint 
as the crack length decreases. A qualitative indication of this was provided by 
the shape of crack growth development. For very shallow cracks, a / W  = 0.1, 
the crack growth was more extensive at the roots of the side-grooves than at 
the specimen midthickness, whereas for deeper cracks the crack growth was 
more uniform. 

For a / W  ratios of 0.75 to 0.80 the slopes of the R-curves were found to be 
higher than for a / W  = 0.5 by 36% and 28% for the J and CTOD R-curves, 
respectively, whereas the values for initiation of crack growth were similar, if 
not slightly lower for the deeper cracks. This behavior can be attributed to a 
progressive decrease in triaxial constraint with plasticity development for the 
very deep cracks ( a / W  = 0.8). 
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APPENDIX I 

Derivation of 7/p for Three-Point Bend Specimens 

The most common means of estimating the J-integral for a specimen is from the 
area, A, under the load versus load point displacement trace. Thus 

~A 
J - (8) 

Bb 
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where 

B = specimen thickness, 
b = original uncracked ligament = W -- a0, 

W -- specimen width, 
a0 = original fatigue crack length, and 

r/ = geometric correction factor = f ( a o / W )  per ASTM E 813 terminology. 

Apart  from being dependent on test geometry, the eta factor, r/, may also be depen- 
dent on the degree of deformation and also, possibly, on the material work hardening 
characteristics. As a result of the dependence on degree of deformation, the estimate 
of J is sometimes split into elastic and plastic components [23]; that  is, 

J = Je "q- Jp r/eAe + r/pAp 
= B - ~  Bb (9) 

r/e can be derived from published stress intensity factor, K,  solutions and/or  com- 
pliance solutions because 

K 2 r/eAe 
Je -- - - -  (10) 

E '  Bb 

where 

K ---- stress intensity factor, and 
E '  = plane strain Young's modulus. 

For the limit load condition (i.e., rigid plasticity), r/p can be simply derived as [23] 

- ( W  - -  a)  OPL/Oa 
r/p = (11) 

PL 

where PL is the limit load. 

Haigh and Richards [11] have given limit load solutions for four-point bend speci- 
mens where 

PL : mPo (12) 

where 

Po = load to yield unt racked specimen, and 
m = 1.26 (1 --  a / W )  2 for a / W  >_ 0.295, 

= f (1  -- a / W )  2 for a / W  <_ 0.295. 

Individual values of f for a / W  values less than 0.295 are also given by Haigh and 
Richards [11]. A curve fit to the f versus a / W  data was carried out using spline func- 
tions. Substitution of the approximations to PL given by Haigh and Richards (and the 
spline function curve fit to their data) into the above equation for ~p produced the r/p 
versus a / W  plot shown in Fig. 7. 
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APPENDIX II 

Derivation of ~e for Side-Grooved Three-Point Bend Specimens 

The elastic component of the r/factor, ~/e, is given by 

K 2 r/~A~ 
J e  - -  - -  - -  - -  

E '  Bb 
(13) 

where the variables have been defined as in Appendix I. 
The above equation can be used to derive the relationship 

2(1 -- a / W ) Y  2 
rt~ = (14) 

Z 

where Y is given by 

K B W  1/2 
Y - - -  (is) 

P 

and Z, the nondimensional compliance, is given by 

qBE ' 
Z -- (16) 

P 

The background to this derivation is described in Ref 9. 
Values for Y, which for a given span is a function of the crack length to specimen 

width ratio, a / W ,  only, are given in Ref 9 and in the fracture toughness testing stand- 
ards. Values for Z are given in Ref 9 for non-side-grooved specimens. Z can be di- 
vided into two components: that component due to the crack's presence, Zr and that 
component which is independent of the crack's presence, Zn~. For a side-grooved 
specimen the variable B in the above equations becomes an effective thickness, Bell. 
To be consistent with the rest of this report Beff has been taken as 

(B -- BN) 2 
Beff= B (17) 

B 

where B is the gross section thickness and BN is the net section thickness for a side- 
grooved specimen. 

Substitution of Bar in place of B in Eq 16 implies that the "no crack" compliance, 
Z,c, is different for a side-grooved specimen, being a factor Beff/B times the Znc value 
for a side-grooved specimen. This is in fact not the case. The "no crack" displace- 
ments occur by bending and shear deflections in the specimen arms. Hence the "no 
crack" displacements are the same whether or not side-grooves are introduced in the 
crack plane. (This neglects the slight increase which would occur in the "no crack" 
compliance due to the presence of the side-grooves.) To compensate for the "no 
crack" compliance, Z.c, being unaffected by side-grooving whereas the "crack" com- 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



TOWERS AND GARWOOD ON INFLUENCE OF CRACK DEPTH 483 

TABLE 5 - - ~  values for  three-point bend specimens (S/W = 4) 
in steel (~ = 0.3)for plane-sided and side-grooved specimens. 

o~Values 

Side-Grooved by 20% 
a / W  Plane-Sided (BN/B = 0.8) 

0.05 0.556 0.579 
0.10 0.931 0.968 
0.15 1.196 1.240 
0.20 1.395 1.443 
0.25 1.556 1.605 
0.30 1.692 1.740 
0.35 1.809 1.855 
0.40 1.909 1.950 
0.45 1.989 2.026 
0.50 2.049 2.081 
0.55 2.092 2.118 
0.60 2.120 2.141 
0.65 2.140 2.157 
0.70 2.158 2.170 
0.75 2.177 2.186 
0.80 2.198 2.204 

pliance is, a factor  Ben/B  can be  entered into the Znc component ;  thus  for a side- 
grooved specimen: 

qB eff E ' Beff 
Z - - -  --  Z,,c + Zc (18) 

P B 

The  resul t ing values for 7/e, when Eq 18 is subst i tu ted into Eq 14 and  the values for 
Y, Z,c and  Zc are t aken  from Ref 9, are given in Table  5 for specimens with B N / B  
ratios of 0.8 (i.e., 20% side-grooved) and  1 (plane-sided) and  for a~ W ratios between 
0.05 and  0.18. 
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ABSTRACT: Unstable ductile tearing was found in a series of tests on notched bend-bars 
of HYI30 steel tested in a screw-driven machine. R-curves were measured and ductile 
tearing stability analyzed according to the energy rate, I, and dJ/da tangency concepts. 
The effect of compliance on the energy rate available and an appropriate estimation of 
work dissipation rate for the I theory are described. The dJ/da concept is used in both its 
"exact" form and as originally stated in terms of T, with certain compliance terms modi- 
fied. Subject to choice of appropriate compliance terms, the experimental behavior is 
predicted satisfactorily by both I and dJ/da methods, although the restriction of this 
analysis to a configuration very similar to that on which the R-curve was measured must 
be recalled. 

KEY WORDS: fracture mechanics, crack propagation, J-integral, mechanical proper- 
ties, R-curves, elastic-plastic fracture 

An energy rate balance concept was proposed [1,2] for predicting unstable 
ductile tearing, separate from the tearing modulus or dJ/da tangency concept 
derived by Paris et al [3] and Hutchinson and Paris [4]. The energy rate bal- 
ance, I, was seen as a special case of the well-known Orowan second deriva- 
tive of energy condition for ductile instability [5] and therefore fundamentally 
correct, but difficulties were apparent in attempting to evaluate the terms 
required. The object of the present paper is to summarize the energy rate, I, 
theory as presently formulated and to compare results with the T or dJ/da 
theories by applying them to some experimental cases of ductile tearing insta- 
bility obtained from HY130 steel on certain bending tests. 
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486 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

R-Curves, Work Rate, and Instability 

Prior to initiation, J can be related to the area under the load deformation 
curve, A, the ligament area, Bb, and 7, which is a function of geometry and 
perhaps of the hardening exponent, n, [2,6,7]: 

J = 7 A / B b  (1) 

interpreted with subscripts "el" for the elastic case, "pl"  for strictly plastic 
behavior, and "o"  for the overall elastic-plastic case. For deep notch bending 
7 = 2 and for many test pieces 7 depends but little on degree of deformation 
(or hardening exponent), but in general 7el is a function of length or span, 
whereas, at least for deep notch low hardening cases, 7 pl is not. Nevertheless, 
estimates of 7 can be made for linear elastic fracture mechanics (LEFM) and 
fully plastic behavior, so that in practice a satisfactory estimate can usually be 
made for other cases. Prior to initiation, A can be interpreted either as work 
done, U, or internal energy, w (not necessarily recoverable). After initiation 
there is some doubt whether dJ should be related to change of internal en- 
ergy, dw, or to work increment, dU, early workers using dU, later proposals 
[8,9] advocating dw. More recent work [10] points out that dU seems appro- 
priate in the rigid plastic limit; other proposals [11,12] suggest a compromise 
between dU, which suits the fully plastic case, and dw, which is necessary for 
LEFM. 

It is beyond the scope of this paper to discuss the merits of these various 
terms beyond noting the relationship 

dw = dU -- BJda (2) 

Equations 1 and 2 were used [8] to define a particular R-curve, Jr, later 
known as the deformation theory model, in which dJ  is related to dw, itself 
derived by "correcting" dU according to Eq 2 in an incremental procedure to 
give 

d Jr d 

da da 
- -  (Tw/Bb) (3a) 

7 dw + f ( 7 ) J L  (3b) 
Bb da 

7 dU + g ( 7 ) ~  (3c) 
Bb da 

where f ( 7 )  ~ 1 + (b/7)(dT/da) andg(7)  = f (n )  -- 7- This is closely similar 
to, though not quite identical with, ASTM Test for J~c: A Measure of Frac- 
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ture Toughness (E 813). If, however, a parameter to suit [10] is followed, here 
termed Jr, it seems 

dJv dU 
- -  ( ~ / B b ) -  (4) 

da da 

This implies that, for unstable behavior at fixed displacement (i.e., no incre- 
ment of external work), in the rigid plastic limit: 

dJv/da = 0 (5) 

The question of whether either definition of a J-R curve is geometry indepen- 
dent is not further pursued here, since the limited objective is to discuss un- 
stable behavior of the bend bars of similar configuration to those in which the 
R-curves are measured (i.e., differing only by a/W, if at all). To that extent, 
as Kaiser and Carlsson [13] have pointed out, what is being examined is the 
ability to estimate correctly the terms that affect unstable behavior in the laws 
of mechanics, rather than the complete fracture mechanics problem of trans- 
lation from one configuration to another. 

Statement of the I Theory 

The energy rate per unit thickness available from an elastic-plastic body 
with (linear) elastic unloading (EPE material) was termed I [1,2]. Expressed 
as a multiple of G (see Appendix): 

I = G[2(r/o/r/el) -- '1] (6a) 

If expressed as an additive term 

I = G + Gp (6b) 

it is seen that G is the same "free" elastic energy as is available for LEFM, 
whereas the additional term, Gp, is a "bound"  potential energy that arises 
because of an additional change of displacement, sr, on unloading (see Ap- 
pendix, Fig. 5), which is both --dqe~ and 3t-dqpl, since dqtotal is zero. This 
extra term is included in the evaluation of the energy rate available, I, be- 
cause the dissipation term, dU/Bda, that has to be exceeded for unstable 
behavior itself includes both local "fracture" work and remote plasticity. The 
balance of energy rates is thus between overall available and dissipative en- 
ergy rate terms, because that is how they are conveniently measured or esti- 
mated. It is recognized that, in principle, the plasticity term could be sub- 
tracted from both sides if a method were available for separating the surface 
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488 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

(fracture) from the more general plasticity dissipation. This may yet prove 
feasible [14], but is not pursued here. 

The I theory has been restated [15] following an examination of the pro- 
posal in light of a series of experiments that gave unstable ductile tearing in 
bend bars of HY130 steel. In summary, two factors greatly influenced the 
value of the various terms. The first was the assessment of r/o/~el in the term 
for I as (~o/~/e~)~ for the whole system, where not only ~/el (as previously recog- 
nized) but  also 7/o was strongly dependent on system compliances. The expres- 
sions obtained (see Appendix) are 

r/o,s ~--- (7/el, t - -  XT/pl,t)//(o/ + X )  (7a) 

7]el, s = 7~el,t/O/ (7b) 

where subscript " t "  refers to just the test piece for which ~el is known [2,6] 
and subscript "s"  refers to the whole system of test piece plus machine or 
structure; ~ --- 1 + (tIam/tlat) where ~m is compliance of machine or structure 
and ~t is compliance of the test piece; X is the ratio of overall plastic work to 
test piece elastic work, Upj,s = Upl,t --= XUel,t since it is supposed there is no 
dissipation except in the test piece (i.e., the machine or structure is purely 
linear elastic). The second factor was the evaluation of the dissipative term, 2 
itself taken a s  dU(dissipation) : dU( to ta l )  - -  dU(elast ic) .  For fixed displacement 
dUel is taken as --Blda; for fixed load dUel = +Blda. The term dU(to ta l )  is 
taken from the definition of the R-curve, for which the choice of formula is 
not important whilst instability of only the same configuration as used in de- 
termining the curves is under discussion. Thus from Eq 3c: 

dU b d Jr Jr 
- -  (total) - g(~) (8) 
Bda 71 Bda 

and for stability 

dU 
I > ~ (diss) (9a) 

b d Jr Jr 
> g ( ~ / ) -  ( _ I )  (9b) 

rl da rl 

For fixed displacement over the length on which the load-displacement dia- 
gram is measured, the minus sign applies and instability would occur when 

2 Recall that "dissipation" here includes both fracture surface energy and more remote plastic 
work; "total" also includes elastic work. 
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b dJ~ Jr 
- -  g O ? )  (lOa) 

~1 da *1 

which from Eqs 4 and 3c corresponds to d U / d a ,  or dJ u /da ,  being zero (i.e., 
no external work contributed to the component, even by the machine). 

For a sustained load on the component the plus sign applies, so instability 
occurs when 

b dJ~ Jr 
21 > g(~/) (lOb) 

* l d a  71 

that is, 

,10c, 
Bda da ~l , 

Equation 2 can be arranged as d U  -- dw = BJda.  The left hand side (l.h.s.) is 
- - d P  where P is potential energy. The right hand side (r.h.s.) refers to nonlin- 
ear elastic (NLE) behavior. For LEFM the difference between d U  and dw is 
BGda.  If it is argued that for EPE material the term should be Blda ,  and g (~/) 
would be f (~l)  --  (I/J)~l, then Eq 9a further reduces to 

d U  b d J ,  Jr 
I > ~ (diss) -- f(~/) (lOd) 

71 da 71 

that is, at instability dU(diss)= dw. 

S t a t e m e n t  o f  t h e  dJ/da o r  T T h e o r i e s  

dJ The mathematically rigorous derivation of ~-Iapp is set out in Ref 4. The 
expressions are in terms of load point displacement, q, and machine compli- 
ance, ~m: 

Tapp or o d J  OJ OJ Oq ~m + Oq -1 
- -  - -  - -  ( 1 1 )  

E da Oa OQ Q . 

or 

~J ~_~qaO~aq[g 0Q 1-1 (12, 
#a q -  q- Oq,: .J 

where qc is the displacement due to the crack alone and K is the stiffness of 
the machine plus uncracked test piece. The various differential terms in Eqs 
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11 and 12 were evaluated by assuming fully plastic behavior and using Eqs 1 
and 3c. Using Eq 1 in the form 

Hence 

rl~ Q.Aq 
J - -  - -  

Bb 

oJ ~-  nQ (13) 
Oq Bb 

Similarly, using Eq 3c and keeping q constant, gives 

OJ [ g(~l) J /b  (14) 
Oa q 

Furthermore, using A = f ( Q ,  q) and 

1 a A q  
J =  B 

or the complementary term 

OJ OQ q O_~Q ~ Oq I (15a,b) 
Oq -- ~ a  and -- ff0-a Q 

For deep notch bending, ~ = 2, L (the constraint factor) = 1.4. Substituting 
Eqs 15, 14, and 13 into Eq 12 gave [4] 

Tapp tro dJ 4Q 2 + aQ -1 j 
E - da - b2B  Oq~ .3 b (16a) 

If Eq 12 is used with Eq 15 but ~ is not taken as 2, and Eq 14 is not yet 
introduced, then provided the variables of geometry and deformation are sep- 
arable, 

T a p p  o o __  dJ _ OJ + OJ 2 "OQ/Oqcla -~- K" (16b) 
E da Oa q a 

which is identical to Eq 20 [11]. 
A simple expression for Tapp in deep notch bending at limit load was given 

[3] as 

2b 2 Se OE 2b 2 Se JE 
Tapp ~'~ W3 t~y W3 ba 2 (17a,b) 
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where O is the angle of bend and S is an effective span, S : S[1 -t- (CI)m/tI~u)], 
~m is compliance of machine or structure and CI, u is compliance of the un- 
notched test bar .  In  Ref 4 Eq 17b was given, obtained from degenerating Eq 
11, using gO/) : - -1 ,  and by an estimate of the limit load, QL : LaBb2/S ,  
but  was restricted to a rigid machine.  The difference implied for a compliant  
system is discussed later in terms of a different effective span. 

Exper imenta l  Program 

A series of tests was conducted on three-point bend  bars of HY130 steel to 
determine R-curves over a wide range of geometric proportions and to find 
unstable ductile behavior [15]. Only one relevant R-curve is reported here, 
together with a series of tests where B = 50 mm, W ---- 48 mm, S ---- 200 mm, 
and a / W  --- 0.3. Of the five nominally similar tests, three clearly went unsta- 
ble; one was s topped probably just prior to instability and for one the record 
went off scale at the point of interest so that  it is uncertain whether the insta- 
bility occurred.  All tests were conducted in a screw-driven machine at a con- 
stant cross-head speed of 2 m m / m i n .  Clip gage mouth  opening and cross- 
head  movement  were recorded,  the latter with a correction for local 
indentat ion of the loading rollers. All pieces were fatigue pre-cracked but  not 
side-grooved. The relevant machine  and material properties are given in Ta- 
ble 1. A typical cross-head test record showing unstable behavior is shown in 
Fig. 1. The R-curve measured on other (stable) pieces, a / W  = 0.5, and on 
some of the present tests, is shown in Fig. 2. The solid line R-curve is based 
on a second-order polynominal  best-fit used [15] for the a / W  = 0.3 data; the 
dotted R-curve is a by-eye fit to the combined data.  From the five pieces, 
several possible records are made  up in Table 2 allowing for uncertainty in the 
exact amount  of crack growth at instability. The limits are the amounts  ob- 
served on the five pieces at the end of the test, not more than 6.5 mm. In  view 
of the recorded loads, that  amoun t  of growth is impossible for an occurrence 
prior to instability, since the highest max imum possible limit load for the re- 
maining l igament would be exceeded. However, five plausible conditions are 
given in Table 2 for the purpose of analysis. I t  should be clear these do not 
represent five successive stages during a test, but  five possible combinations 
of load, actual crack length, and other data  representative of the conditions at 
instability in the five tests. 

TABLE 1--Test data. 

Material: HY130; test direction: TS; Modulus E = 210 X 103 MN/m 2 
oy = 896; on = 933; o. = 970 (units MN/m 2) 
Ji = 0.17; Jlc = 0.18(0.21)* based on J = 2oflAa (units MN/m) 

Nominal dimensions (mm): B = 50; W = 48; S = 200; ao/W = 0.25 
Machine compliance (mm/kN): q'm = 28 X 10--4; q'. (un-notched) = 15 X 10-4; 

0n (notched) ---- 27 • 10 -4 

*Values in parentheses refer to the dotted R-curve, fitted "by-eye" in Fig. 2. 
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FIG. 1--Typical load-displacement diagram showing unstable ductile behavior. 
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FIG. 2--R-curve data for HY13O from three-point bend tests, with two particular estimates, 
curves (a) and (b) used in the analyses. 
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TABLE 2--Test  data for  onset of  instability. 

(A) Mean data representative of  the five nominally similar tests. 

Q max* Q inst* Qlimt q i,,t A a inst 

398 386 300 to 454 1.4 3.5 to 6.5 

(kN and mm units) 

(B) Five plausible sets of  data to represent the tests, as used in the analyses. 

Aa a / W  A a / b  J,$ dJ/da$ O) Qinst tr~ Y G 

M0 0 0.25 0 0.17(0.17) 0~066(0.11) 13.5 386 1 .01  1.73 0.167 
M2 2.0 0.29 0.059 0.30(0.38) 0.060(0.070) 6.8 386 1 .01  1.83 0.217 
M3 3.5 0.32 0.108 0.39(0.48) 0.052(0.050) 4.6 369 0.966 1.88 0.232 
M4 4.5 0.34 0.148 0.46(0.54) 0.048(0.043) 3.3 357 0.954 1.92 0.252 
M6 6.5 0.39 0.220 0.54(0.58) 0.043(0.038) 2.5 308 0.645 2.08 0.152 

(kN and mm units) 

*There is some uncertainty whether the difference between Omax and Qinst is real or a recording 
error (see Fig. 1). Note also that inertia in the machine affects region BC of Fig. 1. 

tQ,tm is based on af, with constraint factorL = 1 for plane stress (lower limit) andL = 1.155 • 
1.30 ---- 1.5 for plane strain (upper limit). For, the deeper notches, the geometric constraint is 
increased to 1.33 (for M4) and 1.35 (for M6) to give L = 1.53 and 1.56 respectively. 

SValues in parentheses refer to the dotted R-curve, fitted "by-eye" in Fig. 2. 
w gross section or LEFM stress at Qinst and corresponding value of G. 

The I Energy Rate Balance Method 

E q u a t i o n  1Od is used  for  p r e d i c t i n g  ins tabi l i ty ,  s ince the  load  he re  is well  

m a i n t a i n e d .  T h i s  ins tab i l i ty  will o c c u r  if  

I > ( b / ~ l ) ( d J r / d a )  - ( J r /~ l ) f (~ l )  (18) 

In  e s t i m a t i n g  the  ene rgy  d i s s ipa t ion  ra te  ( r .h . s . )  t he r e  is some  u n c e r t a i n t y  

w h e t h e r  t he  g e o m e t r i c  fac to rs  r e l a t e  to t he  tes t  p iece  or  t he  whole  sys tem.  T h e  

d i s s ipa t ion  occu r s  in t he  f o r m e r ,  b u t  t he  ins tabi l i ty  re la tes  to t he  la t te r ;  b o t h  

sets of  n u m b e r s  a re  shown.  T h r e e  s a m p l e  cases  are  g iven  in T a b l e  3. T o  esti- 

m a t e  t h e  ene rgy  ra te  ava i lab le  (1.h.s.),  t he  express ion  for  I ( E q  6a) is used,  

I = G[(2~/o/~/et) - -  1], where  b o t h  ~/o and  ~/eJ re fer  to  t he  whole  sys tem,  inc lud-  

ing  the  ef fec t  of  c o m p l i a n c e .  T h e  t e r m  a = { 1 -4- (tIam/KrPt) } = 2 .04 (see Foot -  

no te  3). T h e  r a t io  of  p las t ic  w o r k  to  e las t ic  tes t  p iece  work ,  X,  is r e q u i r e d  to 

e v a l u a t e  % for  t h e  s t ruc tu re ,  a n d  t h a t  is e s t i m a t e d  f r o m  the  load ing  d i a g r a m .  

P l a n e  s t ra in  c o n d i t i o n s  are  used  fo r  G because  the  va lue  of  m a x i m u m  load  

3 Since ~, is the compliance of the notched component, a rather larger value of a might be 
appropriate to case M4 and M6 where the notch depth is significantly greater than for M0 and 
M2. 
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seems more compatible with that case. Table 3 data are in kiloNewton and 
millimetre units. 

The results for Jr, I ,  and dw/Bda are plotted in Fig. 3. The choice of R- 
curve and ~ values in Table 3a affects the conclusions in this case by only 
about 1 m m  on the crack length predicted for instability. 

The dJ/da Analysis 

Equation 12 is used in the dJ/da analysis with the same five cases postu- 
lated in Table 2. The compliance C is taken as the sum of machine plus un- 
notched values [4]. The term (0 Q/O q c)l, has been set zero, following the sug- 
gestion in Ref 4 that  it may be possible to neglect it for near limit load 
behavior. The several other terms in Eq 12 are evaluated as in Eqs 13 to 15. 
The results are plotted in Fig. 4, showing instability, or nearly so, for the test 
data. This, in effect, is using Eq 16b with ~ appropriate to the notch depth in 
question, rather than using Eq 16b with ~ = 2 as in Ref 3. In Eq 16b, 
OJ/Oql, = ~Q/Bb, and in Ref 11 an experimental value of load, Q, is used 
rather than the limit load estimate of Ref 3. 

1.04 
z 
v ~  

m 

-QO.5 

- 3  

- 2  

A ~ ~ _ _  ~''~\ LX 
~ O  ~ 

- \ - 2,3 \0-I 

2 

Ao(mm) 
I dashed curve (D (Eqs 6a, 7a,b) 
dUdlss/Bda Eq 10c A (using ~/ot and R-curve (b)) 

Eq 10d 1 (using */or and R-curve (a)) 
Eq 10d 2 (using ~ot and R-curve (b)) 
Eq 10d 3 (using ~os and R-curve (a)) 
Eq 10d 4 (using ~/os and R-curve (b)) 

(Solid line indicates trend of 4). 

FIG. 3--Stability predictions by I analysis. 
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TABLE 3--Data used hz I analysis. 

(A) Dissipation (r.h.s.) 

(a + 
a + Aa) /  (dno/ 

Aa Aa binst W Tot da)t J~.* d J J d a *  dw/Bda* 

M3 3.5 15.5 32.5 0.32 1.32 0.038 0.39(0.48) 0.052(0.050) 0.57(0.53) 
1.411- 0.060 0.54(0.34) 

M4 4.5 16.5 31.5 0.34 1.86 0.028 0.46(0.51) 0.048(0.43) 0.45(0.32) 
1.50t 0.059 0.33(0.15) 

M6 6.5 18.5 29.5 0.39 1.90 0.017 0.54(0.58) 0.043(0.038) 0.43(0.39) 
1.58t 0.059 0.07(--0.07) 

(B) Available (l. h.s.) 

270 s 
o Y a G X ~os ~/r 7/e~]- I Result* 

M3 0.966 1.88 15.5 0.232 1.75 1.41 0.90 3.13 0.50 stable (stable) 
stable (unstable)~ 

M4 0.954 1.92 16.5 0.252 2.67 1.45 0.91 3.19 0.55 unstable(unstable)  
unstable (unstable)r 

M6 0.645 2.08 18.5 0.152 3.00 1.58 0.95 3.32 0.35 stable(marginal)  
unstable (unstable)t 

(kN and m m  units) 

Thus  instability is predicted to occur for case M3 or M4, within the range of uncertainty of the 
appropriate values of Aa in the five tests conducted. 

*Values in parentheses refer to the dotted R-curve, fitted "by-eye" in Fig. 2. 
tFor  the first set of results for each case the values used in estimating the dissipation are % and 

d~lo/da for the test piece, whereas for the second set the values are for the whole system. 

Since ductile instability occurs at or after maximum load, it is supposed 
OQ/Oqcla should be negative. As a limit to its value, the slope AC has been 
measured from Fig. 1, but if, as believed, the crack is already growing, the 
true value is between zero (limit state slope) and this measured value. Finally, 
Eq 21 in Ref 11 is used where OQ/Oqcla is re-expressed in terms of Tmat to 
give 

Zapp : o'--~- q 
+ dQ. "Oq/~ + ~ § 

1 
( O J / O a )  2 

(dJ/da~m~t : ~S/Oa)q 

(19) 

All these results are shown in Fig. 4. 
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FIG. 4--Stability prediction by T analysis. 

Limit Case T Analysis 

Equation 17b is used with Se retained as an effective span to give a simple 
analysis for near limit state. Because the notch ratio is a / W  "- 0.3, the con- 
stant 2 (which is based on ,/ = 2 for deep notches) is modified to suit the 
values of ~/and constraint, already listed Tables 1 and 2. The effective span, 
S~, was given in Ref 3 as S[1 + (qm/q,)]. This is interpreted as 

Se ----- S[1 q- (~m/~,) l  (20) 

where subscript "m"  relates to machine (including spring bars in Ref 3 but  
not relevant here) and "u"  to the un-notched test piece. The data for that case 
are shown in Fig. 4. Another curve is shown, defined using 

Se = Scb~/'b. (21) 
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where ~ is the effective compliance defined by 

r : C / [ 1  - -  (~m/@r)] (22) 

where C = 4'm + O, and 1/~'r = [3 Q/Oq cla] (i.e., the numerical value of the 
negative slope of the term in the denominator of Eq 19). For limit state 
1/~I,r ~ 0, and �9 e --, C in Ref 3. Equation 22 simply treats the denominator of 
the last term in Eq 16b as an effective compliance ~I,~, so the restriction in Ref 
4 to a rigid machine in order to relate Eq 12 to Eq 17b does not seem neces- 
sary. It appears that, for the deep notch bend case, Eq 12 degenerates to Eq 
17b with S~ as in Ref3 if 1/Or = 0, and to Eq 17b using S~ (Eq 21) rather than 
Se (Eq 20) if 1/Or has some non-zero value, such as measured for Fig. 1. Thus 
four cases are shown in Fig. 4, all in the T notation, (o~/E)(dJ/da): 

1. T from Eq 17b but using appropriate value of 7; (a) using Se (Eq 20) (b) 
using S~ (Eqs 21 and 22). 

2. dJ/da from Eq 16b with 3Q/Oqcla = O. 
3. dJ/da from Eq 16b with OQ/Oq~[, = - 1 / 1 6  MN/mm (or Or = 160 X 

10 -4 mm/kN).  
4. dJ/da from Eq 19 with dQ/dq  = --1/16 MN/mm. 

Discussion 

Despite the general apparent validity of both I and dJ/da methods, a num- 
ber of uncertainties remain. Two possible interpretations of dU were noted, 
Eqs 10c and 10d. The former is clearly more consistent in terms of J; the 
latter mixes use of J and I for physical arguments not strictly mathematically 
supported. Equation 10d is also used in four variations: choice of R-curve (a) 
or (b) in Fig. 2 and choice of ~ot or ~os in Table 2. The authors find it difficult 
to make entirely self-consistent choices between these possibilities, but, as 
seen in Fig. 4, the trend of Eqs 10c and 10d is rather different although actual 
prediction of instability differs but little. It is also noted that the sustained 
load case (Eq 10b) is used despite the inclusion of compliance effects in evalu- 
ating I. It is possible to formulate d w J B d a  to include the effects of partial 
unloading, but it is not clear how to break down the system compliance, since 
the instability statement dqt = 0 only implies EdO = 0 for all the compo- 
nents (machine, un-notched length, the notch itself). 

The justification for the use of 1from these data could rest on the near limit 
state behavior equivalent to taking O Q/Oq c] a as zero in the dJ/da analyses. A 
more general agreement is that the R-curve on which the dissipation is based 
is itself derived at constant or slightly rising load, and contains the increase of 
elastic energy that has to be subtracted from Eq 9b. The concept is that the 
R-curve (including both plastic and elastic terms) is a material property, 
which is then scaled to the component by the relevant b and overall ~ terms to 
give the energy absorbed from which the elastic term is then subtracted to give 
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the dissipation. If that logic is correct, it might be preferable to derive dissipa- 
tive R-curves only which would include fracture and plastic work. 

Although the theories differ in that the I method attempts to balance en- 
ergy rates whereas the dJ/da method balances characteristic severities, there 
is a close similarity. This can be seen in outline in that Ref I starts from the 
Orowan second-derivative statement for instability and Ref 16 leads to it. It 
can be seen in closer detail because the dJ/da method now explicity accepts 
the variables separable formulation [6, 7] that was advocated for the I method 
from the start [17], so that terms such as Eq 14 are now identical in both 
theories, and functions of the R-curves are identical (for a given definition of 
the J-R curve which is indeed common to the work under discussion), al- 
though they might not be if definitions such as Ju [12] or Jm [11] were used. 
There remains an apparent difference in that expressions for I and Tapp are 
not self-evidently identical, though in practice must clearly be closely similar. 
Both terms admit of some uncertainty, the I theory in evaluating ~/os through 
the compliance ratio a and plastic-to-elastic work ratio X, and the dJ/da 
theory in determining 0 Q/0 q c l a. These compliance dependent terms domi- 
nate the final predictions. Note that in Table 3, estimates according to 7o (test 
piece) or ~/o (structure) may change the prediction when it is well balanced. 
The latter are judged more correct here. In the dd/da analysis (Fig. 4), curves 
(ia) and (ii) based on OQ/Oqcla --- 0 predict stability, whereas those using 
OQ/dqcl, = slope AC (Fig. 1) = --(1/16) MN/mm predict instability. The 
authors admit to some uncertainty over the compliance values used in which 
the inclusion or exclusion of extraneous terms (such as the mainly elastic in- 
dentation of the loading rollers and of shear deflection in theoretical esti- 
mates) could alter the values quoted by perhaps 1 mm/MN or even more in 
certain cases (i.e., a value comparable to cu itself). 

The amount of crack growth at instability is in the range of 2.5 to 4.5 ram, 
just at or beyond that normally associated with ]-controlled growth [4]. It 
may be remarked that maintenance of a near pre-initiation crack tip stress 
state was not originally seen as a limit to the argument for the energy balance 
analysis which depends mainly on the relationship between J and work (Eq 
2). Although it is accepted that the best definition of J for a geometry-inde- 
pendent R-curve is still uncertain, that uncertainty is only relevant to the 
present tests over the range of notch ratios a/W = 0.25 to 0.5, within the 
three-point bend configuration. Such experimental difference as there may 
be are encompassed by the two sets of R-curve data from Fig. 2 and used in 
Figs. 3 and 4. 

If these niceties are overlooked and the generally satisfactory nature of both 
sets of predictions are accepted, it may be noted that in Ref 18 a value of 
Tmat ----- 10 was chosen for HY130 from deep-notched (a/W = 0.8) compact 
tension tests with side grooves, for crack growth up to S mm. Such a value, 
used here, would clearly give a prediction of instability. In Ref 19 a value of 
Tmat = 20 was suggested for tests at a/W = 0.65, no side grooves. Such a 
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value used here would clearly give a prediction of stability. Hence it is the 
decrease of Treat with a few millimetres of growth that has the dominant effect 
in any of the prediction methods, Treat ---- 20 or 10 being roughly upper and 
lower bounds to the values of T at (say) 1 or 5 mm growth, according to the 
present data in Fig. 2. Thus prediction of stability, or not, lies within the 
uncertainty of published data. 

Conclusions 

1. Experiments on HY130 steel bend bars, nominally a / W  = 0.30, W = 
B ----- 50 mm,  S / W  ---- 4, showed unstable ductile behavior when tested in a 
conventional screw-driven testing machine. The instabilities occurred close to 
the limit state after some 2.5 to 4.5 m m  of crack growth, implying Aa/bo  
between 6 and 12%, just at or beyond the conventional limits for J-controlled 
growth. 

2. Both I [1,2] and dJ /da  [3,4] theories of instability have been applied 
satisfactorily to these tests, within the uncertainties of the data. For these 
notch bend pieces the more recent dJ /da  theories degenerate to the original T 
theory [3] if the values of ~ and effective span are selected appropriately. 

3. In applying any of the theories as currently developed, the dominant 
effect is that  of compliance, which introduces uncertainties into the term 0 Q/  
Oqc] a for dJ /da  theories (or the effective span in Ref 3) and into the estimates 
of 7/os for the I theory. 

4. The success of this application must be measured against the restricted 
range of test circumstances, namely only a small variation in notch depth ra- 
tio between the R-curve data and the unstable test geometry. The wider issue 
of use of the R-curve data from one configuration to prediction of behavior of 
another has not been discussed and doubt remains both in terms of the geom- 
etry independence of the R-curve and in the evaluation of some of the terms in 
the theoretical formulations. 

APPENDIX 

The Energy Release Rate I 

The energy release rate in an elastic-plastic-elastic (EPE) system (i.e., with linear 
elastic unloading) was derived [1,2] but is re-stated here since it is central to the 
present analyses. The term derived [1,2] is then modified to allow for the effect of 
compliance and plasticity. These derivations are given more fully elsewhere [12]. The 

terms are conveniently stated as 

= -(b/Q)(OQ/Oa)]q (23) 

with subscripts "el," "pl," or "o" denoting elastic (linear), plastic, and elastic-plastic 
behavior respectively. If the variables of geometry and deformation are truly separa- 
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ble, ~/does not vary from elastic to plastic state [7]. For most configurations, however, 
that ideal is not reached, so that (3 Q/3a I q. pl > (3 Q/3a  I q, ~l. Thus in Fig. 5 where, on 
unloading, sr = --dqel = +dqpt,  the energy release rate for thickness B, crack incre- 
ment da, is 

Blda = EDs + DCrs = BGda + BGpda (24) 

where G is the conventional LEFM term of the "free" internal energy; Gp is the 
"bound"  potential energy that is only available when --dqr is in fact balanced by 
+dqpt (i.e., Gp is only "available" as part  of an elastic-plastic interaction. I can be 
expressed as 

Blda = BGda + qel(OQ/aa - OQel/Oa)lq 

: B G d a q _ I . ~ ~  qeIQ*Te~ 
~l el b 

(2s) 

Referring to Fig. 5, however, Q~et/b = --OQel/Oaiq = ED and q,a = sn and 
ED(sn)  = 2(EDs) = 2BGda. Therefore 

I = G + Gp = G[2(~o/~o3 -- 1] (26) 

Clearly, if ~/o ----- ~/e~, then I ----- G. If load is held constant, the increase of work, area 
E t t m n  in Fig. 5, is 2IBda. 

c~ 

A,E 

to/ sFcl p 
o ----.~ q 

a)  

1 
0 

0 

E V H 

~ q  

b) 

FIG. 5--Elastic energy release rate. I, for elastic-plastic material with linear elastic unloading. 
(a) At fixed displacement. (b) At fixed load. 
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Effect of Compliance on I 

Let the compliance of an un-notched component be Ou and for a notched body, On. 
(Note On relates Q and q for the notched test piece and is not the same as the separate 
"crack component" used [4,11].) If there is a machine or structure of compliance �9 m 
attached to the notched member, the compliance for the uncracked system is O~ = 
Ou + Om. These terms can be used to provide the constant of integration for the de- 
nominator if ~ l  is evaluated from the LEFM shape factor, Y: 

~leJ = b Y2a/I y2ada (27) 

For the whole system (elastic), 

~/el,s : (~/el,n)/[ 1 + (Ore/On)] 

: (n el,n)/O~ (28) 

where ol is defined as 1 + (Om/~V~n). 
If there is plastic work Upl in the system overall (but only in the notched compo- 

nent), let 

Upl ~ Upl,n = X(Uel,n)  (29) 

where X expresses the ratio of plastic work to the elastic work in the notched test 
piece. Writing 

Then 

B M  = no.sUo,s = no,s(a + X) Uel,n 

~- ~el,sUel,s -'[- ~pl,nUpl,n 

~os : [('qel,s) Ot -[- (~pl,n)X]/( OL "~-X) (30) 

In the present work (d~/da)o,~ is evaluated from ~o,s for several values of Aa, although 
it can be found by differentiating Eq 30 to give 

(__ d ~ )  : ( b _ ~  _i Om 7 /e~  (. 1 1 / 
o.s \'q da/el,n O~ c ~ + X  ~ e l ( 2 + X )  1 - , - X  c ~ + X  (31) 

References 

[1] Turner, C. E. in Fracture Mechanics (llth Conference), ASTMSTP677, American Society 
for Testing and Materials, Philadelphia, 1979, pp. 614-628. 

[2] Turner, C. E. in Post- Yield Fraeture Mechanics, D. G. H. Latzko, Ed., Applied Science 
Publishers, London, 1979, pp. 23-211. 

[3] Paris, P. C., Tada, H., Ernst, H., and Zahoor, A. in Elastic-Plastic Fracture, ASTM STP 
668, American Society for Testing and Materials, Philadelphia, 1979, pp. 5-36, 251-265. 

[4] Hutchinson, J. W. and Paris, P. C. in Elastic-Plastic Fracture. ASTM STP 668, American 
Society for Testing and Materials, Philadelphia, 1979, pp. 37-64. 

[5] Orowan, E., Journal of Applied Physics, Vol. 26, No. 7, pp. 900-902. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



502 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

[6] Turner, C. E. in Fracture Mechanics (12th Conference), A S T M S T P  700, American Society 
for Testing and Materials, Philadelphia, 1980, pp. 314-337. 

[7] Paris, P. C., Ernst, H., and Turner, C. E. in Fracture Mechanics (12th Conference), 
ASTM STP 700, American Society for Testing and Materials, Philadelphia, 1980, pp. 338- 
351. 

[8] Garwood, S. J., Robinson, J. N., and Turner, C. E., International Journal of Fracture, Vol. 
11, 1975, pp. 528-530. 

[9] Ernst, H. A., Paris, P. C., and Landes, J. D. in Fracture Mechanics (13th Conference), 
ASTM STP 743, American Society for Testing and Materials, Philadelphia, 1981, pp. 476- 
502. 

[10] Rice, J. R., Drugan, W. J., and Sham, T. L. in Fracture Mechanics (12th Conference), 
ASTM STP 700, American Society for Testing and Materials, Philadelphia, 1980, pp. 189- 
221. 

[11] McCabe, D. E. and Ernst, H. A. in Fracture Mechanics: Fourteenth Symposium, Vol. I - -  
Theory and Analysis, ASTM STP 791, American Society for Testing and Materials, Phila- 
delphia, 1983, pp. 1-561-I-584. 

[12] Latzko, D. G. H., Turner, C. E., Landes, J. D., McCabe, D. E., and Hellen, T. K. in Post- 
Yield Fracture Mechanics, 2nd ed., Elsevier, The Netherlands, 1984. 

[13] Kaiser, S. and Carlsson, A. J. in Elastic-Plastic Fracture: Second Symposium, Volume l l - -  
Fracture Resistance Curves and Engineering Applications, ASTM STP 803, American So- 
ciety for Testing and Materials, Philadelphia, 1983, pp. 11-58-II-79. 

[14] Cotterell, B. and Mai, Y. W., International Journal of Fracture, Vol. 20, 1982, pp. 243- 
250. 

[15] Etemad, M. R~., "Use of Resistance Curves in Post-Yield Fracture Mechanics," Ph.D. the- 
sis, University of London, 1983. 

[16] Ernst, H. A. in Elastic-Plastic Fracture: Second Symposium, Volume II--Fracture Resis- 
tance Curves and Engineering Applications, ASTM STP 803, American Society for Testing 
and Materials, Philadelphia, 1983, pp. 11-133-11-155. 

[17] Turner, C. E., NUREG/CP-0010, CSNI Rept. 39, CSNI Specialist Meeting on Plastic 
Tearing Instability, St. Louis, Sept. 1979. 

[18] Vassilaros, M. G., Joyce, J. A., and Gudas, J. P. in Fracture Mechanics: Fourteenth Sym- 
posium, Vol. I--Theory and Analysis, ASTM STP 791, American Society for Testing and 
Materials, Philadelphia, 1983, pp. 1-65-1-83. 

[19] Joyce, J. A. and Vassilaros, M. G. in Fracture Mechanics (13th Conference), A S T M S T P  
743, American Society for Testing and Materials, Philadelphia, 1981, pp. 525-542. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



J. E .  Cari fo ,  1 j .  L .  Swedlow, 1 a n d  Chu l -  W o n  Cho  2 

Computation of Stable Crack Growth 
Using the J-Integral 
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pp. 503-511. 

ABSTRACT. Crack growth of almost 8 mm in a standard C(T) specimen is computed in 
ten steps by tracking a J-resistance curve for 7475-T7351 aluminum. Some discussion is 
presented as to why the far-field J is preferable to near-field quantities for this procedure. 
The analysis did not track the companion force-displacement curve. 

KEY WORDS: J-integral, crack growth, node release, finite element 

Compu ta t i on  of s table  c rack  growth via f inite e lements  is opera t iona l ly  
s t ra ight forward;  one need only release nodes at  the  crack f ront  and  beyond,  
al lowing the  ma te r i a l  to relax or  unload  as each node is released.  However, 
there  r emains  the  cri t ical  issue of de te rmin ing  the  condi t ion for  nodal  release. 
In  fact ,  a n u m b e r  of pr ior  invest igators  [1-4] have t rea ted  this p rob lem but ,  
for reasons to be  discussed in the  next section, we take  issue with thei r  respec- 
tive condi t ions  for  noda l  release.  3 

After  some discussion of the  condi t ion for  noda l  release, we re turn  to the 
p rob lem s ta tement  and  exhibi t  the  physical  da t a  used in the  present  analysis.  
Results  are  then  presented ,  fol lowed by discussion and  conclusions.  

Conditions for Nodal Release 

I t  would be ideal  if one could  decide when to release the nodes at  the crack 
f ront  itself. Cand ida te s  for this  p rocedure  include strain at  the  crack t ip,  as 

IDepartment of Mechanical Engineering, Carnegie-Mellon University, Pittsburgh, PA 15213. 
Mr. Carifo is currently with Martin Marietta Aerospace, Baltimore Division, MD 21220. 

2ALCOA Laboratories, Alcoa Center, PA 15069. 
3Owing to the fact that the literature in this area is so widespread, the list of references herein is 

not intended to be comprehensive. 
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used by Newman [2], crack-tip opening displacement (CTOD) [3], and crack- 
tip opening angle (CTOA) [1,4]. However, there is some question regarding 
the accuracy with which any of these quantities can be computed; one has 
only to review the various round-robins on finite element analysis of crack 
problems to see the considerable disparity from one analyst to the next [5-8]. 
Hence the ideal of using a near-field quantity to decide upon nodal release is 
regarded as inoperational at best, and we have sought an alternative. 

Any option for an alternative condition must involve afar-field quantity. 
For example, Liebowitz et al [9] use experimental records of load versus crack 
length, and Du and Lee [10] use the same information or a plastic en- 
ergy versus crack size condition. A similar technique was followed by one of 
the investigators reported in [8] but, as the participants are anonymous, we 
cannot say who. 

In seeking an appropriate condition for our work, we observe that some of 
the early investigators using a near-field condition produced results highly 
reminiscent of an R-curve. 4 It was inescapable that we consider just this type 
of information to derive our analysis. In the end, we chose to use a J-resis- 
tance curve as a suitable far-field condition. Certain disadvantages are obvi- 
ous: J derives from deformation theory of plasticity while we perforce use flow 
theory, and J theory does not account for unloading while we must. The prob- 
lems are addressed by Hutchinson and Paris [12], who go on to perform ana- 
lytical versions of similar problems. On the other hand, J can be measured 
satisfactorily far from the crack tip in a finite element analysis, and there 
exists an established procedure for obtaining a J-resistance curve in the labo- 
ratory. We might also note that,  when J was computed in the far field, the 
various round-robins [5-8] showed stable results, even though the calcula- 
tions were mostly for nongrowing cracks. Hence, subject to certain con- 
straints noted below, we chose the J-integral as the condition for crack 
growth, in the form of the J-resistance curve. 

Procedure 

The basic components of this work comprise a plane strain computer pro- 
gram, experimental data, and a specific model, in addition to the selection 
described above. 

The computer program has been documented elsewhere [13] and neither 
the theory of incremental plasticity nor finite element methods need to be 
repeated here. Suffice it to say that the program utilizes the yon Mises crite- 
rion together with the Prandtl-Reuss equations for an isotropically hardening 
material, and that it is coded to facilitate unloading as well as loading. The 
program uses constant strain triangles only, and certain modifications were 
made in order to handle nodal release at the crack front. 

4For the reader not familiar with this form of data, perusal of Ref 11 is suggested. 
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As to experimental data, we were able to obtain for 7475-T7351 aluminum 
both a flow curve (Fig. 1) and a J-resistance curve (Fig. 2) obtained from two 
separate experiments. One of these was for limited crack growth, just under 4 
mm, and the other went fully through the ligament. A piece-wise linear curve 
was fitted to the data (Fig. 2) so that we could interpolate between individual 
data points during computation. Owing to the fact that we were making a 
small deformation analysis, the blunting line was ignored. 

The model involved a compact specimen (Fig. 3) having the proportions of 
a standard C(T) specimen. The element model is shown in Figs. 4 and 5. The 
J-integral paths are shown in Fig. 4, and mapping local to the crack tip in Fig. 
5. The specimen is 127 mm wide and 152 mm high, and a0 is nominally 63.5 
mm. The crack was extended in ten steps of a0/80 for a total extension of 
ao/8 .  

Load is introduced via displacement control at the positions indicated in 
Figs. 3 and 4, alternately with crack growth. That is to say, when excitation at 
these positions led to a J value indicating crack growth, displacement at these 
positions was fixed and the appropriate node (in Fig. 5) was released. Then 
the far-field displacement was increased until J had risen sufficiently to indi- 
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FIG. 1--Experimental flow curve in terms of octahedral stress versus octahedral plastic strain. 
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FIG. 3--Compact test specimen geometry and the points of far-field displacement control. 
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FIG. 4--Map of the upper half of the specimen, the J-integral paths, and the points of far-field 
displacement control. 
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FIG. 5--Gridding of map near and around crack tip where ( 0 )  denotes successive crack tip 
positions. 

care further nodal release, and the whole process repeated until all nodes indi- 
cated in Fig. 5 had been released. We note that, since ao/W is 0.5, greater 
than the threshold value of 0.4 noted by Newman [14], results here are not 
likely to be sensitive to the means for introducing load into the specimen. 

A further word on nodal release is in order. When the computation begins, 
the ten nodes ahead of the original crack tip (see Fig. 5) are on a line of sym- 
metry, and are pinned against any vertical motion. Naturally, vertical forces 
accrue to hold them in position. By releasing a node, we mean that the re- 
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a c t i o n  fo rce  h o l d i n g  t h a t  n o d e  in  p l a c e  is r e l a x e d  in  e i g h t  f r a c t i o n a l  s teps ,  s 

N a t u r a l l y ,  t h e  l o a d  d i s t r i b u t i o n  a h e a d  of  t h e  c r a c k  sh i f t s  to  t h e  r i g h t  a n d ,  

as  we sha l l  see,  t h e  fo rce  a t  t h e  p o i n t  of  d i s p l a c e m e n t  c o n t r o l  d r o p s  s l ight ly ,  

as  does  J .  

Results 

T h e  c o m p u t a t i o n  d e s c r i b e d  a b o v e  is s u m m a r i z e d  in  T a b l e  1.6 W e  o b s e r v e  

t h a t  t h e  J c a l c u l a t i o n s  a re  q u i e s c e n t  in  t h a t  t h e  s t a n d a r d  d e v i a t i o n  a m o n g  t h e  

v a l u e s  is q u i t e  smal l .7  H e n c e  we r e g a r d  o u r  J v a l u e s  as  v i r tua l ly  p a t h - i n d e p e n -  

TABLE 1--J values calculated during node releases. 

Far Field J (Path Standard Far Field 
Displacement, Average), Deviation Crack Net Force, Node 

mm kJ/m 2 of J Length, mm kN/cm Release? 

0.404368 29.30 0.25 62.706 19.003 no 
0.424586 32.28 0.28 62.706 19.931 yes, 1 
0.424586 31.60 0.26 63.500 19.392 no 
0.445821 34.81 0.29 63.500 20.337 no 
0.468097 38.34 0.32 63.500 21.329 yes, 2 

0.468097 37.50 0.31 64.294 20.723 no 
0.491515 41.30 0.34 64.294 21.731 yes, 3 
0.491515 39.94 0.32 65.088 21.099 no 
0.516077 44.48 0.36 65.088 22.122 no 
0.541884 48.97 0.39 65.088 23.188 yes, 4 

0.541884 47.91 0.37 65.881 22.521 no 
0.568985 52.75 0.41 65.881 23.607 yes, 5 
0.568985 51.59 0.39 66.675 22.906 no 
0.597433 56.81 0.43 66.675 24.013 yes, 6 
0.597433 55.58 0.42 67.469 23.311 no 

0.627304 61.19 0.46 67.469 24.425 no 
0.658673 67.34 0.50 67.469 25.586 yes, 7 
0.658673 65.91 0.48 68.262 24.838 no 
0.691642 72.54 0.53 68.262 26.020 yes, 8 
0.691642 71.04 0.50 69.056 25.269 no 

0.726186 78.18 0.55 69.056 26.469 no 
0.762508 86.02 0.61 69.056 27.714 yes, 9 
0.762508 84.18 0.58 69.850 26.882 no 
0.800608 92.64 0.63 69.850 28.150 yes, 10 
0.800608 90.72 0.60 70.644 27.323 no 

SThis was the minimum number of steps that we could use with the software and hardware in 
hand without distorting the unloading-node opening curve. Of course, other codes might per- 
form differently. 

6The computation was performed on Carnegie-Mellon's DEC System Tops-20 and required 
3.5 h of CPU time. This time is longer than one usually anticipates; it is a reflection of the itera- 
tire nature of unloading [13]. 

7Note that, although the standard deviation grows in absolute magnitude as loading pro- 
gresses, it reduces as a percentage of J. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



CARIFO ET AL ON COMPUTATION OF STABLE CRACK GROWTH 509 

dent, and the potential disadvantages of having chosen to work with J as not 
having manifested themselves. In addition to this tabular information, it is 
important to see that the computation tracked the input J-resistance curve; 
this information appears in Fig. 6. (Here, each set of three nodal release 
points (*) represents the J calculated at the third, fifth, and seventh of the 
eight steps noted above.) We observe that the data are not precisely on the J- 
resistance curve but, in looking at the numbers, we find also that the com- 
puted data are virtually within one standard deviation of the curve. 

It is also of interest to compare the computed and experimental force-dis- 
placement curves (Fig. 7). We are not at all surprised to observe the com- 
puted results as stiffer than the experimental values since (1) the test speci- 
men was 43 mm thick while the analysis was done in plane strain (see Ref 15,  

Fig. 12, for a related comparison), and (2) the finite element array is intrinsi- 
cally stiffer than a continuum. Still, the difference is not so much as to be 
shocking, although it is greater than reported in Ref 8. We see also that, be- 
yond about 6 mm when unstable tearing begins, the discrepancy grows. It was 
not our expectation to be able to replicate unstable tearing. 
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FIG. 6--Tracking of the J-resistance curve. Note unstable tearing at 6 mm. 
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FIG. 7--Computed and experimental force-displacement curves. 

Concluding Remarks 

We observe that  a J-based stable crack growth computation is certainly fea- 
sible. I t  is no problem to track the J-resistance curve but, with the coarseness 
of the finite element map  used here, we were not able at the same time to 
track the force-displacement curve. By implication, if we had tracked the 
force-displacement curve, we would not have tracked the J-resistance curve. 

In a more philosophical vein, proceeding as we have done has allowed the 
foregoing experimental evaluation. That  is to say, had we used CTOD, say, as 
a criterion for nodal release, we would not have as clear a picture as to where 
the computation succeeded and where it had not. 
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ABSTRACT: The objective of this investigation was to assess the feasibility of determin- 
ing the environmentally assisted crack growth characteristics of a high strength 4340 steel 
during cathodic polarization in seawater using J-integral techniques. A secondary objec- 
tive was to demonstrate the capability of using these techniques for investigating stress 
corrosion cracking-hydrogen embrittlement mechanisms in high strength steels. 

It was concluded that stress corrosion-hydrogen embrittlement crack growth behavior 
in a high strength steel can be characterized using techniques developed for the study of 
stable elastic-plastic crack growth. In the case of environmentally assisted cracking, an 
added dimension results from the rate dependence of the process, giving results which are 
displacement-rate dependent. Cathodic polarization of 4340 steel specimens in seawater 
resulted in up to a four-fold decrease in the energy required for fracture initiation (J~c). 
The extent of this decrease was a strong function of both pre-exposure time and displace- 
ment rate. A good correlation was obtained between fracture morphology changes pre- 
dicted from the material J-R curves and actual fracture surface measurements. The tech- 
nique should therefore be a useful tool in mechanistic studies of environmentally assisted 
crack growth in high strength steels. 

KEY WORDS: stress corrosion cracking, hydrogea embrittlement, fracture mechanics, 
K~c, Jlc, strain rate, seawater, cathodic polarization, 4340 steel 

In recent years it has become common to study crack growth in engineering 
materials using the concepts of fracture mechanics. More specifically, linear 
elastic fracture mechanics (LEFM) has been extensively applied in studies of 
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crack growth under monotonic loading, fatigue Crack growth, and stress cor- 
rosion cracking (SCC). Studies of stress corrosion cracking using LEFM have 
been directed at identifying the stress intensity associated with the onset of 
environmentally assisted cracking (Kiscc). Two common tests for Kiscc are the 
preeracked cantilever beam test [I] and the modified wedge-opening-load 
(WOL) test [2]. The precracked cantilever beam test involves the application 
of a deadweight load and therefore an increasing K field for crack growth. 
The WOL test is conducted at a constant deflection and therefore involves 
crack extension to arrest in a decreasing K field. Recent studies [3, 4] have 
departed from these techniques by evaluating compact specimens under in- 
creasing load and displacement to determine the stress corrosion cracking 
susceptibility of high strength steels. Still more recent research [5, 6] has fo- 
cused on employing elastic-plastic fracture mechanics (EPFM) and the 3.. 
integral fracture parameter to study stress corrosion crack growth. 

During the past decade the J-integral elastic-plastic fracture parameter has 
been extensively utilized to characterize the ductile fracture properties of 
structural alloys. However, very little attention has been focused on using 
EPFM to study environmentally assisted crack growth. The use of J-integral 
techniques has been validated over a broad range of elastic-plastic behavior 
[ 7], and reliable single-specimen tests for the determination of the critical 
value of J at the onset of crack growth (Ji~) and the J versus crack growth 
resistance (J-R) curve have been developed [8-10]. In contrast to the LEFM 
approach, these techniques require an active crack length measurement sys- 
tem which is capable of resolving very small (approximately 0.003 mm [0.001 
in.]) increments of crack growth. This capability has focused increased atten- 
tion on crack growth behavior beyond Jic [11]. 

A recent investigation by Abramson and co-workers [6] concluded that, 
with certain restrictions, the J-integral is applicable to the analysis of stress 
corrosion cracking. This conclusion was reinforced by the recent work of An- 
derson and Gudas [5], who employed J-integral techniques to determine the 
SCC susceptibility of a high strength titanium alloy. Results from their inves- 
tigation were shown to correlate well with complementary LEFM SCC tests 
employing precracked cantilever beam specimens. 

The objective of this investigation was to assess the feasibility of determin- 
ing the environmentally assisted crack growth characteristics of a high 
strength steel during cathodic polarization in seawater using J-integral tech- 
niques. A secondary objective was to demonstrate the capability of using 
these techniques for investigating SCC/hydrogen embrittlement (HE) mecha- 
nisms in high strength steels. 

Test Methodology for Environmentally Assisted Fracture 

Whether classified as hydrogen embrittlement or stress corrosion cracking, 
mechanisms for environmentally assisted cracking have been extensively 
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studied using the concepts of linear elastic fracture mechanics [I-4]. A brief 
review of some of this work follows. 

The LEFM studies of environmentally assisted crack growth can be divided 
into two categoriesi those performed under an increasing stress intensity (K 
increasing) and those performed under a constant deflection using a decreas- 
ing stress intensity (K decreasing). The most straightforward K increasing 
test was that described initially by Brown and Beachem [1], who utilized pre- 
cracked cantilever beam specimens which were deadweight loaded. The low- 
est stress intensity at which no environmentally assisted crack growth oc- 
curred was taken to be the threshold stress intensity for subcritical crack 
growth (K~scc). This technique requires a number of specimens for the deter- 
mination of (K1sc~) and generally involves lengthy test periods. Largely for the 
advantages of portability, ease of loading, and specimen economy, Novak and 
Rolfe [2] proposed a modified bolt-loaded WOL specimen for the determina- 
tion of K~ .... This specimen maintains a constant deflection and therefore a 
decreasing stress intensity for crack growth. The specimen is loaded to a Value 
estimated to be greater than K~ .... then placed in an aqueous environment 
where subcritical crack growth initiates and proceeds until arrest. The arrest 
point is taken to be K~s~c. This test has the advantage of providing a Kl~  
determination for each specimen tested, but may also require lengthy test pe- 
riods if either the initiation time is long or the crack growth rate is slow. 

A recent study by Clark and Landes [ 4] utilized compact specimens of AISI 
4340 steel under increasing load and displacement to determine Kl~r for the 
case of seawater. They concluded that rising load KI~ testing for this case 
can be used for rapidly screening high strength structural alloys with regard 
to their susceptibility to environmentally induced cracking in hydrogen-bear- 
ing environments. They also concluded that loading rate can have a signifi- 
cant effect on the apparent K~sc~ measured under rising load conditions and 
that there appeared to be no significant prior load history effects on the Kiscc 
values determined for AISI 4340 steel using this technique. 

Anderson and Gudas [5] extended this technique into the realm of elastic- 
plastic fracture mechanics (EPFM) by evaluating the environmental cracking 
susceptibility of a high strength titanium alloy in seawater using J-integral 
techniques. Their results showed that the stress corrosion susceptibility of this 
alloy was clearly identifiable in J-integral tests using the J-R curve extrapola- 
tion method as described in ASTM E 813. Importantly, these tests would not 
have provided valid linear elastic results due to specimen size constraints. 
Abramson et al [6] have recently evaluated the application of the J-integral to 
cases of environmentally assisted cracking of a magnesium alloy in an NaCI 
solution and concluded that with suitable modifications to allow for steady- 
state crack growth, J-integral techniques should apply to SCC. One of their 
more interesting results is the occurrence of drastically reduced J-R curves 
obtained from air tests conducted on specimens which were previously tested 
for K~cr at a constant deflection. They suggested that stable mechanical 
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cracking proceeding from an SCC crack is easier than that occurring from a 
fatigue precrack. Another possibility is that the embrittling species was still 
present. 

An important aspect of the J-R curve determination technique used in the 
present investigation is the capability of measuring crack extension during 
testing. This enables changes in fracture behavior predicted from the J-R 
curve to be correlated with fracture surface features, providing a useful tool 
for investigating environmentally assisted cracking. 

Experimental Details 

Mater ia l  

Material for this investigation was provided in the form of 2.5-cm (1-in.)- 
thick plate of AISI 4340 steel. The plate was heat treated to obtain the me- 
chanical properties shown in Table 1. Chemical composition of the plate is 
provided in Table 2. 

Exper imen ta l  Procedure 

Compact  specimens 2.5 cm (1 in.) thick were machined from the plate in 
accordance with Fig. 1. The notch orientation for all specimens was T-L. In 
this orientation the crack runs parallel to the rolling direction of the plate. 
Figure 1 shows a modified version of the standard compact specimen which 
incorporated a longer machined notch. The increased length notch was in- 
tended to allow the minimum possible length of fatigue precrack beyond the 
notch tip consistent with the criteria for fatigue precracking described in 
ASTM E 813. The short precrack was, in turn, desired to facilitate monitor- 
ing and control of electrochemical conditions close to the fatigue crack tip. 

A cathodic polarization cell was constructed around the specimen as shown 
in Fig. 2. This cell maintained all specimens tested at -- 1.0 V versus a satu- 

TABLE 1 -- Mechanical properties of 4340 steel 

0.2% Yield Elongation 
Ultimate Strength, Strength, % in 50.8 mm 

ksi ksi (2 in.) 

183.3 174.2 12.0 

TABLE 2 -- Chemical composition (weight percent) of 4340 steel. 

C Mn P Si Cu Ni Cr Mo V 

0.44 0.78 0.014 0.21 0.18 1.95 0.74 0.17 0.05 
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rated calomel electrode (SCE) using potentiostatic control. Natural seawater 
shipped'Irom the LaQue Center for Corrosion Control Technology was used 
as the electrolyte. The cell bath was supported from below the test machine, 
eliminating sealing difficulties around the cell. The palladium foil counter 
electrode was isolated from the machined notch with Teflon strips. The entire 
specimen, except for the crack starter notch and the side grooves, was pro- 
tected from the seawater with a brush-applied lacquer. The tests were run at 
room temperature with no aeration. Electrolyte was added periodically to re- 
place that lost due to evaporation. 

Following machining, all specimens were precracked to an initial overall 
crack length of 35.6 mm (1.4 in.). This provided a fatigue precrack which was 
approximately 2.5 mm (0.1 in.) from the machined notch tip. In all cases the 
delta stress intensity used for fatigue precracking was below 33 MPax/-m (30 
ksi i~m.). 

Fracture testing consisted of basically two variations. The longer time tests 
(greater than two days' exposure in the environment) were performed by load- 
ing the compact specimens in the test machine to a pre-load of 454 kg (1000 
lb) corresponding to a stress intensity level of 21 M P a ~  (19 ksi i~/]m.) for this 
geometry. This was below the expected Klscc for this alloy. A zinc wedge was 
then inserted into the notch area and the specimen was immersed in seawater 
for the pre-exposure time. It should be noted that this pre-load was probably 
not entirely maintained during the pre-exposure period due to relaxation of 
the zinc wedges. All specimens pre-exposed in this manner were connected to 
a coil of zinc in order to provide a favorable area ratio for cathodic polariza- 
tion. The measured cell potential for these specimens was --1'.0 V versus a 
saturated calomel reference electrode. 

Following pre-exposure, the longer time specimens were removed from the 
seawater and inserted into the test machine and cell arrangement shown in 
Fig. 2 in a manner consistent with minimizing the time that the specimen was 
not exposed to the environment. This time was typically less than 5 min. 

The shorter time tests (less than two days' exposure in the environment) 
were pre-exposed in the test setup and tested after the desired pre-exposure 
period. These specimens did not have to be transferred to the test machine 
following pre-exposure. 

All fracture testing was performed in a screw-type tensile test machine 
which was translated in the horizontal plane to facilitate environmental test- 
ing. Tests were run in displacement control at two different displacement 
rates: 0.25 and 0.05 mm/min  (0.01 and 0.002 in./min). 

The J-R curve tests were performed both in air and the environment at the 
two displacement rates. For the environmental testing, cathodic polarization 
was continuously maintained during testing. The J-R curve test procedure 
employed for the majority of the testing was the computer-interactive, un- 
loading compliance procedure of Joyce and Gudas [9]. In selected cases, a 
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518 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

direct-current potential drop (DCPD) system, described by Vassilaros and 
Hackett [10], was employed for the crack extension measurements. The value 
of the J-integral was calculated using the formulation of Ernst [12]: 

I 1 Ai, i+l 1 -- ~ (ai+l -- ai) 
J(i+l) : Ji q- bi BN 

where 

~/ = 2 + (0.522) b~ W for compact specimens, 
W = specimen width, 
7 = 1 + (0.76) b / W ,  
bl = instantaneous length of remaining ligament, 

BN = minimum specimen thickness, 
ai = instantaneous crack length, and 

Ai.,-+l = area under the load versus load-line displacement record between 
lines of constant displacement at points i and i + 1. 

Following testing, specimens were fatigued at a low stress intensity to mark 
the final crack extension and then fractured completely in half. The fracture 
surfaces of selected specimens were examined in a scanning electron micro- 
scope. Fracture surface crack morphology and changes with propagation 
were correlated with crack behavior during propagation as described by the J- 
R curve tests. 

Results and Discussion 

Form of Presentation of  Results 

The results of this investigation will be presented primarily in the form of 
specimen load versus crack opening displacement (COD) records, J-integral 
R-curves, and scanning electron microscope (SEM) fractographs. The first 
two of these will be briefly discussed. 

The specimen load versus COD records serve as input to the J-integral 
analysis. Calculation of the J-integral for a specimen involves the measure- 
ment of load-line displacement which, for the case of the compact specimen, 
is coincident with COD. The area (A) under the load-COD record is a mea- 
sure of the energy absorbed by the specimen during fracture. Load-COD 
records for specimens with identical initial crack lengths can provide a quali- 
tative measure of material toughness. All the specimens used in this investiga- 
tion were precracked to the same initial crack lengths. When cou- 
pled with an on-line crack extension measurement system such as unloading 
compliance, the crack initiation point on a load-COD record can be defined. 
This was done for all of the specimens tested. 
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Salient features of a "typical" J-R curve are presented in Fig. 3. The blunt- 
ing line is a mathematical representation of apparent crack extension due to 
crack tip blunting and is based on the material flow stress. Jic is a measure of 
the energy absorbed by the specimen at or near crack initiation. It is defined 
as the intersection of the blunting line, with a least squares line fit through 
data over a specified range beyond the blunting line. Details of this analysis 
are contained in ASTM E 813. If the validity requirements in this standard 
are met, the Jlc value is a material property. 

In addition, the slope of the R curve beyond initiation, normalized by the 
material elastic modulus divided by the material flow stress squared, is de- 
fined as the tearing modulus, T, (T ---- dJ/da  * E / o  flow2), where T is a 
measure of the material's resistance to stable ductile tearing. 

For the cases of environmentally assisted crack growth to be described be- 
low, the J-integral analysis cannot be rigorously applied. Details pertaining to 
this argument will be presented later. Despite the limitations on using the J- 
integral to rigorously analyze environmental crack growth, the extension of 
the testing and analysis techniques employed for J-R curve testing provides a 
useful tool for evaluating environmental damage mechanisms. 
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J-R Curve Testing 

To serve as a baseline against which to measure the effects of environmen- 
tally assisted crack growth, J-R curve tests were performed in air at 0.25 mm/  
min (0.010 in. /min) and 0.05 mm/min  (0.002 in./min) displacement rates. 
The former is the standard test rate for air J-R curve testing; the latter repre- 
sented a lower practical limit for use of the unloading compliance technique 
for J-R curve determination. Figure 4 shows a comparison of the load versus 
COD records for two air J-R curve tests. This plot shows the similarity of the 
two records and the lack of displacement rate effects in the air tests. The 
arrows indicate the crack initiation points in each case as determined from 
the unloading compliance technique. This figure also illustrates the predomi- 
nantly linear-elastic behavior of the material in the air tests. Also evident is 
the difference between the magnitude of the unloadings for the two displace- 
ment rates. This is intentional since more data are acquired at the slower 
displacement rate, therefore requiring smaller unloadings to take the same 
amount of data. The time during the unloads is important since it has a direct 
bearing on the environmental interactions. Perhaps the most important fea- 
ture shown in Fig. 4 is the occurrence of crack initiation at or near the maxi- 
mum load achieved during the test followed shortly by catastrophic failure of 
the test specimens. Experience in performing J-R curve tests on different ma- 
terials of similar geometry has shown that crack initiation most usually occurs 
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at or near the maximum load. This fact will be of importance in the subse- 
quent discussion of the environmental tests. 

The "J-R curves" for the air test specimens are presented in Fig. 5. "J-R 
curves" appears in quotes for two reasons. Firstly, the 4340 steel results 
shown in Fig. 5 are predominantly linear-elastic and therefore display no R- 
curve behavior in the conventional sense. Secondly, for the environmental 
tests, nonproportional loading occurs during environmentally assisted crack 
growth. This violates assumptions made in the derivation of the deformation 
theory J-integral, and it is therefore incorrect to call the results J-R curves in 
the conventional sense as applied to stable ductile tearing under proportional 
loading. The "J-R curves" for both of these air specimens indicate a crack 
initiation point (as determined by a deviation from the blunting line) of ap- 
proximately 31 kPa. m (175 in.-lb/in.2). Only a small amount of crack growth 
(less than 0.5 mm [0.020 in.]) was evident in these tests before catastrophic 
fracture, typical of a material which behaves in a linear elastic manner. 

Figure 6 presents the load versus COD records for two seawater tests con- 
ducted in accordance with the shorter pre-exposure time procedure described 
previously (see Experimental Details section). One of the specimens (FYS- 
H8) was tested at the 0.25 mm/min  (0.010 in./min) displacement rate, while 
the other specimen was tested at the 0.05 mm/min.  (0.002 in./min) displace- 
ment rate. The specimens were geometrically identical and had the same ini- 
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tial precrack length. Figure 6 shows the effect of displacement rate on the 
fracture behavior of the 4340 steel under cathodic polarization in seawater. 
The arrows in the figure indicate the approximate crack initiation points, as 
determined from unloading compliance, for each of the two cases. The slower 
displacement rate used on FYS-H2 resulted in both a reduced maximum load 
and an earlier crack initiation point than the faster test. The movement of the 
crack initiation point back from near the maximum load is noteworthy. A 
crack initiation point at the location shown for FYS-H2 in Fig. 6 is not com- 
monly encountered in routing J-R curve testing and is most likely the result of 
subcritical cracking under the influence of the environment. Noteworthy, 
also, is the fact that FYS-H8, although pre-exposed for a longer period than 
FYS-H2 (48 versus 14 h) exhibits a load-versus COD behavior that is virtually 
identical to that observed for the air tests in Fig. 4. This indicates the overrid- 
ing importance of displacement rate in the seawater environment. This point 
will be discussed further in a later section. 

The "J-R curves" for Specimens FYS-H2 and FYS-H8 are presented in 
Fig. 7. The similarity of the behavior of Specimen FYS-H8 and the two air 
test results is again evident, with FYS-H8 exhibiting a J of approximately 31 
kPa. m (175 in.-lb/in. 2) near crack initiation. The J value near crack initia- 
tion for Specimen FYS-H2 is, however, much reduced in comparison to FYS- 
H8 or the two air tests (75 versus 175 in.-lb/in.2). Also important is the abrupt 
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change in the "J-R curve" slope for FYS-H2 at approximately 0.7/mm (0.028 
in.) of crack extension. While the R-curve in this case is not rigorously de- 
fined (as discussed previously), the change in slope should be indicative of a 
change in energy required to cause progressive fracturing. For this result, the 
slope change implies a higher energy fracture process occurring first followed 
by a lower energy mode. This result was exhibited by all the specimens that 
were tested in seawater with cathodic polarization at the lower displacement 
rate. A change in fracture surface morphology could be expected at the slope 
change point. Correlations between the "J-R curve" predictions and the spec- 
imen fracture surfaces were developed and will be described in a later section. 

Figures 8 to 11 illustrate the effect of longer pre-exposure times on the frac- 
ture behavior of the 4340 steel in seawater with cathodic polarization. The 
arrows on the load versus COD records again indicate the approximate crack 
initiation points. The longer pre-exposure times caused a reduction in the J 
near initiation to below 9 kPa.m (50 in.-lb/in.2). The effect of pre-exposure 
time, however, appears to have reached a plateau or limit in the range of 20 to 
26 days, since there was no substantial difference in the fracture behavior of 
the two specimens (FYS-H6 and FYS-H12) pre-exposed at 19 days and 26 
days respectively. Both of these specimens also exhibited the change in slope 
of the "J-R curve" noted previously for FYS-H2. An interesting feature of the 
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load versus COD records of these two specimens (Figs. 8 and 10) is the "saw- 
tooth" behavior beyond maximum load associated with the unloadings. This 
is indicative of environmental cracking occurring during some portion of the 
unload-reload cycle and can cause serious errors in crack length estimation 
from compliance. This result has also been seen previously by Anderson and 
Gudas [5]. 

A compilation of the "J-R curves" for the 4340 steel specimens tested at 
0.05 mm/min  (0.002 in. /min) is presented in Fig. 12. The specimens pre- 
exposed for the longest periods (FYS-H6 and FYS-H12) exhibited approxi- 
mately a four-fold decrease in the energy required for fracture initiation com- 
pared with the air test cases. Increasing the pre-exposure time did not seem to 
increase the value of crack extension at which the slope change in the "J-R 
curves" occurred. The limited amount of data, however, precludes a conclu- 
sive determination of this point. The initial slope of the "J-R curve" for Speci- 
men FYS-H2 (14 h pre-exposed) was steeper than that obtained for either 
FYS-H6 (19 days pre-exposed) or FYS-H12 (26 days pre-exposed). This 
would seem to imply that the resistance to progressive fracturing was higher, 
initially, for FYS-H2 compared with FYS-H6 or FYS-H12. The initial "J-R 
curve" slopes for Specimens FYS-H6 and FYS-H12 were, however, very simi- 
lar, implying little difference in the energy required to cause progressive frac- 
turing between these specimens. 
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The direct-current potential drop (DCPD) technique for crack extension 
measurement was applied to specimen FYS-H13 with the results shown in 
Figs. 13 and 14. Notable in Fig. 13 is the absence of the unloadings required 
for the compliance-based crack extension estimation technique. The initia- 
tion point determined from DCPD is shown by the arrow in Fig. 13. Specimen 
FYS-H13 was tested in seawater with cathodic polarization at the 0.05 m m /  
min (0.002 in. /min) displacement rate. Pre-exposure time for this specimen 
was only 2 h, the intent being to determine at what time environmental effects 
begin to control the fracture process. As shown in Fig. 13, the crack initiation 
point has moved downward from the maximum load, but the load-COD be- 
havior is still similar to that observed for the air tests (see Fig. 4). The " J - R  

curve" for Specimen FYS-H13 is shown in Fig. 14. This figure indicates a J 
near initiation of approximately 28 k P a . m  (160 in.-lb/in.2). While somewhat 
less than the comparable J values obtained for the air test specimens, the " R  

curve" did not exhibit the features associated with the other seawater tests. 
This would seem to indicate that the 2 h pre-exposure time provides an effec- 
tive lower bound for the observance of environmentally assisted cracking in 
the 4340 steel. 

The K]scc values for the seawater compact specimens were calculated from 
the apparent J near crack initiation (Jl~c) and compared with Kisc~ values 
obtained with cantilever beam specimens tested in similar environments. The 
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cantilever beam results were obtained in a separate investigation on the same 
heat of 4340 steel by Hauser and Caton [ 14]. The results of these comparisons 
are presented in Table 3. This table shows K~sc~ values from the cantilever 
beam specimens ranging from 22 to 55 MPax/m (20 to 50 ksi ix/]~.). The higher 
values were from specimens that had been precracked in excess of 22 MPax/m 
(20 ksi ix/in..), while the lower values were obtained from specimens that had 
been precracked at less than 22 MPax/m (20 ksi i~m.). The lower values are 
therefore more indicative of the actual Kis~ determined with the cantilever 
beam tests. The lowest value for Kis~c calculated from "J1s~" was 34 MPax/m 
(31 ksi ix/i~n.)for Specimen FYS-H12, the specimen pre-exposed for the longest 
duration (26 days). The calculated Klscc values from this investigation also 
increased with decreasing pre-exposure time. 

Fractographic Examinat ions  

The fracture surfaces of selected specimens were examined in a scanning 
electron microscope to characterize the microfracture process both in air and 
in the seawater environments. The primary aim of the fractographic investi- 
gation, however, was to perform measurements on the fracture surfaces to 
correlate with the predicted fracture mode changes from the specimen "J-R 
c u r v e s " ,  
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TABLE 3--Correlat ion of  results o f  fracture tests with cantilever beam results. 

Estimated Jlc 

Specimen Environment k P a . m  (in.-lb/in.  2) 

i �84 K 
K(JIr ] Cantilever Beams 

I 
I 

MPax/m (ksix/in.) l MPax/m (ksix/~.) 

FYS-H5 air 31 (175) 83 (75) 

FYS-H2 SW + CPt  13 (75) 54 (49) 
14 h 

FYS-H6 S W + C P t  9 (50) 44 (40) 
19 days 

FYS-H12 S W + C P ~  5 (30) 34 (31) 
26 days 

22 to 55 (20 to 50) 

* K  = ~/J'E/(1-v2).  
tSW = seawater; CP = cathodic polarization. 

As expected, the fractographic examinations showed that a fracture mode 
change was occurring in the seawater tests, with the region immediately 
ahead of the fatigue precrack being almost completely intergranular, while 
further fracturing occurred by microvoid coalescence. This is shown for Spec- 
imen FYS-H12 in Figs. 15 and 16. Figures 17 and 18 show the interface be- 
tween the fatigue precrack and fracture regions for Specimens FYS-H12 and 
FYS-H2 respectively. Both specimens show intergranular fracture beginning 
at the interface. The interfranular fracture in Specimen FYS-H12 appears to 
be more distinct, while there is more evidence of ductility for Specimen FYS- 
H2 (Fig. 18). This is perhaps attributable to the longer pre-exposure time for 
FYS-H12 compared with FYS-H2 (26 days versus 14 h). 

The fatigue precrack/fracture interface for an air test specimen (FYS-H5) 
is shown in Fig. 19. This figure shows the immediate start of fracture to be by 
microvoid coalescence with evidence of significant ductility. 

The zones of intergranular fracture at the precrack tip on Specimens FYS- 
H12 and FYS-H2 are shown in Figs. 20 and 21 respectively. The intergranular 
fracture zone was estimated as shown in the figures, and measurements were 
taken at eleven evenly spaced points across the surfaces at the points indi- 
cated. The two edge points were averaged to give a total of a ten point average 
of the intergranular zone across the specimen half. 

The two sets of fractographs in Figs. 20 and 21 constitute SEM stereo pairs 
which were taken at an angle of separation of 6 ~ . When aligned correctly and 
viewed with a stereo viewer, a three-dimensional image of the fracture surface 
is obtained. The difficulty in separating the intergranular cracking (IGC) 
zone from the ductile fracture region necessitated the use of this technique. 
The lines marking the extent of the IGC zone in Figs. 20 and 21 were drawn 
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FIG. 15-- SEM fractograph of Specimen FYS-H12 showing intergranular fracture region im- 
mediately ahead of the precrack. 

with the aid of a stereo viewer which helped enhance the delineation between 
the two regions due to the widely different three-dimensional textures in- 
volved. Even with the aid of a stereo viewer, the delineations are subject to 
different interpretations and are, at best, reasonable engineering approxima- 
tions of the extent of the IGC zones. 

The ten point measured average of the IGC zone for FYS-H12 was 0.59 mm 
(0.0231 in.) The fracture mode change predicted from the "J-R curve" (see 
Fig. 11) was 0.66 mm (0.026 in.). Therefore the J-R curve prediction overesti- 
mated the IGC zone measurement by 11% in this case. The fracture mode 
change predicted from the "J-R curve" for FYS-H2 was 0.71 mm (0.028 in.) 
(see Fig. 7). The ten point measured average of the IGC zone for FYS-H2 was 
0.67 mm (0.0263 in.). Again, the J-R curve prediction overestimated the frac- 
ture surface measurement; this time, however, by only 6%. 

Considering the uncertainties associated with the fracture surface measure- 
ments, these correlations are excellent and are on the same order of accuracy 
of the compliance estimation of the final measured crack extension in air J-R 
curve tests. The significance of these correlations will be discussed in the fol- 
lowing section. 
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FIG. 16--SEM fractograph of Specimen FYS-H12 showing microvoid coalescence in the cen- 
ter of the specimen. 

Figures 22 and 23 serve to further illustrate the differences between the 
fracture surfaces of a seawater specimen (FYS-H12) and an air test specimen 
(FYS-H10) at a low magnification. While similar overall, Specimen FYS-H12 
has the IGC zone separating the fatigue precrack and the ductile tearing 
ridges (Fig. 22), whereas Specimen FYS-H10 exhibits ductile tearing ridges 
extending to the tip of the fatigue precrack (Fig. 23). 

Discussion 

Environmentally induced intergranular cracking in high strength steels is 
most often rationalized with a hydrogen embrittlement mechanism. The ac- 
cumulation of atomic hydrogen ahead of a crack tip can be related to the total 
charge passed throUgh the vicinity of the crack tip using the constant charge 
criterion proposed by Scully [13]. This criterion maintains that the charge in 
the crack tip region must exceed a minimum value for damage to occur. This 
charge is obviously dependent both on the strain and strain rate at the crack 
tip, since the rate of creation of fresh metal surfaces at the crack tip is depen- 
dent on the strain rate. 
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FIG. 17--SEM fractograph of Specimen FYS-H12 showing the fatigue pre-crack/frac- 
ture interface. 

Results such as those shown in Fig. 14 for FYS-H2 (SW, 0.002 in./min, 14 
h pre-exposed) and FYS-H8 (SW, 0.010 in./min, 48 h pre-exposed) can be at 
least partially rationalized with the above criterion. In the case of the slower 
displacement rate specimen (FYS-H2), 14 h of pre-exposure time combined 
with the slower displacement rate was sufficient to cause significant environ- 
mental degradation of the fracture properties. The faster displacement rate 
specimen (FYS-H8), however, exhibited no deleterious environmental effects 
despite having been pre-exposed for a longer time (48 h). These data clearly 
support the necessity of achieving both a critical strain and strain rate at the 
crack tip to cause environmental damage. 

The lower limit on pre-exposure time for the occurrence of environmentally 
assisted fracture at the slower displacement rate was defined from Specimen 
FYS-H13 as 2 h. The results therefore indicate a required pre-exposure time 
for the occurrence of environmental damage of between 2 and 14 h at the 
slower displacement rate. This is again consistent with the above criterion in 
that a minimum time is required for the accumulation of a critical amount of 
hydrogen ahead of the crack tip. The rate determining step for this accumula- 
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FIG. 18--SEM fraetograph of Specimen FYS-H2 showing fatigue pre-crack/fracture 
interface. 

tion could be surface absorption of hydrogen, absorption into the metal, bulk 
or grain boundary transport, or a combination of these factors. 

All the specimens exhibiting environmentally assisted cracking were ob- 
served to switch fracture modes from intergranular to microvoid coalescence 
within 1.0 mm (0.040 in.) from the fatigue precrack tip. This implies that the 
dual criteria of critical strain and strain rate are no longer maintained beyond 
this distance. Under the constant displacement conditions imposed for this 
investigation, the strain rate at the crack tips of the compact specimens actu- 
ally decrease with increasing crack length. The reason for cessation of envi- 
ronmental damage therefore appears to be due to the lack of a critical accu- 
mulation of hydrogen ahead of the crack tip. This most definitely involves 
hydrogen transport processes and is a certain function of the pre-exposure 
period. The exact relationship between the extent of the IGC zone and the 
pre-exposure period is not clear from this study. Beyond 14 h of pre-exposure 
time the data for Specimens FYS-H2, H6, and H12 indicate no dependence of 
the extent of this zone on the pre-exposure period. 

The excellent correlations obtained between the physically measured extent 
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FIG. 19--SEM fractograph of Specimen FYS-H5 showing fatigue pre-crack/fracture 
interface. 

of the IGC zone and the on-line predictions during the J-R curve testing pro- 
vide a useful tool for evaluating environmental damage mechanisms in high 
strength steels. As an example, if a hydrogen damage mechanism is assumed 
to be operative, diffusible hydrogen can be measured at different positions on 
the fracture surface after a test is completed and correlations could be made 
with the value of the J-integral. This would provide a correlation between 
stable hydrogen content and the energy required to produce fracture. 

In all the tests exhibiting environmental damage the "R-curves" exhibited 
relatively steep slopes just beyond crack initiation followed by a distinct 
change to lesser slopes with progressive fracturing. The initial steep slopes 
indicate that a higher energy fracture mode was operative in that region. The 
fracture morphology was determined to be intergranular (IG) in the initial 
region, followed by microvoid coalescence (MVC). This seemed contradictory 
since IG usually implies a lower energy for fracture than MVC. This result 
can be explained, however, through consideration of the crack tip mechanics. 
For the IGC zone the crack tip is highly branched. This results in a loss of 
constraint at the crack tip and, consequently, a higher "R-curve" slope in 
that region. 

A few words regarding the DCPD and unloading compliance (UC) crack 
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length estimation techniques are in order. As mentioned previously, the UC 
technique places a lower practical limit on the displacement rate that can be 
used for testing. Also, the occurrence of crack growth during the unloading 
portions of the tests (Figs. 8 and 10) casts doubt upon the validity of the mea- 
surements. Finally, the unloadings increase the amount of time possible for 
environmental interactions and can create a pumping action of the electrolyte 
at the crack tip with unknown consequences for environmental damage. 

The DCPD technique was employed in this investigation primarily to vali- 
date its usefulness in environmental testing and to address this final point 
made above. The DCPD method requires no unloadings and thus can be used 
to evaluate the effect of the unloadings in a UC test on environmental dam- 
age. The single DCPD test performed for this investigation did not have a 
sufficient pre-exposure period to initiate environmental damage and there- 
fore did not address the effect of the unloadings. The method was, however, 
proved to be workable in aqueous environments. 

This research effort was focused on AISI 4340 steel heat treated to the 1241 
MPa (180 ksi) yield strength level. At this strength level the alloy is highly 
susceptible to environmentally assisted fracture in aqueous environments. 
This alloy was chosen for this research effort for exactly that reason, since the 
objective of this research was to evaluate a new approach to assessing environ- 
mental cracking susceptibility. The J-integral approach employed in this 
work, however, enables lower strength alloys to be tested in small specimen 
sizes and can address the key issue of environmental interactions in the case 
of large scale plasticity. 

Conclusions 

Stress corrosion/hydrogen embrittlement crack growth behavior in a high 
strength steel can be characterized using techniques developed for the study 
of stable elastic-plastic crack growth. The results in the case of environmen- 
tally assisted fracture are test rate dependent and also dependent on the ini- 
tial pre-exposure period. Assuming a hydrogen embrittlement mechanism, 
the results of this research support the constant charge criterion of Scully in 
that both a critical strain and strain rate are necessary to sustain environmen- 
tally assisted cracking. 

In the case of the 4340 steel tested in this investigation, environmental deg- 
radation of the fracture properties in seawater with cathodic polarization re- 
suited in up to a four-fold decrease in the energy required for fracture initia- 
tion (Jiscc). 

Good correlations were obtained between predicted fracture morphology 
changes from the material "J-R curves" and actual fracture surface measure- 
ments made after test completion. This provides a useful tool for mechanistic 
studies of hydrogen embrittlement/SCC in high strength steels. 
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FIG. 22--SEM fractograph of Specimen FYS-H12 showing tearing ridges separated from the 
fatigue pre-crack by the IGC zone. 

FIG. 23--SEM fractograph of Specimen FYS-HI O (air) showing tearing ridges extending to 
the fatigue pre-crack. 
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The Klsr162 derived from J1scc in rising load tests on 4340 steel was found to 
correlate closely with K~scc results from a separate investigation on the same 
plate using cantilever beam specimens. It should be pointed out, however, 
that the incubation time for the rising load tests is a critical factor in produc- 
ing a good correlation between these two types of tests. 
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ABSTRACT: The global plastic energy dissipation for crack initiation and slow growth 
was experimentally determined for monotonic, quasi-static loading conditions utilizing 
compact tension and three-point bend specimens of HY-130 steel. For non-side-grooved 
specimens, the global plastic energy dissipation was linear with crack extension. For side- 
grooved specimens, however, the global plastic energy dissipation R-curves were not lin- 
ear. Moreover, for non-side-grooved specimens, the values of the global plastic energy 
dissipation at crack growth initiation and the global plastic energy dissipation rate were 
found to be dependent on specimen size, geometry, and initial crack length. Although no 
tests were conducted to determine the sensitivity of side-grooved specimens to size or ini- 
tial crack length, it was found that, for these specimens, the geometry dependence of the 
global plastic energy dissipation rate was minimized but not eliminated. 

KEY WORDS: plastic energy dissipation, plastic work, plastic energy dissipation rate, 
elastic-plastic fracture, crack initiation, crack growth 

Several  c a n d i d a t e  f r ac tu r e  p a r a m e t e r s  have  b e e n  used  as a m e a n s  for q u a n -  
t i fying c rack  g rowth  in  the  e las t ic-plas t ic  regime.  These  i nc lude  crack t ip f ield 
p a r a m e t e r s  such as the  stress in tens i ty  fac tor ,  in tegra l  p a r a m e t e r s  such as J ,  
energy release ra tes  such  as G a, a n d  geomet r ic  p a r a m e t e r s  such as crack t ip  
o p e n i n g  d i s p l a c e m e n t .  A viable  f r ac tu re  p a r a m e t e r  m us t :  

(i) be  r ep resen ta t ive  of the  m a g n i t u d e  of the  c rack  t ip  f ield a n d  able  to 
q u a n t i f y  c rack  growth  in i t i a t ion ,  slow stable  ex tens ion ,  a n d  ins ta-  
bi l i ty .  

~Materials Research Engineer, and Head, Fracture Mechanics Section, respectively, Naval Re- 
search Laboratory, Washington, DC 20375-5000. 
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(ii) have an R-curve which is independent of specimen size, geometry, 
and type of loading. 

(iii) have an R-curve which is independent of the initial crack length and 
the amount of crack extension. 

(iv) be easily obtained from available experimental data and calculable 
for the structural problem of interest. 

(v) be relatively insensitive to details of numerical modelling. 

Each of the above fracture parameters fails to meet one or more of the re- 
quirements. That  is, the stress intensity factor is no longer representative of 
near-field behavior because the analytic basis for this parameter is no longer 
valid when large-scale plasticity is obtained local to the crack tip. For crack 
growth in high toughness materials, the J-R curve has been found to be de- 
pendent on specimen size, geometry, and the amount of crack extension 
[1.2]. Furthermore, it has been shown that J is no longer path independent 
and that the energy release rate definition of J is not valid subsequent to crack 
extension [3]. When G a is obtained from finite element analyses, it is found to 
be mesh size dependent so that this parameter must be obtained over a dis- 
tance which is characteristic for a given material [4, 5]. The crack tip opening 
displacement, as obtained in British Standard BS 5762, cannot be used to 
quantify crack growth because it has no physical meaning beyond crack initi- 
ation. Also, from a practical point of view, this crack tip opening displace- 
ment definition is very limited in that it does not easily allow for a prediction 
of the fracture resistance of a real structure. Clearly, there is a need for a new 
approach to the elastic-plastic fracture problem. 

Until recently, the idea of using plastic energy dissipation as a parameter to 
characterize crack growth has attracted little interest. To date, the two main 
approaches to plastic energy dissipation are based on either a local or a global 
criterion. The phenomenon of recrystallization has been used to study the 
local plastic energy dissipation as a function of crack length in specimens sub- 
jected to monotonic, quasi-static loading conditions [6-9]. It was found that 
the local plastic energy dissipation was linear with crack extension, and it was 
claimed that the local plastic energy dissipation rate was independent of spec- 
imen size and geometry [8, 9]. It has even been noted that the behavior of 
specimens subjected to cyclic loading can be quantified in terms of the local 
plastic energy dissipation [10]. Moreover, through the use of the finite ele- 
ment technique to model crack growth in center-cracked tension specimens 
subjected to monotonic, quasi-static loading, it was found that the global 
plastic energy dissipation was linearly related to crack length [11]. 

Both criteria, as epitomized by the above studies, have their advantages 
and limitations. The main advantage of the local plastic energy dissipation 
criterion is that it is based solely on the plastic deformation behavior of mate- 
rial local to the crack tip. Hence variables such as specimen size and geometry 
do not enter into the determination of this parameter. The main limitation of 
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this criterion is that there is no analytic basis to establish it as a viable ap- 
proach to the fracture problem. On the other hand, the main advantage of the 
global plastic energy dissipation is that it has a sound analytical foundation 
[12]. Specifically, the global plastic energy dissipation rate (dUp/dA) is 
directly related to the nonlinear strain energy release rate (G) through the 
equation 

dUe 
= - \ T X  + (1) 

where d U J d A  is the elastic strain energy release rate. Note that when the 
material local to the crack tip approaches the perfectly plastic state, dUJdA  
approaches zero so that Eq 1 becomes 

_ 1 dUp (2) 
B da 

where B is the thickness and a the crack length for a given geometry. The 
main limitation of this parameter is its direct dependence on the global plastic 
deformation behavior of the structure of interest. That is, if the global plastic 
deformation behavior differs for two unlike geometries, it would be expected 
that the globally measured plastic energy dissipation would be both size and 
geometry dependent. Nevertheless, if a majority of the global plastic deforma- 
tion could be contained within a region somewhat local to the crack tip, it is 
logical to expect that a measurement of this quantity would be independent of 
size and geometry, provided that the crack tip dominated the formation of 
plastic deformation. Therefore the purpose of this study was to determine if 
the global plastic energy dissipation could meet the requirements as stated 
above and, in so doing, become a viable candidate for the quantification of 
crack initiation and slow growth. 

Materials and Methods 

The test specimens for this investigation had the T-L orientation and were 
machined from 2S.4-mm-thick plate of HY-130 steel. The tensile properties 
for this material are given in Table 1 and were obtained in accordance with 
ASTM Methods of Tension Testing of Metallic Materials (E 8). The specimen 
geometries (Fig. 1) were compact tension and three-point bend. Specimens 
that were side grooved 20% had the same nominal dimensions as the non- 
side-grooved specimens shown in Fig. 1. Side grooves were machined in a dry 
environment after precracking. 

All specimens were fatigue precracked in accordance with specifications 
outlined in ASTM Test for Jic, A Method of Fracture Toughness (E 813) and 
had initial crack length to width ratios of 0.S, 0.55, or 0.8. All tests were 
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TABLE 1--Room temperature tensile properties for HY-130 steel. 

0.2% Offset 
Strain Tensile Test Young's Yield Tensile Tensile Reduction 
Rate, Temperature, Modulus, Strength, Strength, Elongation, of Area, 
min -I ~ MPa MPa MPa %" %b 

0.0008 26 207 000 987 1036 20 68 

"Gage length = 50.8 mm. 
bNominal  d i a m e t e r  : 12.8 ram. 
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--~~'-- 2.29 40 

i I, 
FIG. 1--Specimen geometries used to determine the plastic energy dissipation (all dimensions 

in millimetres). 

performed through the use of a servohydraulic load frame and an automated 
technique for R-curve testing and analysis [13]. 

In order to analyze the experimentally determined data [13], the amount of 
physical crack extension was measured by heat tinting. All specimens were 
heat tinted at a temperature of 315~ for 30 rain and then cooled to the tem- 
perature of liquid nitrogen. These specimens were then loaded at a high rate 
so that final fracture would occur by cleavage. For a given specimen, the ini- 
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tial and final crack length was obtained on a graphics tablet by digitization of 
a photograph of the fracture surface. 

The global plastic energy dissipation was obtained by subtracting the elas- 
tic strain energy from the total energy under the load-displacement record 
(Fig. 2). For no crack growth, the global plastic energy dissipation (Up) is 
given by 

Up = U T - -  Ue (3) 

where UT is the total energy absorbed by the specimen and Ue is the elastic 
strain energy. For crack growth, the global plastic energy dissipation is given 
by 

u p = u v - u o - u o g  (4) 

where UT and Ue were previously defined and Ucg is the work done at the 
crack tip through a differential displacement dui as the crack extends. Since 
the crack tip work is small relative to the total energy [3], this term may be 
neglected in the equality as an approximation and the global plastic energy 
dissipation may be determined by Eq 3. To make this calculation, the elastic 
compliance must be obtained for a given crack length. For the compact ten- 
sion specimen, the elastic compliance (C) can be obtained by the equation 
[14] 

1 
C -- f ( a / W )  (5) 

BeE 

a. NO CRACK GROWTH b. CRACK GROWTH 

o ~\~ I 
DISPLACEMENT 

t-k 

0 

DISPLACEMENT 

FIG. 2--Two experimental load-displacement records that illustrate the determination of the 
plastic energy dissipation. 
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where 

--  a / W /  [2.163 + 12.219 ( a / W )  -- 20.065 ( a / W )  a 

-- 0.9925 ( a / W )  3 + 20.609 ( a / W )  4 - -  9.9314 ( a / W )  s] (6) 

and Be is the effective thickness [15], E is the effective modulus, and W is the 
specimen width. The elastic compliance for the three-point bend specimen is 
given by [16,17] 

16 
C = ~ [1.195 + 1.5g(a/W)] (7) 

t~e/: 

where 

( g ( a / W )  = 1 --  a / W /  [5.58 -- 19.57 ( a / W )  + 36.82 ( a / W )  2 

-- 34.94 ( a / W )  3 + 12.77 (a/W)41 (8) 

and Be, E, a, and W were as defined earlier. Having obtained the elastic com- 
pliance for the geometry of interest, the elastic strain energy can be calculated 
through the equation 

1 
uo = ~ P~C (9) 

where P is the current load on the load-displacement record. The global plas- 
tic energy dissipation can then be calculated by using Eq 3. 

The global plastic energy dissipation rate was obtained through the use of 
linear regression. If the graph of the global plastic energy dissipation versus 
crack extension were linear, linear regression was performed on all the data 
points. If the graph of these quantities were nonlinear, the global plastic en- 
ergy dissipation rate was calculated by performing linear regression on suc- 
cessive groups of 15 data points. 

Results and Analysis 

The purpose of this study was to determine if the global plastic energy dissi- 
pation could meet the requirements of a viable fracture parameter. Of the five 
requirements listed above, only two were studied in this investigation. These 
were requirements (ii) and (iii), and the variables that were addressed in- 
cluded the effect of specimen size, geometry, and initial crack length. 

The effect of specimen size on the global plastic energy dissipation was de- 
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termined by testing non-side-grooved 50.8 (small) and 101.6 mm (large) wide 
compact tension specimens. Both sizes had the same initial crack length to 
width ratio and, as shown in Fig. 1, the same thickness. The average initia- 
tion values for the global plastic energy dissipation (Table 2) were found to be 
higher for the large compacts. The values of the global plastic energy dissipa- 
tion rate for the large specimens were found to be greater than those obtained 
for small specimens (Fig. 3). 

To investigate the effect of specimen geometry on the global plastic energy 

TABLE 2--Average initiation values of the plastic energy dissipation/or HY.130 steel. 

Initial Crack Up at 
Width, Length to Side Grooves, Initiation, 

Geometry mm Width Ratio % J/m 

CT 50.8 0.55 0 287.4 
CT 101,6 0.55 0 321.2 

CT 50.8 0.55 0 287.4 
3PB 50.8 0.55 0 318.0 

CT 50.8 0.55 0 287.4 
CT 50.8 0.80 0 187.7 

CT 50,8 0.50 20 367.6 
3PB 50.8 0.50 20 385.0 
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FIG. 3--Graph o/global plastic energy dissipation rate versus crack extension for small and 
large non-side-grooved compact tension specimens. 
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dissipation, non-side-grooved 50.8-mm-wide compact tension and three- 
point bend specimens were tested. The values for the thickness, width, and 
initial crack length to width ratio for both geometries were the same. The 
average initiation values for the global plastic energy dissipation were found 
to be greater in the three-point bend specimens when compared with those 
obtained for the small compacts (Table 2). The values of the global plastic 
energy dissipation rate (Fig. 4) were found to be greater for the three-point 
bend specimens. 

Finally, the effect of different initial crack lengths on the global plastic en- 
ergy dissipation was determined by changing the initial crack length to width 
ratio in non-side-grooved 50.8-mm-wide compact tension specimens from 
0.55 to 0.8. As shown in Table 2, it was found that the average values of the 
global plastic energy dissipation at initiation were lower for an initial crack 
length to width ratio of 0.8. The values of the global plastic energy dissipation 
rate (Fig. 5) were greater for the initial crack length to width ratio of 0.55. 

Although one may be tempted to scale the results by introducing geometric 
normalizing factors such as W or B/b, there is no analytic justification for 
such an attempt, and the experience of the authors suggests general success 
will not be attained. 

In an effort to explain the above behavior, measurements of the degree of 
shear lip formation through the thickness were obtained and plotted versus 
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FIG. 4--Graph of global plastic energy dissipation rate versus crack extension for non-side- 
grooved 50. 8-mm-wide compact tension and three-point bend specimens. 
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F I G .  S--Graph of global plastic energy dissipation rate versus crack extension for non-side- 
grooved 50. 8-mm-wide compac t  tension specimens precracked to an initial crack length to width 
ratio qf O. 55 and O. 8. 

the distance from the fatigue precrack at the center of each specimen. Be- 
cause the shear lip formation was the same for each side of a given specimen, 
only one side was measured. It was found that there was a direct relation 
between the global plastic energy dissipation and the degree of shear lip devel- 
opment when either the specimen size or initial crack length was changed. 
However, this correlation was not obtained for the different geometries. 

The effect of specimen size and initial crack length on the global plastic 
energy dissipation rate is shown in Figs. 6 and 7. Note in Fig. 6 that for the 
same centerline distance, the value of the shear lip distance is greater in the 
large compact. This result seems to suggest that for the same amount of crack 
extension, the constraint is lower in the large compact. As shown in Fig. 7, 
this same line of reasoning can be used to explain the lower global plastic 
energy dissipation rate for the small compact specimens precracked to an ini- 
tial crack length to width ratio of 0.8. 

It is interesting to note that the effect of specimen size and initial crack 
length on constraint, and therefore, the global plastic energy dissipation rate, 
can be thought of in terms of the ratio of the thickness to the initial remaining 
ligament. This is significant because shear lip development during crack ex- 
tension is not found in all materials, particularly aluminum. In general, con- 
straint is often thought of in terms of the thickness and the in-plane dimen- 
sion. That is, if the thickness is increased while holding the in-plane 
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dimension constant, it is said that the material is more constrained. This is 
also true for the case where the in-plane dimension is decreased and the thick- 
ness is held constant�9 For both cases, the degree of constraint can be quanti- 
fied by the ratio of the thickness to the in-plane dimension. For the compact 
specimen, the initial remaining ligament would be the characteristic in-plane 
dimension�9 Therefore note that the constraint is directly proportional to the 
thickness to initial remaining ligament ratio�9 Generally, when a material is 
more constrained, the plastic energy dissipated will be less. This is graphi- 
cally illustrated in Fig. 8 where the global plastic energy dissipation rate R- 
curves in Figs. 3 and 5 are plotted in terms of the thickness to initial remain- 
ing ligament ratio�9 Of course, for this investigation, the effect of constraint on 
the global plastic energy dissipation rate is well characterized by the degree of 
shear lip formation. 

For the geometries tested, as mentioned previously, there was no correla- 
tion between the global plastic energy dissipation rate and the development of 
shear lips. As shown in Fig. 4, the global plastic energy dissipation rate is 
greater for the three-point bend specimens�9 Yet, Fig. 9 shows that the degree 
of shear lip development is greater for the small compacts. It was felt that the 
explanation for the geometry dependence of the global plastic energy dissipa- 
tion rate lies with the fact that the global plastic deformation behavior for 
non-side-grooved three-point bend and compact tension specimens is funda- 
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FIG. 9--Shear lip distance versus center-line distance for non-side-grooved 50. 8-ram-wide 
compact tension and three-point bend specimens. 

mentally different. That is, it has been found that the yield patterns in the 
three-point bend specimen are radically affected by the point load at the cen- 
ter of the specimen [1]. Indeed, the point load accounts for a significant per- 
centage of the plastic deformation within the three-point bend specimen. For 
this geometry, then, it would be expected that the degree to which the mate- 
rial ahead of the crack tip has yielded would be different. Clearly, the growth 
of cracks into material that has achieved different values of plastic strain 
must be different. In an attempt to isolate the global plastic deformation be- 
havior as a variable, 50.8-mm-wide compact tension and three-point bend 
specimens were side grooved 20% to increase the constraint and localize the 
plastic deformation to the crack tip region. By comparing Figs. 4 and 10, it 
was found that for the same amount of crack extension, the values of the 
global plastic energy dissipation rate for non-side-grooved specimens were 
greater than those obtained for side-grooved specimens. Moreover, Fig. 10 
shows that the differences between the global plastic energy dissipation rate 
for the two geometries are minimized but not eliminated. This is not surpris- 
ing since there is still a certain amount of yielding which is due to the point 
load in the side-grooved three-point bend specimen. Thus it is clear that for 
the side-grooved compact and three-point bend specimens tested in this 
study, the globally measured plastic energy dissipation rate is sensitive to 
geometry. 
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Conclusions 

The global plastic energy dissipation at initiation and the global plastic en- 
ergy dissipation rate were experimentally determined for a variety of speci- 
men sizes, geometries, and initial crack lengths. The following is a summary 
of the conclusions drawn from this investigation: 

1. The global plastic energy dissipation rate is affected by side grooves. For 
non-side-grooved specimens, the global plastic energy dissipation rate is con- 
stant. For side-grooved specimens, however, the global plastic energy dissipa- 
tion rate decreases and approaches a constant value as the crack extends. 

2. For non-side-grooved specimens, the values of the global plastic energy 
dissipation at initiation and the global plastic energy dissipation rate were 
found to be dependent on specimen size, geometry, and initial crack length. 
Through measurements of the degree of shear lip development, it was shown 
that the specimen size and initial crack length effects were due to differences 
in through-thickness constraint. The geometry dependence of these parame- 
ters was attributed to differences in the global plastic deformation behavior 
for the geometries tested. 

3. For side-grooved specimens, the geometry dependence of the global 
plastic energy dissipation rate was minimized but not eliminated. Side 
grooves minimized the geometry dependence of the global plastic energy dis- 
sipation rate because the global plastic deformation becomes more localized 
with respect to the crack. 
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ABSTRACT: The plane problem of a uniform array of unequal depth radial cracks origi- 
nating at the internal boundary of a pressurized circular ring is considered. The 12-node 
quadrilateral isoparametric elements with collapsed singular elements around crack tips 
are used to compute stress intensity factors at crack tips. 

In a previous study of equal depth radial cracks, the weakest configuration (having 
highest values of stress intensity factors) was a ring with two diametrically opposed 
cracks. The current study shows that if for any reason one of the two cracks should grow a 
little faster than the other, the stress intensity factor at the tip of the longer crack increases 
at a much faster rate to enhance the faster growth of the longer crack. 

Numerical results are also obtained for cases of three and four radial cracks. They show 
the same trend: that once one or two cracks grow a little more than the rest, the stress 
intensity factors at these deeper cracks will be increased progressively higher to keep the 
faster pace of growth. This explains why failure caused by a single major crack has been 
observed most frequently. 

The finite element results show that the relationship between the stress intensity ratio 
and the crack depth ratio is approximately linear. This approximation enables us to esti- 
mate stress intensity factors at unequal depth cracks by a simple numerical method. The 
estimations thus obtained are close to stress intensity factors computed from the finite 
element method. 

KEY WORDS: stress intensity factors, multiple cracks, uneven cracks, fracture mechan- 
ics, thick-walled cylinders, multiply cracked cylinders 
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Nomenclature 

c = a / t  

C i = a i / t  

Pi : c i / c  

K e  

K i  

N i  : K i / K e  

m 

m t 

gi 

P 
r 

rc 

R1, R2 
t - - - - R 2 - - R 1  

W = R 2 / R 1  
A 

oo(r) 

Crack length normalized with respect to the inner radius of a 
ring 
Dimensionless crack length, referring to equal crack depth 
configuration 
Dimensionless crack length of the ith crack 
Crack depth ratio 
Mode I stress intensity for equal crack depth configuration 
Mode I stress intensity for the ith crack 
Stress intensity ratio for the ith crack 
Slope of a straight line approximation in a graph of Ni versus 

Pi 
Coefficient in quadratic approximation 
Number Of radial cracks 
Internal pressure loading 
Radial distance from the center of a ring 
Radial distance to the tip of a crack 
inner and outer radii of a ring, respectively 
Wall thickness 
Wall ratio of the circular ring 
Increment (e.g., Apl = increment in Pl) 
Tangential stress at r 

Introduction 

A series of efforts has been made to estimate stress intensity factors of ra- 
dial cracks in a cylindrical pressure vessel. In order to facilitate the finite ele- 
ment computations of such a cracked cylinder, a collapsed 12-node triangular 
element with nodes shifted to 1/9 and 4/9 locations was developed in Ref 1. The 
use of these elements around a crack tip has helped in computing stress inten- 
sity factors for an array of uniformly distributed radial cracks of equal depth 
emanating from the inner surface of a thick-walled tube. Our finite element 
results, reported in Ref 2, are in good agreement with results obtained by 
other methods [3-5]. To reduce stress intensity factors at these cracks so the 
fatigue life of the pressure vessel may be prolonged, it becomes a common 
practice to use the autofrettage process. The computations of stress intensity 
factors at radial cracks become involved if a cylinder undergoes a partial au- 
tofrettage. One of the difficulties is the discrepancy among predictions on 
residual stress distribution by different investigators based on different as- 
sumptions. (References 6 to 13 represent a partial list of works on this sub- 
ject.) Another difficulty is the lack of an existing general purpose finite ele- 
ment computer code that has the feature of treating an arbitrary initial stress 
distribution. To develop a method of computing stress intensity factors in this 
situation, the closed-form expressions for residual stresses for an incompres- 
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sible, elastic-ideally plastic material [7] are chosen. In addition, an equivalent 
thermal load was found in Ref 14 that can be prescribed at the nodes of the 
existing computer codes NASTRAN and APES [15] to avoid the need of mod- 
ification of computer codes in order to handle initial stresses. A summary of 
these methods and some results in stress intensity computations for cracks in 
a partially autofrettaged cylinder are given in Ref 16. Other efforts on this 
subject are given in Refs 17 and 18. Further extension of the method devel- 
oped for radial cracks in cylindrical pressure vessels of elastic-perfectly plastic 
materials to similar cracks of strain-hardening materials is published in Ref 
19. 

Thus far the stress intensity factors have been obtained for uniformly dis- 
tributed radial cracks of equal depth. The weakest configuration was found 
to be two diametrically opposite cracks in non-autofrettaged cylinders. For 
autofrettaged cylinders, the weakest configuration is dependent on the degree 
of autofrettage and the ratio of bore pressure to yield strength. It remains true 
in general that two diametrically opposite cracks make a cylinder the least 
resistant to fracture. However, from the actual observations of fracture of 
thick-walled tubes, it is a single major crack that has caused the failure most 
frequently. The objective of this study is to compute the change in stress in- 
tensity factors at different crack tips when they grow from an equal depth 
configuration to an unequal depth configuration. To reach the goal we first 
use the finite element method to compute changes in stress intensity factors at 
various crack tips due to depth variation of only one of the cracks. Then an 
approximate numerical method is devised to estimate stress intensity factors 
for a general crack configuration of unequal depths. A separate section is 
devoted to the discussion of approximate methods for very shallow cracks, 
since the interaction among shallow cracks is weak and the accurate finite 
element results of stress intensity factors are not available. In the final sec- 
tion, conclusions are drawn. 

Finite Element Results of Stress Intensity 

The 12-node quadrilateral isoparametric elements were used in this study. 
The shape functions and the mathematical formulation of the element stiff- 
ness matrix are given in Ref I .  The crack tip elements are formed by collaps- 
ing the quadrilateral elements into triangular elements around the crack tip. 
On each side of a triangle emitting from the crack tip, the locations of inter- 
mediate nodes are shifted from their usual 1/3 and 2/3 of the length of the side 
to 1/9 and 4/9 of the length measured from the tip. This simple technique gives 
the required singularity of the strain field at the crack tip [1]. The stress in- 
tensity factors can be computed quite accurately from certain nodal displace- 
ments [1]. A general purpose computer program having isoparametric ele- 
ments such as NASTRAN may be used for our study; however, the computer 
code APES was chosen due to many convenient features of the program. 
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Using similar notations to those in Ref 2, n denotes the number  of radial 
cracks, W is the wall ratio, R 2 / R  1, where R 1 and R 2 are inner and outer radii 
of the ring, respectively. The thickness of the wall, t ---- R 2 -- R 1, is used to 
normalize the crack depth a. The dimensionless crack depth a / t  is denoted 
by c. A subscript i, i = 1, 2 . . . . .  n, is used to name a crack. Let the Carte- 
sian coordinates be chosen such that the origin is at the center of the ring and 
a radial crack lies on the positive x~axis. This crack is assigned the number 
one. The crack number  increases counterclockwise from the x-axis. In this 
study our finite element computations are limited to W = 2 and n = 2, 3, 
and 4 (Fig. 1). Starting from equal depth crack configuration, we proceed to 
unequal depth configurations by a systematic increment of crack depth of 
one, two, or three cracks. For a given n, let c and Ke be the crack depth and 
stress intensity factor, respectively, when all cracks are of the same depth. 
These quantities are used to normalize the crack depth (ci) and the Mode I 
stress intensity factor (Ki) for the ith crack when cracks become unequal 
depths. New notations p and N are introduced for these dimensionless quan- 
tities: 

Pi : C i /C ,  N i  = K i / K ~ ,  i = 1, 2 . . . . .  n (1) 

It is true that  some cracks are under mixed Mode I and Mode II  conditions 
when unequal depth crack configurations are considered. In this study, how- 
ever, the effect of the shear mode is assumed to be negligible and only the 
dominant Mode I stress intensity factors are considered. 

The idealizations used in this study for a ring with two, three, and four 
cracks are shown in Fig. 2. Only the upper half of a ring is shown due to 
symmetry consideration in finite element computations. Equilateral triangles 
are used around a crack tip and these collapsed singular elements are sur- 
rounded by a layer of quadrilateral elements (Details A and B of Fig. 2). The 
finite element results of Ke using the refined meshes (Fig. 3) are very close to 
results previously obtained in Ref 2 using slightly different meshes around a 
crack tip. 

For two diametrically opposed radial cracks, stress intensity factors are 
computed for various lengths of cl with a fixed value of c2 = c = 0.2. In a 
graph of Ni ,  i = 1 and 2, versus Pl, finite element results are shown as dots 
(Fig. 4). It  can be seen that  the dots may be joined approximately by straight 

FIG. 1--Schematic of a thick-walled cylinder containing two, three, or four radial cracks. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



PU ON STRESS INTENSITY FACTORS FOR CIRCULAR RING 563 

\ "~c.AcK "/ /SEE 
I D E T A I  L A 
- - B E L O W  

SEE 

DETAIL 
I 

DETAIL A 

DETAIL A 

I 
I0 NODES COINCIDE 

AT A CRACK T I P  

D E T A I L  B 

t 
DETAIL A 

DETAIL B 

FIG. 2--Finite element idealizations of a cylinder with two, three, or four cracks of unequal 
lengths. 

lines. Similar results are also obtained and shown in the same graph for c2 : 
c = 0.3. 

For three radial cracks, Cracks 2 and 3 remain the mirror image of each 
other so that the problem is symmetric with respect to the x-axis. Two cases 
are considered. In the first case, the crack depths of both Cracks 2 and 3 are 
fixed at c2 = c3 : c = 0.2 or 0.3. Stress intensity factors at crack tips of 
Cracks 1 and 2 are computed for various values of p l. Finite element results 
are shown as dots for c = 0.2 and as crosses for c - 0.3 in Fig. 5. In the 
second case, the first crack has a fixed crack depth and the other two cracks 
grow simultaneously at the same rate. Finite element results for the latter case 
are used only for the purpose of checking our numerical approximations. 

In the case of four radial cracks, Crack 4 is kept as the mirror image of 
Crack 2. This symmetry reduces the problem to the upper half of the ring with 
three cracks. Three cases have been studied. The first case is that only Crack 
1 grows. In the second case, Cracks 1 and 3 are growing simultaneously at the 
same rate and Crack 2 has a fixed crack depth. The third case is opposite to 
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FIG. 3--Stress intensity factors as function of crack depth for various numbers of radial 
cracks of equal depth. 

the first case. Crack 1 is fixed in length with Cracks 2 and 3 growing at the 
same rate. Using the idealization shown in Fig. 2, finite element results of 
stress intensity factors are obtained at each crack tip for various increments in 
crack depth of the growing crack or cracks. The results for the first case are 
shown as dots and crosses in Fig. 6. The numerical results for the other two 
cases are not given, since they are used only for checking the numerical ap- 
proximations by total differentials. 

Approximation by Total Differentials 

We assume that the differential change in stress intensity factor at Crack i 
due to the differential change in length of Crack j may be given by 

ONi 
dNi  --  dpj  (2) 

#pj 
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FIG. 4--Stress intensity ratio, Ni = Ki/Ke, versus crack depth ratio, P i  = cl/c,for two dia- 
metrically opposite cracks. Dots are finite element results that can be approximated by straight 
lines. 

The change in stress intensity factor due to a small change from pj to oi + AOj~ 
can be expressed by 

I pi+ApJ ONi  
A N i  = dpj  (3) 

pj Op~ 

If the increment Apj is divided into mj intervals, 

A p j  = Alpj + A2p J + . . . + Arn~pj  ( 4 )  

and if in any interval t there exists a quantity (ONi/OOj)e such that  

Pj/l A~pj = Opj Pj+ Ae-lPj 
(s) 
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FIG. S--Stress intensity ratio, Ni = Ki/Ke, versus crack depth ratio, Pl = cl/c,for symmetric 
three-crack cases. Dots and crosses are finite element results for e = 0.2 and c = 0.3, respec- 
tively. 

then the integral at the right-hand side of Eq 3 may be replaced by a summa- 
tion 

A N i  = ~ Aep j (6) 
e=l \ Opj /e 

Furthermore, if the change in stress intensity factor a tcrack tip i due to si- 
multaneous changes in length of two or more cracks may be approximated as 
the sum of changes due to each crack length change, then the total change of 
stress intensity factor at Crack i due to length changes of all cracks may be 
approximately expressed by 

- [; ~epj (7) A N i  j = l  g=l \ Opj /I e 

The partial derivative (ONi/Opj)e may be calculated from the slope of the tan- 
gent to the curve of Ni versus pj which is obtained by curve fitting of discreted 
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F I G .  6--Stress intensity ratio, Ni = K i / K e ,  versus crack depth ratio, p, = cl/c,for symmetric 
four-crack cases. Dots and crosses are finite element results. 

points in the p-N plane from the finite element computations. The change in 
Ni must be restricted to that  due to the change in pj only. Figures 4 to 6 are 
used for this purpose with finite element values of Ni obtained for various 
values of P l with the crack depth of all other cracks fixed. A study of data 
points (p, N) in Figs. 4 to 6 shows that a straight line of the form 

N - -  1 = m ( p - -  1) (8) 

fits these points in a close approximation. The slope m of a least-squares re- 
gression is given by 

m = ~ , ( N i -  1 ) ( p i -  1) /~ , (p i -  1) 2 (9) 
i i 

This slope may be used as the average value of the partial derivatives ONi/Opi 
in a proper range of pl for a given set of values n and c. For n = 2, 3, and 4, 
the slopes m of linear regressions are computed and shown in Figs. 4 to 6 for 
c = 0 . 2 o r c  = 0.3 i n a r a n g e l  _< pl -< 1.8. 
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For a given equal depth crack configuration we have 

ONi ONj ONi ONj 

Opi Opj ' Opj Opi 
(i, j ---- 1, 2 . . . . .  n) (10) 

The stress intensity factor at any crack tip of unequal radial cracks may be 
estimated by using Eqs 7 and 10. The approximate method is applied to Case 
2 of n = 3 and Cases 2 and 3 of n = 4. The results are compared with finite 
element results, and the difference is in general less than 4%. Two examples 
of the comparison are given in Table 1. In both examples the depth of Crack 1 
was held constant and the depth of all other cracks increased an amount of 
40% of the depth of Crack 1. 

In the previous example of the four-crack case, the stress intensity factor of 
3.6 at Crack 2 or 4 is well above 3.3, the would-be value if Crack 1 did not 
arrest but grew at the same rate. The stress intensity factor at Crack 2 due to 
the presence of Cracks 1 and 3 is considerably lower than 4.2, the stress inten- 
sity factor for the two-crack case with c : 0.42. The faster increase in stress 
intensity factor at Cracks 2 and 4, however, tends to change the four-crack 
configuration to a crack configuration dominated by two cracks. 

The approximate method may be used to obtain results for crack configu- 
rations that are more difficult to compute by the finite element method. For 
instance, for a ring with three radial cracks of different depths, say c 1 = 0.2, 
c2 = 0.26, and c3 : 0.3, the entire ring with three crack tips has to be consid- 
ered by the finite element method. The method of total differentials can easily 
yield the following estimates: NI = 1.025, N2 : 1.166, and N3 = 1.26. Tak- 
ing Ke/px/R11 -=- 2.23 from Fig. 3 for n = 3, c = 0.2, we have K 1 / p ~  = 
2.28, K2/p~/R11 ---- 2.60, and K3/pN/Rl l  -~- 2.81. 

For a given value of n, if we obtain ON/Op for many values of c, then a plot 
of ON/Op versus c may be obtained. Such a plot for n = 3 is shown in Fig. 7. It 
shows that ON1/Opl is nearly a linear function of c. Let ON2/Opl be a qua- 
dratic function of c of the form 

O N 2 / O p  I = m'  c 2 (11) 

TABLE 1--Comparison of K i / p ~  finite element results with approximations. 

Crack Depth i = 1 i = 2 i = 3 
No. of 
Cracks Other Finite Approxi- Finite Approxi- Finite Approxi- 

(n) cl c Element mation Element mation Element mation 

3 0.2 0.28 2.26 2.29 2.69 2.70 2.69 2.70 
4 0.3 0.42 2.52 2.52 3.60 3.50 3.02 2.97 
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FIG.  7- -An  approximate graph of  ON i/Opl and 0N2/0pm as a function of  crack depth c for  
symmetric three radial cracks in a cylinder of  wall ratio w ---- 2. 

The curve that  best fits data  in the least-squares sense is given by 

m' = ~ c2i(ON2/Opl)i/~c 4 (12) 
i i 

For the curve in Fig. 7, m '  is approximately 0.577. The equation of the linear 
regression in Fig. 7 is 

ON1/Opl = 1.077c + 0.296 (13) 

A plot such as Fig. 7 or equations similar to Eqs 11 and 13 may be used to 
obtain approximate  values of ONi/Opl at a specific value of c for which no 
finite element results are available. Using ONI/OO1 = 0.4037 and ON2/Opl = 
5.77 • 10-3 for n ----- 3, c = 0.1 in Eqs 7 and 10 and taking Ke/p~]-R~l = 1.56 
f rom Fig. 3, our  estimations are K1/p~.~l = 1.563, K2/px/~I = 1.438 and 
K3/p~-R~1 = 1.873 for the three-crack case of cl = 0.1, c2 = 0.08, and c3 = 
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0.15. In  our  computa t ion  a negative value of - -0 .2  was used for Ap2 in Eq 7 to 
indicate the decrease in length of Crack 2. The final estimation of stress inten- 
sity factors depends slightly on the judicious choice of c. In general, we take 
the smallest value of all crack lengths as c. In the previous example, if c = 
0.08 is used, then c3 would have a length increment of more than 80%. The 
estimations would have been K l / p x / ~ l  ---- 1.538, K 2 / p x / ~ l  = 1.406, and 
K3/px /~x  = 1.869. The deviations in this example are relatively small. In 
some other cases the deviations become quite large when a length change is 
excessive. The choice of c for shallow cracks is more important  and will be 
discussed in the  following section. 

Approximations for Shallow Cracks 

The finite element method has some difficulty in calculating stress intensity 
factors for very shallow cracks due to the small size of crack tip elements re- 
quired to solve such problems. For  c = 0.05, finite element results are avail- 
able in Ref 16 for various n. For shallow cracks with c < 0.05, no finite ele- 
ment  results are available, since the accuracy of such computa t ions  is 
questionable. Some results for c < 0.05 were obtained by other methods.  The 
most  accurate results were reported in Ref 20 by the modified mapping  collo- 
cat ion (MMC) method .  However, the approximate  methods  for shallow 
cracks discussed in Ref 21 are easy to use and yield reasonably accurate 
results. The crosses in the range 0 _< c < 0.05 in Fig. 3 are obtained from the 
approximate  formula  [22] for a single crack 

K = {1.12 tro(r = R1) -- 0.68[ao(r = R t )  -- oo(r = rc)]}x/~-xe (14) 

where oo(r : R l) and ao(r : re) are hoop stresses of an uncracked cylinder at 
r = R 1 and r ---- re, respectively; rc denotes the radius of the crack tip. Using 
them and finite element results for c ---- 0.05 as a guide, the curves in Fig. 3 
are extended in broken lines to the region c < 0.1. The extended curves agree 
well with available M M C  results. 

Using the approximate  method described in the preceding section and val- 
ues f rom Figs. 3 and 7, stress intensity factors can be easily estimated for 
equally spaced shallow cracks. The judicious choice of c in shallow crack 
cases is very important .  For small n and small c the crack interaction is weak. 
It is r ecommended  to choose c ----- ci for the computa t ion  of Ki. For  instance, 
n -=- 3, cl ----- 0.01, c2 = 0.02, a n d c 3  = 0.03, we obtain K1/px/R11 ----- 0.52 by 
assuming the final crack configurat ion is reached f rom c~ = c2 = c3 = c = 
0.01. In  the computa t ion  of K2, we assume the final crack configuration is 
reached f rom cl = c2 = c3 = c = 0.02. The result is K2/p'~R~I --- 0.73. For 
K3, initial crack length c = 0.03 is assumed, depths of Cracks 1 and 2 are 
decreased f rom 0.03 to cl = 0.01 and c2 -=- 0.02, the computed  result is 
K a / p x ~ l  = 0.90. The corresponding results by using Eq 14 are K1/p~R l l  = 
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0.53, K2/p'~l = 0.74, and K3/p~II = 0.90. Another easier alternative 
method for shallow cracks is the use of stress intensity factors for equal-depth 
cracks. For n ----- 3, when all crack depths are c = 0.01, the stress intensity 
factor at a crack tip is K / p ' ~  = 0.52. Similarly K/p,,/~ = 0.73 for c = 
0.02 and K/p.,,/~l = 0.90 for c = 0.03. Using these values to the crack of the 
right crack depth in the unequal depth crack configuration, all three approxi- 
mate methods for shallow cracks are useful up to c ----- 0.1. As a last example, 
for n = 3, c1 = 0.05, c2 = 0.07, and c3 = 0.09, the first method gives 
K1/p~V~l = 1.122, K2/px/~l : 1.31, and K3/pV~x = 1.495. Equation 14 
gives K1/p'v~R~ = 1.15, K2/pV~ = 1.347, and K3/pn/~l = 1.512. The use 
of equal crack depth results gives K1/p,4~R11 = 1.12, K2/p'v~R~ = 1.31, and 
K3/pV~1 : 1.50. 

Conclusions 

The 12-node quadrilateral isoparametric elements with collapsed singular 
elements around a crack tip can be used to efficiently compute stress intensity 
factors at tips of multiple radial cracks of unequal depths in a thick-walled 
cylinder. Based on finite element results of some selected crack configura- 
tions, the method of total differentials can estimate stress intensity factors 
accurately. The advantage of the approximate method is not only in time sav- 
ing, but also in being able to give an estimate when the problem is not easily 
computed by the finite element method. 

For shallow cracks, the stress intensity factor at a crack tip may be esti- 
mated from either equal-depth multiple-crack configuration or a single-crack 
configuration of that  particular depth. A deeper crack will have a higher 
stress intensity factor which in turn will cause further growth of the deeper 
crack. This process will change a large number  of shallow cracks into a crack 
configuration consisting of several dominant cracks, and eventually will end 
in a single crack domination. 

Although no autofrettage residual stress has been considered in this study, 
the approximate method aided by the method summarized in Ref 23 may be 
used for partially autofrettaged, pressurized, multiply cracked cylinders 
when crack depths are unequal. 
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ABSTRACT: Explicit nodal weight functions for a pair of symmetric radial cracks ema- 
nating from a hole in a plate are presented with special emphasis on the load-independent 
characteristics of the explicit weight functions that can obviate repeated calculations of 
the Mode I stress intensity factors (KI) under different loading conditions. An analytical 
expression, which relates the explicit crack-face weight function component for Mode I 
deformation to the radial distance from the crack tip along the crack face, is also provided 
to facilitate K= evaluation by combining the uncracked stress field and the explicit crack- 
face weight functions through the use of the linear superposition principle. The utilization 
of the explicit weight functions, which are obtained from a simple loading, for calculating 
KI under complex loading conditions such as biaxial loading and pin-joint loading with 
and without interference pressure, is uniquely demonstrated by combining the superposi- 
tion principle and the weight function concept. 

KEY WORDS: radial cracks, K= solution, weight function, Green's function, biaxial 
loading, pin-joint loading, interference pressure 

An efficient finite e lement  evaluat ion of explicit weight funct ions has been 
established recently [1] at all locations within the structure of interest. This 
needed computa t iona l  efficiency is achieved by coupling the virtual crack ex- 
tension (VCE) technique [2,3] with singular  elements [4,5]. The applicat ion 
of finite e lement  techniques to a nodal  weight funct ion evaluation without 
using s ingular  elements has also been demonst ra ted  by Parks and  Kamentzky  
[6], Vanderglas  [7], and  Vainshtok [8] with the VCE technique.  Because of 
the load- independent  characteristics, the availability of the explicit weight 
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functions for a given crack geometry can obviate the unnecessary repeated 
finite element calculations of Mode I stress intensity factors (K0 under differ- 
ent loading conditions for the same geometry. The p~ime purposes of this 
paper are to present the characteristics of explicit weight functions for a pair 
of symmetric cracks emanating from a circular hole in a plate along the crack 
face, the inner hole perimeters, and the external traction application bounda- 
ries. An analytical expression, which relates the Mode I crack-face weight 
function component to the radial distance (rs) from the crack tip along the 
crack face, is also provided for the concerned crack geometries to facilitate 
the K~ calculations by combining the uncracked stress field with the predeter- 
mined explicit weight functions. The use of the explicit weight functions 
along the traction application locations, which are obtained from a simple 
loading, for the K~ evaluations under complex loading conditions such as bi- 
axial and pin-joint loading with and without interference pressures, is demon- 
strated extensively by coupling the linear superposition principle with the 
weight function concept. 

There is no simple mechanics principle other than the weight function con- 
cept [9, IO] that permits K1 calculation from one loading to another loading 
condition for a given geometry. Bueckner's weight function [ 9] is, in fact, the 
Green's function of the stress intensity factors of a cracked body. According 
to Rice's displacement derivative representation, the explicit weight function 
vector at (xi, yi) location with crack length (a) is defined as 

H Oui(xi, Yi, a)* 
hli(xi, Yi, a) : (1) 

2K* Oa 

where 

H = effective modulus with H = E (Young's modulus) for 
plane stress state, and H = E / ( I -  ~2) for plane 
strain stress-state with u = Poisson's ratio, 

K~ = Mode I stress intensity factor under * loading system, 
and 

Ou(xi, yi, a)*/Oa = partial displacement derivative with respect to the vir- 
tual crack extension, da, under * loading system. 

The Mode I explicit weight function vector, hi(xi, Yi, a), consists of 
hlx(xi, Yi, a) and hly(Xi, Yi, a) components respectively along the global x and 
y axes direction, which are defined as 

H O12x(Xi, yi, a) 
hlx(xi,  yi, a) -- (2a) 

2K1 Oa 

hxr(Xi, Yi, a) -- H OUy(Xi, Yi, a) 
2KI Oa (2b) 
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where Ux and My are the displacement components along the x and y axes 
respectively. 

Following Rice [10], the Mode I stress intensity factor (K0 is expressed as a 
sum of work-like product between the applied tractions and the explicit 
weight function (h0 at their points of application as 

Kl = t 1 t" hlds + f fb  " hidv (3) 
S V 

where 

s = boundary with traction t applied, and 
fb = body force within volume v. 

Without body-force loading, only the surface integral is involved in the Kl 
calculation (Eq 3). However, by applying the linear superposition principle, 
the K~ evaluation for a given crack geometry can be obtained from the surface 
integral alone by combining the equivalent uncracked stress field a(r~), which 
includes body force loading, thermal loading, and applied tractions at crack 
faces and other locations, with the explicit crack-face weight functions, 
hlrs(r ~, a), as 

I 
a 

Kl = a(rs)'hirs(rs, a)drs = ~ f i ( r s ) ' h l r s ( r s ,  a) (4) 
o 

where 

r~ = radial distance from the crack tip along the crack face, 
hlr s = crack-face weight function component for Mode I deformation, and 

fi = consistent nodal forces equivalent to a(rs) applied stress. 

It is found that the explicit crack-face weight function component under 
Mode I deformation, h~rs(rs, a), of the symmetric radial cracks emanating 
from a circular hole in a plate can be represented accurately by 

N 
hlrs(rs,  a) = ~ A . ( a ) r ~  n/2-1) (5)  

n = l  

where 

N = maximum number of terms needed for accurate representation of 
hlrs(rs, a), and 

A.(a) = least-square regressed coefficients that are functions of crack 
length (a) only. 

The regressed coefficients A.  for any crack length of symmetric radial 
cracks emanating from a hole in a plate can be obtained with cubic spline 
interpolation technique from an adequate set of crack-face weight functions 
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of discrete crack lengths. Consequently, the stress intensity factor at any 
crack length can be evaluated through Eq 4 with the interpolated explicit 
crack-face weight functions and coupling with the equivalent uncracked 
stress field. This approach of evaluating K1 for radial cracks emanating from 
a circular hole in a plate resulted in a total loss of accuracy of less than 1%. 

The nodal weight functions, which depend on geometry and constraints, 
can be evaluated explicitly for the entire structure of interest with Eq I from 
finite element analysis with a relatively simple loading. From these predeter- 
mined explicit weight functions, the evaluation of the Mode I stress intensity 
factors (KI) under complex loading conditions can be obtained by combining 
the linear superposition principle with the weight function concept, as illus- 
trated in this paper. The explicit weight functions at the traction application 
locations other than the crack faces are extensively used for K~ evaluation 
under complex loading conditions. Examples of KI calculations for the sym- 
metric radial cracks emanating from a hole in a plate subjected to remote 
biaxial loading and pin-joint loading with and without interference pressure 
are illustrated to show the powerfulness of using the weight function concept 
for K~ determination. 

Explicit Weight Functions for Symmetric Radial Cracks 

The technical details for the explicit weight functions for the entire struc- 
ture can be found in the paper by Sha [1] through the VCE technique coupled 
with singular elements. The characteristics of the explicit weight functions for 
the crack geometry of the symmetric radial cracks emanating from a hole in a 
plate (Fig. 1) are reported in this paper. Because of the symmetric crack ge- 
ometry with symmetric loading conditions, only one fourth of the entire ge- 
ometry is modeled with a typical finite element mesh (Fig. 2). If the symmet- 
ric crack geometry is subjected to asymmetric loading, which can potentially 
induce the mixed fracture mode, one half of the geometry needs to be ideal- 
ized. The efficient finite element evaluation of the decoupled explicit weight 
functions (hi and hlI) for the mixed crack problem has also been established 
recently by Sha and Yang [11] by combining the symmetric mesh in the 
crack-tip neighborhood with the VCE technique. The numerical results of 
Mode I stress intensity factors (K~) and the Mode I explicit nodal weight func- 
tions (hi) are confined geometrically for D / W  ---- 0.25, 0.256 _< 2 a / W  <- 
0.85, and H / W  ---- 1 or 2. By using the load-independent characteristics of 
the weight functions for a given geometry, the explicit nodal weight functions, 
which are determined with simple remote tension, are applied to complex 
loading conditions as demonstrated in this paper for K~ calculations. Once 
the explicit weight functions along the traction application locations are pre- 
determined explicitly, the KI calculation can be made either from Eq 3 of line 
integral only in the absence of body force loading or Eq 4 by combining the 
crack-face weight functions and the equivalent uncracked stress field, which 
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0 LI 
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2 a  = D + 2 C  
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I" w [ 

F I G .  1--Nomenclature used for symmetric radial cracks emanating from a circular hole in a 
plate. 
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I ,, a ~I 
l '  012 ~I I . C "l 

F I G .  2 - -  Typical f inite element mesh for  symmetric radial cracks with D / W  = 0. 25. 2a /W = 
0.49. and H / W  : 1.0. 

can include body force loading and other loading conditions. The weight 
functions along the crack face and at other traction application boundaries 
are presented in this paper for the convenience of the numerical calculation of 
KI and AKI for predicting the crack propagation life purposes. 

The normalized stress intensity factors (Ki/a~,/~a~a), obtained in our finite 
element efforts for the symmetric cracks emanating from a hole in a plate 
with remote tension compared well with Bowie [12], Newman [13], and Cart- 
wright and Parker  [14] as shown in Fig. 3 for D / W  = 0.25, 0.256 _< 
2 a / W  <_ 0.85, and H / W  = 1 and 2. The typical crack-face explicit Mode I 
weight functions component h~rs, as a function of rs, as shown in Fig. 4 for the 
symmetric radial crack, can be accurately represented by Eq 5 with discrete 
crack lengths with 0.256 _< 2 a / W  <_ 0.85. N = 4 of Eq 5 is satisfactory with 

m a x i m u m  error between the fitted and the predetermined crack-face nodal 
weight functions not more than 0.5% for the problem of a cracked hole in a 
plate. The coefficients, A,(a) ,  which are a function of crack length (a) as 
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F I G .  3--Normalized K[ values as a function of 2 a / W  ratios for symmetric radial cracks with 
D / W  = 0.25 and H / W  ---- 1.O or 2.0. 
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shown in Eq 5 can be obtained from the least-square regression analyses of 
the crack-face weight functions obtained from the finite element analyses. 

These regressed coefficients for different crack lengths are given in Table 1 
for the symmetric cracks emanating from a hole in a plate with D / W  = 0.25 
and 0.256 ___ 2a /W < 0.85. It is found that these coefficients A,(a) for any 
crack length (2a) can be obtained from the cubic spline interpolation tech- 
nique from the adequate crack-face weight functions of different crack 
lengths. Consequently, the stress intensity factor K I  and AK~ at any crack 
length and loading can be obtained for the life prediction purposes through 
Eq 4 with the interpolated crack-face explicit Mode I weight functions and 
with the equivalent uncracked stress field based on the superposition princi- 
ple. As a result of the interpolative feature of the coefficients A,(a) of Eq 5 for 
the crack-face weight functions, the cycle-by-cycle crack propagation life 
analyses become economically feasible for calculating K1 and AK~ of the pro- 
gressive crack enlargement until reaching final fracture instability under cy- 
clic fatigue loading. 

The implicit weight function approach, which takes advantage of the load- 
independent characteristics of the weight function for Kl evaluation without 
involving explicit determination of the Mode I weight function component 
(hi), has been adopted by Grandt [15,16], Hsu and Rudd [17], Andrasic and 
Parker [18], and Pu [19]. It can be divided into two groups depending on 
whether the partial displacement derivative with respect to crack length 
(Ou/Oa) at the crack-face location is approximated. The former group is rep- 
resented by Grandt [15,16] and Andrasic and Parker [18] with a Ou/Oa ap- 
proximation, which is made either from the conic section given by Orange 
[20] or from the numerical approximation of crack-face displacement data of 
different crack lengths. The latter group is typified by Pu [19] and Hsu and 
Rudd [17], with no assumptions on u and Ou/Oa, using the finite element 
method to compute KI values associated with each different polynomial 
crack-face pressure distribution. The present work on explicit Mode I weight 
function vectors differs from the previously mentioned implicit weight func- 
tion publications [15-19] in that both explicit nodal weight function vectors 
hli(Xi, Yi, a) and Ou/Oa values for the entire structure of interest are deter- 

TABLE 1--Regressed least-square coefficients, A., of Eq 5for crack-face weight functions. 

2a/W AI A2 A3 A4 

0.256 0.816 68 --2.107 58 150.314 O0 1663.544 98 
0.268 0.81977 --1.290 12 49.042 O0 240.305 73 
0.292 0.815 20 --0.543 59 13.633 20 85.891 84 
0.370 0.804 88 --0.067 80 5.356 20 14.847 49 
0.490 0.800 92 0.017 44 4.974 40 6.502 49 
0.610 0.798 31 0.070 70 5.455 O0 4.659 97 
0.730 0.798 13 0.043 47 7.351 20 1.797 80 
0.850 0.793 90 0.079 69 12.171 O0 --4.606 30 
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mined efficiently with the finite element VCE technique. This is done through 
the following two-step process: 

�9 Obtain the displacement derivative with respect to the crack extension 
du/da at the perturbed locations for the entire structure of interest from the 
perturbations of elemental stiffness and nodal forces of a few elements as a 
result of virtual crack extension. 

�9 Convert the displacement derivatives from the perturbed locations to the 
unperturbed locations. Mathematically, this is equivalent to changing the to- 
tal displacement derivatives du/da to partial displacement derivatives 
Ou/Oa. 

Mathematically rigorous procedures [1, 6, 7] are adopted in carrying out this 
two-step process within the framework of finite element methodology. 

The extensive use of these predetermined weight functions at locations 
other than crack faces for evaluating the needed Mode I stress intensity fac- 
tors under complex load conditions is illustrated in the following sections to 
show the usefulness of the weight function concept along with the explicit 
weight function characteristics at these locations. These complex loading 
conditions, including biaxial loading and pin-joint loading with and without 
mandrel interferences, are exercised for symmetric radial cracks emanating 
from a circular hole in a plate for calculating K~ by combining the weight 
function concept with the linear superposition principle. 

Biaxial Loading Condition 

By applying the superposition principle to the biaxial remote loading con- 
dition, the Mode I stress intensity factor for Case 5a is the sum of Cases 5b 
and 5c (Fig. 5) with biaxiality ratio ~ = Oxx/tryy. The evaluation of K~ b and 
K~ c require the weight function components hly(Xi, Yi, a) along the top face 
(AB) and hlx(Xi, Yi, a) along the side face (BC) respectively. The dimension- 
less explicit weight function components (Figs. 6 and 7, respectively) are 
N/W" hly(Xi, Yi, a) along the top face and x/W. hlx(Xi, Yi, a) along the side 
face for the symmetric radial cracks of discrete crack lengths (0.256 _< 
2 a / W  <_ 0.85) emanating from a hole, as shown in Fig. I with D / W  = 0.25 
and H / W  = 1.0. The normalized stress intensity factors as a function of a 
wide range of a (--  2 _ a _< 2) are shown in Fig. 8, which is obtained from Eq 
3 in the absence of body force loading by combining the appropriate explicit 
weight function components with the corresponding load vector at the load 
application locations. The comparison of our data, which are obtained from 
the weight function concept, with those of Cartwright and Parker [ 14], which 
are obtained from the boundary collocation technique, show excellent agree- 
ment, as shown in Fig. 9 for ~ = 0 and 1. With these predetermined Mode I 
weight function components (hle along the A B  face and hix along the BC 
face, as shown in Fig. 5), the Kl value at any biaxiality ratio ~ value can be 
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obtained efficiently and accurately by coupling the weight function concept 
with the superposition principle. 

Pin-Joint Loading 

The use of the superposition principle for the pin-joint loading problem is 
shown in Fig. 10. The stress intensity factor of the pin-joint load (K~ ~ can be 
obtained with the sum of 1/2 K~ ~ with remote tension and 1/2 K~ ~ with sym- 
metric concentrated point-force P acting on each half of the hole boundary 
above and below the crack line in the direction normal to the crack line. Four 
potential distributions with equal resultant force P (Fig. 11) are investigated 
with the weight function concept to study the effect of different distributions 
of the identical resultant force P at the hole perimeter on the KI values of 
symmetric radial cracks with different crack lengths (0.256 < 2 a / W  <_ 0.85 
and D / W  = 0.25). These four different load distribution studies are (1) con- 
centrated point force P at 0 = ___ r / 2  location (K1 = P / 2 .  hlr(O ) I o=~/2) (2) 

f~/2 D sine-pressure distribution ( K  I = t ' j 0  l-max sin 0"hlr(0)rd0 with Pmax : 

4P/rcDt and t = plate thickness), (3) square sine pressure distribution (KI = 
t" lg/2Pmax sin 2 0" hlr(O)rdO with Pmax = 3P/2Dt),  and (4) uniform pressure 
distribution (KI = t .  ~g/2p. hlr(O)rdO with p = P/Dt) .  The effect of load 
distributions on the calculated KI values with the weight function concept of 
the last three distributions requires the explicit weight function component in 
the radial direction hit(r, 0, a) along the hole perimeter with 0 as designated 
in Fig. 11. Since the Mode I explicit weight functions (hl) are vectors, these 
Mode I weight functions in radial directions along the hole perimeter, 
hlr(r, O, a), can be obtained with the coordinate transformation from 
hix(x, y, a) and hiy(X, y, a) as 

hlr(r, O, a) : hlx(x, y, a) cos 0 + hly(X, y, a) sin 0 (6) 

The dimensionless Mode I radial explicit weight functions, x/W. hir(r, O, a), 
along the hole perimeter as a function of 20/7r are shown in Fig. 12 for 
0.256 < 2 a / W  <_ 0.85 with D / W  = 0.25. It is found that the dimensionless 
radial explicit weight function component of 2 a / W  >_ 0.3 with D / W  = 0.25 
can be accurately represented by the Fourier series as 

3 

~--Whir(r, O, a) = }2 (a. sin nO + b. cos nO) (7) 
n = O  

These Fourier coefficients (a,  and b,) are shown in Table 2. The inability of 
using Fourier representation for hit(r, O, a) data at the hole perimeter with 
very short cracks ( 2 a / W  <_ 0.3 and D / W  = 0.25) is not completely under- 
stood. It is found that the refined mesh model with short cracks is needed to 
eliminate the oscillatory hlr(r, O, a) results as a function of 0. It is noted that 
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P 

P 

(a) concentrated point-load (b) sine pressure loading (d) uniform pressure 

(c) square sine pressure loading 

FIG. 11--Symmetr ica l  radial cracks at a center hole in a square panel with identical resultant 
loading,for allJ'our cases. (a) Concentrated poiut-load. (b)Sinepressure  loading. (c)Square sine 
pressure loading. (d) Uniform pressure. 

the dimensionless explicit Mode I radial weight function component 
x/W. hit(r, O, a) at 20/7r = + 1 locations is weighted more than any other 
location in the K~ evaluation (Fig. 12). This explicit Mode I weight function 
information at the traction boundaries is very useful to fracture mechanics 
practitioners and designers when they need to decide on a traction application 
for a given traction vector that produces the least stress intensity factor. As 
indicated in Eqs 3 and 4, the physical meaning of the nodal value of the Mode 
I explicit weight function can be interpreted as the contribution to the K~ 
value if a unit traction is applied at that nodal location in the Mode I defor- 
mation sense. For example, with unit tractions applied at the hole perimeter 
in the radial direction (Fig. 11), 

Kilo = hit(r,  0, a)[o (8) 

As indicated in Fig. 12, by applying the radial traction at the 0 = r / 2  loca- 
tion, the hole perimeter will produce the maximum Ki value. With the radial 
traction at 0 < 5 deg, crack closure (negative KI) will result, as shown in Fig. 
12 for 0.256 < 2 a / W  <_ 0.85 with D / W  = 0.25 and H / W  = 1.0. 

Pin-Loaded Hole with Intederenee Pressure 

The interference fitted fastener hole with pin-joint load can be simulated 
structurally by combining the uniform internal pressure at the hole perimeter 
with the pin-joint load described in the previous section. Therefore the stress 
intensity factor for the symmetric radial crack emanating from the interfer- 
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TABLE 2--Regressed Fourier coefficients of Eq 7. 

2a /W al a2 f13 bo bl b2 b3 

0.370 --75.6762 41.2543 --1.4819 62.1085 --57.1447 --16.4837 8.4889 
0.490 19.2775 --9.9830 1.9096 --14.8487 16.1530 --2.4249 --1.3395 
0.610 15.2589 --5.8561 0.8068 --9.6091 8.8730 --0.6355 --0.9709 
0.730 12.1929 --3.3986 0.4410 --6.1492 5.0667 --0.5237 --0.5892 
0.850 11.2789 --2.2680 0.3362 --4.3011 3.4156 --0.5523 --0.3825 

ence fitted hole in a plate with a pin-joint load can be obtained by the super- 
position principle as 

KI : l/2(K~Ob + KllOc) "~- *~I/Clld (9) 

The uniform internal pressure, which represents the interference pressure, 
can be expressed as 

3P 
p -- (10) 

D t  

where 3 > 0 with 3 = 0 representing the pin-joint hole without interference 
fitting, and P is the resultant symmetric pin-joint force. 

The effect of interference pressure on the K1 values with 0 < 3 < 2 is 
shown in Fig. 13, which expresses the normalized K i ( K i / o n f ~ c )  as a function 
of 2 c / D  for various fl values with sine pressure distribution assumed for K]  ~ 
calculation. 

Conclusions 

Because of the load-independent characteristics of the explicit weight func- 
tions for a given geometry, the evaluation of the explicit weight function can 
eliminate the unnecessary repeated calculation of the Mode I stress intensity 
factors under different loading conditions. In addition, there is no other 
known mechanics principle besides the weight function concept to permit the 
stress intensity factor calculation from one loading condition to another load- 
ing condition for a given crack geometry. An extensive utilization of the load- 
independent characteristics of the explicit weight functions is demonstrated. 
These explicit weight functions for the entire structure of interest of a given 
crack geometry are obtained first f rom a simple remote tension loading with 
an efficient finite element methodology and then are applied successfully to 
K~ evaluation under complex loading conditions illustrated for the symmetri- 
cal radial cracks emanating from a circular hole in a plate. 

An analytical expression of Eq 5, which relates the Mode I explicit crack- 
face weight functions as a function of radial distance from crack tip along the 
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594 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

crack face, can facilitate K I evaluation with Eq 4. This is done by combining 
the crack-face weight functions with the equivalent uncracked stress field, 
which includes body force load, thermal loading, and incorporation of resid- 
ual stresses. 

The coefficient A,(a) of Eq 5 can be interpolated for any crack length by 
means of the cubic spline interpolation technique. Because of this interpola- 
tive feature, the cycle-by-cycle life analyses are economically feasible for per- 
mitting the needed Kl and AKI values for predicting crack propagation life 
with the interpolated explicit crack-face weight function and with an un- 
cracked stress field. 

By coupling these predetermined hlr(r  , O, a) data with four assumed load 
distributions at the hole perimeter in the radial direction with the identical 
resultant force P, the normalized K~ values as a function of 2a/W ratios can 
be evaluated numerically according to Eq 3 as shown in Fig. 14 in the absence 
of body force loading. The different assumptions involved in the load distri- 
butions at the hole perimeters are the result of the large variations in KI val- 
ues despite having identical resultant loading P. The concentrated point force 
P gives the highest KI value (K~la); in contrast, the uniform pressure distribu- 
tion leads to the lowest Kl value (K~ 10) among four distributions studies in our 
investigation with the following ranking of glla ~ g~ lc ~ g l  lb ~ g~ ld. 

The effect of different pressure distributions at the hole perimeter on the 
stress intensity factor (KI)  is shown in Fig. 15, expressing the normalized Kl 
( K i / a ~ )  as a function of 2C/D ratios. The effect is reduced gradually as 
2C/D increases. The elevation in the normalized Kl values for the long cracks 
(Fig. 15) is caused by the proximity effect of back free face. This pronounced 
effect of the pressure distributions on the calculated KI values for short 
cracks (2c/D < 1) can have important implications in crack propagation life 
predictions of pin-load joints because most of the fatigue life is spent while the 
crack is short. Finally, the normalized Kl values (Ki/a~,/~a) are obtained 
with the weight function concept and the superposition principle as a function 
of 2a/W ratios with four pressure distributions at the hole perimeter with 
identical resultant force P (Fig. 16). As anticipated, the problem of the effect 
of pressure distribution at the hole perimeter with identical resultant force 
(P) on the calculated KI value of pin-joint loading remains but with less pro- 
nounced intensity. The calculated KI values with the weight function concept 
under the sine pressure and the uniform pressure distribution for the pin- 
joint problem compare well with those of Cartwright and Parker [14] ob- 
tained with the boundary collocation technique (Fig. 17). 

By combining the explicit weight function concept and the linear superpo- 
sition principle, the calculation of Kl under complex loading conditions is 
demonstrated extensively with the deliberate use of explicit weight functions 
at the load application boundaries other than crack-face locations. The com- 
plex loading condition of biaxial remote loading and pin-joint loading with 
and without interference pressures is demonstrated by combining the weight 
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function concept with the linear superposition principle for the symmetrical 
radial cracks emanating from a hole in a plate. The numerical K~ results ob- 
tained from the weight function concepts are found to be in excellent agree- 
ment with the well-established literature results for the symmetric radial 
cracks problem as studied in this paper. 

The characteristics of the explicit Mode I weight function component for 
the symmetric radial cracks emanating from a hole in a plate (Fig. 1) are also 
provided at the key traction application boundaries. The Mode I explicit 
nodal weight function value can be considered as the stress intensity value 
under the unit traction load at the concerned nodal location in the direction 
normal to the traction boundary (Eq 8). Therefore the Mode I explicit weight 
function components along the traction application locations are extremely 
useful to fracture mechanics practitioners and designers regarding how to ap- 
ply traction that will produce the reduced stress intensity values. 

It is found that different pressure distributions at the hole perimeter can 
affect the Mode I stress intensity factors, with a more pronounced effect on 
short radial cracks than on long cracks emanating from a pin-joint loading 
hole. The study of the effect of different pressure distributions at the hole 
perimeter with the identical resultant force P in the y direction requires the 
weight function component in the radial direction. The radial weight func- 
tions at the hole perimeter can be obtained from the coordinate transforma- 
tion (Eq 6). The effect of different pressure distributions at the hole perimeter 
on the Mode I stress intensity factor for short radial cracks (2C/D < 1) of the 
pin-joint loaded hole can provide an important implication in predicting the 
crack propagation life, since most fatigue life is spent while the crack is short. 
Except for very short radial cracks, the radial weight function component at 
the hole perimeter can be accurately represented as a Fourier series (Eq 7). 
The refined finite element mesh is needed to avoid the oscillatory ill-behaved 
radial weight function component at the hole perimeter for the problem of a 
pin-joint loaded hole. 

In conclusion, the additional efforts needed to produce the explicit weight 
function components, as indicated in Ref 1, are not much beyond the normal 
finite element calculation of stress intensity factors. However, the pay-off as 
indicated in this paper is far greater than the required effort to generate the 
load independent explicit weight functions. The deliberate use of the explicit 
weight functions along the traction application boundaries is applied exten- 
sively in this paper to calculate the Kt values under complex loading condi- 
tions. This is accomplished by combining the weight function concept with 
the linear superposition principle. 
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ABSTRACT: A stress intensity factor solution for a surface crack in a finite solid sub- 
jected to an arbitrary stress field is presented. The solution was developed based on the 
superposition principle, the weight function technique, and a referenced finite body cor- 
rection factor. An additional surface factor is identified when the solution is applied to the 
reduction of data from tests on surface flaw specimens. 

Verification of the solution is first made by comparison with published results for prob- 
lems with non-uniform stresses. The examples include a surface crack under pure bend- 
ing load and a corner crack at a circular hole. 

Another assessment was achieved by verifying the solution against the test results of 
ASTM round-robin test data for cracked fastener holes. Good correlation was obtained 
on all aspects of experimental observations such as the backtracked stress intensity fac- 
tors, the measured residual lives, and the observed variation in crack aspect ratio. 

It has been further demonstrated, from Air Force supported test programs, that the 
solution is accurate in predicting crack propagation behavior and residual life for sub- 
component specimens under complex loadings. The test specimens are made of four dif- 
ferent superalloys in various shapes of geometric discontinuities. The test conditions in- 
elude various combinations of temperature, stress level, mean stress, and cycle profiles. 
The results have shown that the great majority of the measured life/predicted life ratios 
are within a factor of 1.5. It has also been demonstrated that the capability of the method- 
ology is independent of the stress levels, specimen types, materials, and cycle profiles used 
in the study. 

KEY WORDS: surface crack, stress intensity factor, fatigue crack propagation, residual 
life prediction, stress analysis, superalloy, weight function, superposition principle, finite 
body effect, plastic zone 
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Nomenclature 

a Crack depth of the semi-elliptical surface crack 
c Half surface crack length of the semi-elliptical surface crack 
0 Angular orientation along the crack front of the semi-elliptical surface 

crack 
W Width of a rectangular structural component 
H Thickness of a rectangular structural component 
oj Coefficients of polynomial representing stress distribution 
o Adjusted stress in the surface crack solution expression accounting for 

stress gradient 
/j Influence function for ith term of polynomial stress distribution 

m i Back surface modification on the influence coefficients for the solution 
at the depth of the surface crack 

A Scaling factor in the Paris expression of crack growth rate curve 
n Exponential coefficient in the Paris expression of crack growth rate 

c u r v e  

The stress intensity factor is a fracture mechanics parameter representing 
the strength of the stress and displacement fields surrounding the crack tip, 
and it is considered to be the driving force for fatigue crack growth. The es- 
sence of this parameter is that it defines the unique crack tip stress field, 
regardless of structural geometry, crack dimensions, and loading conditions. 
Thus the baseline fatigue crack growth data obtained from laboratory tests 
using simple specimens can be utilized to predict the crack growth behavior 
and residual life of more complicated structural components. 

In general structural components, the part-through surface flaw has been 
the most frequently observed crack configuration. For the purposes of design 
and life analysis, it is mandatory that an engineer be able to confidently deal 
with this crack geometry. Unfortunately, most surface crack problems are 
rather complex and exact solutions are usually not available. Various approx- 
imate solutions, obtained by pseudo-analytical, experimental, or numerical 
methods, have been shown to be in considerable disagreement for even the 
simplest case of a surface crack subjected to a uniform stress field [1]. This 
discrepancy is expected to be intensified for cases involving complicated 
structural geometries with steep non-uniform stress gradients. For these 
problems~ good solutions often have to rely on a rigorous finite element analy- 
sis of the cracked component. For predictions of crack growth behavior and 
residual life, a series of analyses is required for various possible crack dimen- 
sions and configurations throughout the entire propagation process. The ap- 
proach is certainly impractical, especially for the surface crack problem in 
which the crack propagates in multiple directions. 

An empirical stress intensity factor solution for a surface crack in a finite 
body subjected to an arbitrary stress field is proposed in this paper. The solu- 
tion was developed based on the weight function technique [2] and the super- 
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position principle, and the finite element solution by Newman and Raju [3] 
for a surface crack in a finite solid subjected to uniform tensile stress field. 
The solution is expressed in a series of closed-form equations that appears 
attractive for application to crack propagation analysis and residual life pre- 
diction. This paper will first describe the analytical formulations of the solu- 
tion. Comparisons are made of the proposed solution with some published 
results. Procedures for reducing surface flaw crack growth data and deter- 
mining a surface factor are illustrated in the next section. This is followed by 
a brief discussion on numerical procedures for fatigue damage accumulation 
predictions. Finally, the capability of the solution in predicting fatigue propa- 
gation behavior and residual life is verified by correlation with notched speci- 
men test data from various sources. 

Analytical Formulation 

Consider a semi-elliptical surface crack in a finite body (Fig. 1) subjected to 
arbitrary stress field in the depth direction. The stress intensity factor, K,  at 
any point along the crack front can be expressed in a similar form to the Irwin 
part-through crack solution [4] as 

K = F * ~ * -  (1) 

where ~b is the elliptical integral of the second kind, which can be approxi- 
mated by the equations 

4 = / a \-1.42 a 
+ 0.5707"~c --) for --c > 1  

(2) 

, -  

V 
W 

FIG. 1-- Configuration of a semi-elliptical surface crack. 
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604 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

and F is the finite body correction factor  for the crack subjected to uniform 
stress condition. The finite element solution by Newman and Raju [3] was 
adopted  to define this factor,  which is given by the equations 

F =  M1 + M2 a 2 + M3 g f J w  (3) 

where fw is a finite body correction factor  defined as 

I (~;~)t 1~ fw = sec 

For a/c < 1, 

~,,= 1.13_ 0.09(~_) 

(4) 

(5) 

0.89 
M2 = - -0 .54  + (6) 

a 

0.2 + - -  
C 

and 

1 + 14 1 - -  (7)  M3 = 0.5 0.65 + a 

C 

For a/c > 1, 

[ (a)2~ g = 1 + 0.1 + 0 . 3 5  -~- ( 1 - -  sin 0) 2 

f,~ = cos z 4) + sin z (h 

~ ~0+oo4~) 

(8) 

(9) 

(10) 

(~)4 
Mz = 0.2 (11) 
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M 3 = --0.11 (12) 

[ 035(c~(a~2] g =  1 + 0.1 + . \ a / k H / j ( 1 - - s i n O )  2 (13) 

and 

I(C)2sin2~-b cos2~bl 1/4 
f~= -7 (14) 

where ~ is the angular orientation of the points along the crack front. 
The stress term 0 in Eq 1 is defined as the "adjusted" stress which is de- 

rived using the superposition principle and the weight (or influence) function 
technique. First, the distribution of the elastoplastic stresses normal to a pre- 
sumed crack plane of an uncracked structural component is expressed by a 
polynomial of the form 

o(X) =, ~ o~xJ (15) 
j=0 

From the superposition principle, the crack solution is solved by applying this 
stress field to the crack surface of the cracked component [5]. Using the 
weight function technique, the adjusted stress a is then defined as 

a = ~ aim~I~(ck)aJ (16) 
j=o 

where ~.i is the coefficient for the j th  order term of the polynomial in Eq 15, 
and ~-(~) is the corresponding polynomial influence function at the angular 
orientation along the crack front. The funct ion/ j  can be estimated by apply- 
ing pressure p(x) ~ IxV on the crack surface and computing the resulting 
stress intensity factors of a unit circular crack in an infinite body. It can be 
evaluated from the closed-form solution [6] 

1 .0 
/ J -  27ra -~ 0 P 

Numerical values of weight functions at the crack maximum depth (~ = 0) 
and on the surface (~ ---- 90) are listed in Table 1. The term mj in Eq 16 is a 
back surface modification factor on the weight function coefficient, /j, for 
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606 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

TABLE 1--Polynomial influence functions, Ij. 

Order, j Depth Surface 

0 1.000000 1.000000 
1 0.718953 0.166704 
2 0.600000 0.066669 
3 0.528710 0.035716 
4 0.479365 0.022224 
5 0.442391 0.015153 
6 0.413253 0.010990 
7 0.389470 0.008334 
8 0.369550 0.006537 

computation of stress intensity factor at the maximum crack depth. The fac- 
tors can be approximately determined by the equations 

(' - 1c 
m; = (18) 

1.0 a - - ~ _ 1  
c 

where H is the thickness and t h e ~  values are scaling factors (~ = 0.0, 0.418, 
0.612, 0.701, 0.759, 0.793, 0.813, 0.832, 0.849 f o r j  = 0 through 8 respec- 
tively). The limiting values of the equation (crack aspect ratio equals to zero) 
correspond to the relationship for the single edge crack. The factor is as- 
sumed to become unity when the aspect ratio of the crack is equal to or 
greater than one. The proposed stress intensity factor solution reduces to the 
solution form of Newman and Raju [3] in the case of uniform stress condi- 
tion. 

The solution for the corner crack is approximated by using the solutions at 
the surface locations of two mirror-imaged semi-elliptical surface cracks (Fig. 
2) along with a modification factor, 

1.085 -- 0.075* c ' / a '  c ' / a '  < 1.1 
f = (19) 

kl.0 c ' / a '  >- 1.1 

where a '  is the crack depth and c '  is the half crack length of the imagined 
semi-elliptical surface crack. 

Note that when the solution is applied in crack propagation analysis, the 
stress intensity factor at surface locations should be modified by a surface 
factor which accounts for the effects of free surface and surface conditions on 
the crack growth rate. The factor may vary with materials, machining pro- 
cesses, surface treatments, temperatures, etc. The procedures of experimen- 
tally determining this factor are described later. 
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C 

c 

t / 
I 

FIG. 2- -Mirror  image approach f o r  an approx imate  corner crack solution. 

It  is also noted that  the stress intensity factor was further modified by the 
Irwin plastic zone correction [7]. 

Numerical Results 

Two example solutions from the open literature for non-uniform stresses 
are compared with the above approach. 

Crack in a Finite Plate under Bending Load 

The first example is a surface crack in a finite thickness plate under pure 
bending load. The solutions o f  the stress intensity factor at the maximum 
depth are compared in Fig. 3 for various crack aspect ratios. It is shown that 
the agreements with the referenced solutions [3, 8] are excellent. 

Corner Crack at Bolt Hole 

A corner crack emanating from a circular hole in an infinite plate is an- 
other example of a more complex, non-uniform stress condition which was 
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Normalized Crack Depth, a/H 

FIG. 3 - -Compar i son  of stress intensity factor solutions for a surface crack under bending 
load. 

examined. In the approach, the stress distribution around a hole is first repre- 
sented by the polynomial 

a(x) = 3 -- 6.7x + 13.1x 2 -- 15.56x 3 + 9.55x 4 

--0.84x s -- 2.45x 6 + 1.33x 7 -- 0.22x s (20) 

where x is the distance away from the edge of the hole. The crack configura- 
tion is assumed to be quarter circular. Following the procedures described in 
the previous section, the normalized stress intensity factor solutions of the 
crack at the two surface locations were obtained (assuming a surface factor of 
0.88 for the reason described in the next section) and compared with a refer- 
enced solution [9] which was obtained from a finite element analysis. The 
stress intensity factor was normalized to the Bowie through-crack solution 
[10] of the same crack length. In Fig. 4, the agreement is shown to be good. 
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FIG. 4--Comparison of stress intensity factor solutions for a corner crack at hole. 

Determinat ion  of  Surface Factor 

The surface condition (due to machining, treatment, etc.) and free surface 
response (plane stress as opposed to plane strain) have major effects on the 
fatigue crack growth behavior, especially at the surface locations of the crack. 
To account for this effect, a modification factor is applied to the stress inten- 
sity factor solution of the surface locations. The factor is to be determined in 
the data reduction process using the surface crack specimen of the same sur- 
face condition. 

General  Procedures f o r  Data  Reduc t ion  o f  Surface Crack Spec imen  

For the surface crack specimen, the surface crack length is the only crack 
dimension that can be measured during the test. Since the crack solution also 
depends on the crack depth dimension, it was necessary to obtain information 
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610 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

on how the crack aspect ratio changes as the crack length progresses. This is 
accomplished by periodically heat tinting the specimen during the test and 
examining the produced color rings on the fracture surface after the test. Sev- 
eral test results were reviewed; it was found that the crack aspect ratio 
changes for the two materials studied (Inconel 718 and Ti-6AI-4V) were 
nearly independent of the test temperatures and R-ratios. Figure S presents 
an example for Inconel 718. A simple mathematical representation, as shown 
in the insert of Fig. 5, was used to obtain crack depth points as a function of 
cycles. 

The growth rate data were reduced by a linear regression to the Paris equa- 
tion 

ds _ A(K)" (21) 
dN 

0.6 

0.51 

'~ 0 .4  

:7-, 

0 .3  

u~ 

0.2 

0.1 

I"I 149~ (300 ~ 
O 316~ (600~ 
A 427~ (800~ 
+ 538~ (1000~ 

~ ~ p ~  x 649~ (12~176176 

_ A+ ~ ~ 

0 35 ~(i~w -~-~ 
~ :  05 * (i.-(2ci.) 2 ] ~ 

I 

0 0.005 0.010 0.015 0.020 

Crack Length (c), meter 
F I G .  5 - -  Variation of measured crack aspect ratios for Incone( 718 surface crack specimens 

( R =  --ltoO.5, a / H =  0to0.8). 
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where e is either the crack length (c) or depth (a), and A and n are tempera- 
ture-dependent functions. The term, K, is the Walker equivalent stress inten- 
sity factor [11] defined as 

K ~--- Kmax(1 -- R )  m (22) 

in which Kmax is the stress intensity factor at the peak point of the cycle and m 
is a material parameter.  Figure 6 gives an example of the derived crack 
growth rate curves for various test temperatures. 

Both the surface crack length and depth data can be reduced indepen- 
dently to produce the crack growth rates at both locations of the crack front 
(i.e., d c / d N  and da /dN) .  An example of these two curves from the Inconel 
718 at 538~ (1000~ is shown in Fig. 7. The surface modification factor on 
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(p 
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-'d 
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/ /  ,4"'// " /  

i , I l l  i i i , l  i i 
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Equivalent Stress Intensity Factor, MPaV~T 

FIG. 6--Crack growth rate curves of Inconel 718 at various temperatures. 
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FIG. 7--Crack growth rate curves reduced from both crack length and depth of Inconel 718 
surface crack specimen at 53~~ (1000~ 

the surface stress intensity factor is the factor that shifts the dc/dN curve onto 
the da/dN curve. It was found that the factors (Table 2) for both the materi- 
als studied are nearly independent of material and temperature. 

Once the crack growth rate curve has been established, it is necessary, for a 
fundamental assessment of the solution, to back predict and check the crack 
propagation life of each individual test using the generated curve. These 
results (Fig. 8) show that the back calculated lives were in excellent agreement 
with the measured lives. A great majority of the data points are within a factor 
of 1.5. A statistical plot of the data in terms of measured/predicted life ratio 
(Fig. 9) indicates that the results may be normally distributed. The standard 
deviation (slope) is found to be 0,109. 

Fatigue Propagation Analysis and Life Prediction 

The fatigue propagation life over a range of crack dimensions is evaluated 
by integrating the predicted crack growth rates determined by the computed 
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TABLE 2--Surfacemod~icationfactorsofcrack growth eurves. 

Material Temperature Surface Factor 

Inconel 718 300 0.88 
600 0.88 
800 0.89 

1000 0.89 
1200 0.89 

Ti-6AI-4V (annealed) 300 0.90 
600 0.90 

Ti-6AI-4V 75 0.90 
(double solution treated 
and aged) 300 0.91 

600 0.91 
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10 5 10 6 

Measured Life, Cycles 

FIG. 8--Comparison of back-predicted and tested cycles for Inconel 718 and Ti-6AI-4V sur- 
face crack specimens. 
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FIG. 9--Normal distribution plot of measured/predicted life ratios for Inconel 718 and Ti- 
6AI-4V baseline surface crack specimens. 

stress intensity factors and the baseline crack growth rate curve. A Runge- 
Kutta routine was used for numerical integration. The cycle integration inter- 
val was initially based on the initial estimation of crack growth rate and is 
periodically adjusted relative to the current crack dimensions, stress intensity 
factors, and crack growth rates. 

Both surface and corner cracks were treated as two-dimensional problems 
which consider only two locations of the crack front for analysis, namely, at 
the maximum crack depth and the free surface. The curve of the crack front 
line was assumed to remain in either semi-elliptical or quarter elliptical con- 
figuration for the surface or corner crack, respectively, before the crack broke 
through the width or thickness of the structural component. Once it broke 
through, abrupt transitioning to a one-dimensional crack was assumed, ei- 
ther to a single edge crack, a through-thickness internal crack, or, for hole 
specimens, to Bowie's solution [10] for a through-cracked hole problem. The 
finite body modification to the Bowie solution was from tsida's solution [12] 
for an off-center through-crack in a finite sheet. 

For problems with complex cycles, the rain flow cycle counting algorithm 
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YAU ON EMPIRICAL SURFACE CRACK SOLUTION 615 

[ 13] was used for determination of the equivalent damaging cycles. The mean 
stress effect of the cycles was handled by Walker's relationship [11]. 

The numerical computational process was completed when a failure was 
predicted according to the following criteria: 

1. Maximum stress intensity factor exceeds the fracture toughness. 
2. Equivalent stress intensity factor that accounts for the mean stress effect 

exceeds 96% of the fracture toughness. 
3. Net section stress of the remaining ligament is greater than the ultimate 

tensile stress. 

Experimental Verification 

Two major sources of experimental data were used to verify the capability 
of the solution for predicting fatigue crack growth behavior and residual life 
of notched specimens. The first data set was from a published source used in 
the round-robin fatigue crack life predictions by a task group of ASTM Sub- 
committee E24.06 on Fracture Mechanics Applications [14,15]. It involved 
sheet specimens with a cracked fastener hole subjected to constant amplitude 
cycle loading. The second data set was generated by the General Electric 
Company at Evendale, Ohio, for several Air Force supported verification test 
programs [16,17] conducted for verification of current applied fracture me- 
chanics codes. The specimens include various geometric discontinuities and 
were subjected to both simple and complex loading cycles. 

ASTM Round-Robin Predictions of Cracked Hold Specimens 

The tests were conducted by the Air Force Materials Laboratory for speci- 
mens of polymethyl methacrylate (PMMA) plexiglass [18] and 7075-T651 
aluminum alloy. Since the PMMA is a transparent material, it was possible to 
monitor the crack dimensions directly during the test and therefore determine 
the stress intensity factors that were achieved using the James-Anderson 
backtracking technique [ 19]. 

One difficulty in solving the problem by the present approach is the lack of 
information on the surface factors for these two materials. A value of 0.88 was 
assumed in the predictions based on the Inconel 718 experience. This factor 
should be verified experimentally using surface crack specimens of the same 
materials. 

The crack propagation behavior and residual life for each individual test 
case were predicted using the provided baseline crack growth curve. Correla- 
tions of residual life predictions are presented in Fig. 10. The solid line in the 
figure represents a perfect correlation and the dotted lines represent a factor 
of two scatter bands. The correlations for the PMMA specimen are shown to 
be excellent. However, the predictions for the 7075-T651 specimens fall con- 
sistently on the conservative side. In fact, the majority of the round-robin par- 
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FIG. lO--Predicted versus measured cycles for ASTM round-robin fatigue life prediction 
problems. 

ticipants experienced the same trend in their predictions of the 7075-T651 
experiments. 

For the PMMA tests, the stress intensity factors corresponding to the mea- 
sured crack dimensions during each test have been computed and compared 
with the experimentally deduced stress intensity factors at both surface loca- 
tions. The results are presented graphically in Figs. 11 a and 11b for the bore 
of the hole and on the front surface locations, respectively. The dotted lines 
represent the 17% scatter bands which correspond to the scatter bands in the 
baseline data. The correlations are shown to be excellent at both locations. 

The predicted and measured crack aspect ratio changes during each 
PMMA experiment have also been compared and reported elsewhere [20]. 

Air Force Supported Verification Test Programs 

A series of subcomponent specimen tests has been performed in the past 
few years by General Electric in support of several Air Force funded engine 
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618 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

programs. The effort was to assess validity of current applied fracture me- 
chanics computer codes by comparing the test observations and analytical 
predictions of various notched specimens which simulated engine component 
geometries and were subjected to low cycle fatigue cycles. The materials of the 
specimens were typical alloys used in engine components. The test cycle pro- 
files range from simple cycles to more complex cycle mixes and hold time 
effects. 

In verification, the test data for the smooth bars subjected to complex cycle 
mix were first used to examine the adequacy of the approach in handling cycle 
mix problems. Typical cycle profiles are shown in Fig. 12. The effects of hold 

(a) 
Max. 

60% 

(b) Max. 
83% 
72.2% 

43.8% 

(c) Max. 
~ 90 Sec. Hold 

Time 
60% 

FIG. 12--Sample test cycle profiles from one verification program. 
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time and retardation were not modelled in the current analyses, since accu- 
rate and self-consistent methods for accounting for these effects have not yet 
been identified and the magnitude of these effects were found to be small for 
the studied range of experimental conditions. A good correlation of predicted 
versus observed lives for both Inconel 718 and Ti-6AI-4V specimens is shown 
in Fig. 13. 

The notched specimens include double edge notch, fillet, and hole speci- 
mens (Fig. 14). A total of 53 specimens were tested. An electric discharge 
machining (EDM) starter notched was used to initiate a crack at a desired 
location relative to the geometric discontinuity. The details of specimen di- 
mensions, crack location, cycle profile, stress level, etc., for each individual 
test case can be found in Ref 16.  
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FIG. 13--Predicted versus measured residual lives for Inconel 718 smooth specimens under 
complex cycle load. 
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FIG. 14--Sample configurations of complex specimens used in the verification programs. 

A comparison of the predicted and measured residual lives is shown in Fig. 
15. As shown, the greatest majority of data points are within a factor of 1.5, 
which is very good for the residual life predictions. 

Figure 16 shows the comparison of the measured/predicted residual life 
ratios versus the normalized maximum notch root stresses. The result of uni- 
formly distributed data points demonstrates that the approach is indepen- 
dent of stress level, although the influence of localized plasticity and the po- 
tential limitations on linear elastic fracture mechanics need to be further 
evaluated. Figure 17 examines these life ratios with respect to different speci- 
men types. 

The statistical plot of the measured/predicted life ratios of the subcompo- 
nent tests in Fig. 18 shows good agreement with the baseline curve. The over- 
all prediction for notched specimens appears to be slightly conservative 
(about 11%) compared with the baseline results, although the difference may 
not be statistically significance. 

Conclusions 

A stress intensity factor solution for a surface crack in a finite solid sub- 
jected to an arbitrary stress field has been presented. The solution was devel- 
oped based on the superposition principle, the weight function technique, 
and a referenced finite body correction factor for uniform stresses. An addi- 
tional factor is required to modify the solution at surface locations. The sur- 
face modification factor is to be determined through the reduction of data 
from tests on surface flaw specimens. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



Y A U  O N  E M P I R I C A L  S U R F A C E  C R A C K  S O L U T I O N  621 

u 

u 

~  

"O 

u 

r~ 

106 

lib 

l~ ~ i l l  " i/ 
I ! ! t l  
i i i ~ i  i V ! i /~ ,  j i.il 
lllll I /I i lib( 
iIill /~- ~.!' 121- 
11ill i ..~'~,.7 ~ II 

I !iIV."~-!~! I 

1 10 4 i 

, '.--I/J_'t'i; I ; I . II 

V,~ ~Ir_~'~ ~ I 
A.- ~,_V~, �9 i I II 

V.~Ir Ill I II 

- 104 10 5 

i ' ' ' ' "  . . . .  I ' l l  i I 
. . , i ~ l  I I 

t I 1 1  I I 

' ! t ' .  I , ' ~  

i II1 1 / ' ]  
rn DEN !ill A.-"l 

A H01e - - 

', , A I  / I  
. i  ~IJ / 1 

/ I 

I 
I 

I 

I 

J 

I 
106 

Measured Life, Cycles 

FIG. 1S--Predicted versus measured residual lives for Inconel 718 notched specimens under 
complex cycle load. 
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FIG. 18--Normal distribution plot of measured/predicted residual life ratios for notched 
specimens. 

Numerical comparison for several non-uniform stress problems showed 
that the proposed solution agrees well with published solutions. Extensive ex- 
perimental verification with test data from various sources has shown that the 
solution is accurate in predicting the crack propagation behavior and residual 
life of notched subcomponent specimens subjected to complex loadings. 

A c k n o w l e d g m e n t s  

The author acknowledges the Air Force at Wright-Patterson for their sup- 
port of verification test programs (F33657-81-C-0007, F33657-81-2006) and 
their permission to publish part of the results. The author also expresses his 
appreciation to Drs. J. H. Laflen and P. A. Domas for their encouragement 
and counseling during the course of this work, and to Mr. O. C. Gooden and 
Ms. K. M. Helton for their assistance in preparing this manuscript. 

References  

[1] Newman, J. C., "A Review and Assessment of the Stress Intensity Factors for Surface 
Cracks," in Part-Through Crack Fatigue Life Prediction, ASTM STP 687, J. B. Chang, 
Ed., American Society for Testing and Materials, Philadelphia, 1979, pp. 16-42. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



624 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

[2] Bueekner, H. F., "Weight Functions for the Notched Bar," Zeitschriftfiir Angewandte 
Mathemetik and Mechanik, Vol. 51, 1971, pp. 97-109. 

[3] Newman, J. C., Jr., and Raju, I. S., "Analysis of Surface Cracks in Finite Plates under 
Tension or Bending Loads," NASA TP 1578, National Aeronautics and Space Administra- 
tion, Washington, D.C., 1979. 

[4] Irwin, G. R., "Crack Extension Force For a Part Through Crack in a Plate," Journal of 
Applied Mechanics, Vol. 29, No. 4, Dec. 1962, pp. 651-654. 

[5] Grant, A. F., Jr., and Kullgren, T. E., "Stress Intensity Factors for Corner Cracked Holes 
under General Loading Conditions," Journal of Engineering Materials and Technology, 
Vol. 103, 1981, pp. 171-176. 

[6] Heliot, J., Labbens, R. C., and Pellissier-Tanon, A., "Calculation of Stress Intensity Fac- 
tors by the Boundary Integral Equations Method," presented at Eleventh National ASTM 
Symposium on Fracture Mechanics, Blacksburg, Va., June 1978. 

[ 7] Irwin, G. R., "Plastic Zone Near a Crack and Fracture Toughness," in Proceedings, 7th 
Sagamore Conference, Syracuse University Research Institute, 1960, p. IV-63. 

[8] Shah, R. C. and Kobayashi, A. S., "Stress Intensity Factor for an Elliptical Crack Ap- 
proaching the Surface of a Plate in Bending," in Stress Analysis and Growth of Cracks, 
ASTM STP 513, American Society for Testing and Materials, Philadelphia, 1972, pp. 3- 
21. 

[9] Newman, J. C., Jr., and Raju, I. S., "Stress Intensity Factor Equations for Cracks in 
Three-Dimensional Finite Body," NASA TM Report 83200, National Aeronautics and 
Space Administration, Washington, D.C., Aug. 1981. 

[10] Bowie, O. L., "Analysis of an Infinite Plate Containing Radial Cracks Originating at the 
Boundary of an Internal Circular Hole," Journal of Mathematics and Physics, Vol. 35, No. 
1, Apr., 1956, pp. 60-71. 

[ 11] Walker, K., "The Effect of Stress Ratio During Crack Propagation and Fatigue for 2024- 
T3 and 7075-T6 Aluminum," in Effects of Environment and Complex Load History on 
Fatigue Life. ASTM STP 462, American Society for Testing and Materials, Philadelphia, 
1970, pp. 1-14. 

[12] Isida, M., "Stress-Intensity Factors for the Tension of an Eccentrically Cracked Strip," 
Journal of Applied Mechanics, Transactions of ASME, Vol. 33, 1965, p. 674. 

[13] Matsuishi, M. and Endo, T., "Fatigue of Metals Subjected to Varying Stress," presented 
at Japan Society of Mechanical Engineers, Fukuoka, Japan, March 1968. 

[ 14] Minutes of ASTM meeting, Subcommittee E24.06 on Fracture Mechanics Applications, 28 
April 1982. 

[ 15] Heckel, J. B. and Rudd, J. L., "Assessment of Stress Intensity Factors for Corner Cracks at 
Holes," AFWAL-TM-82-201-FIBE, Aug. 1982. 

[ 16] Domas, P. A., Yau, J. F., and Ramaswamy, V. G., "TF34 Damage Tolerance Assessment 
Program," General Electric Company TIS Report R82AEB272, June 1982. 

[17] Ramaswamy, V. G., Yau, J. F., and Laflen, J. H., "F101-GE-102 ENSIP Fracture 
Mechanics Verification Program Results," General Electric Company TIS Report 
R84AEB427, May 1984. 

[18] Grandt, A. F. and Snow, J. R., "A Stress Intensity Factor Calibration for Corner Flaws at 
an Open Hole," AFML-TR-282, Air Force Materials Laboratory, Wright-Patterson AFB, 
May 1975. 

[ 19] James, L. A. and Anderson, W. E., "A Simple Experimental Procedure for Stress Intensity 
Calibration," Engflzeering Journal of Fracture Mechanics, Vol. 1, No. 3, April 1969, p. 
565. 

[20] Yau, J. F., "Assessment of the MISKRA/RELIES Solutions for Corner Cracks at Holes," 
General Electric Company Class I TIS Report R83AEB496, Aug. 1983. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



H. M.  Miiller, 1 S. Miiller, 2 D. Munz ,  1,2 and J. N e u m a n n  I 

Extension of Surface Cracks During 
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drews, and J. C. Newman, Eds., American Society for Testing and Materials, Philadel- 
phia, 1986, pp. 625-643. 

ABSTRACT: The extension of semielliptical surface cracks in plates under cyclic tension 
and cyclic bending loading has been investigated. The analytical results compared differ- 
ent assumptions, applying local and weighted averaged AK values and the effect of crack 
closure. The experimental results showed that the developing crack front can be described 
fairly accurately by semiellipses. Applying local AK values for the prediction underesti- 
mates the developing crack aspect ratio a/c. Applying the weighted averaged AK or a 
crack closure factor improves the prediction. 

KEY WORDS: surface crack, crack growth rate, fracture mechanics 

The fundamenta l  problem in practical application of fracture mechanics is 
the t ransformat ion of results f rom test specimens to the behavior of compo- 
nents. Fracture  mechanics  specimens usually are plates with through-the-  
thickness cracks. Real cracks are mostly two-dimensional cracks, which very 
often can be described as semielliptical surface cracks. These cracks extend 
in depth and length under  external loading. For safety considerations, the 
crack growth rate and the change in the shape of these cracks have to be 
predicted. The crack shape developing during fatigue loading is important ,  
especially for leak-before-break evaluation. The bases of the t ransformation 
of results of test specimens with one-dimensional cracks to the two-dimen- 
sional surface cracks are the experimentally obtained relation between the 
crack growth rates for one load cycle ( d a / d N )  and the range of the stress in- 
tensity factor  (AK),  on the one hand,  and the varying stress intensity factor  
along the crack front  of the two-dimensional cracks, on the other hand.  
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2Karlsruhe Nuclear Research Center, Karlsruhe, West Germany. 
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Several experimental results have been published on the change of geome- 
try of semielliptical surface cracks for plates under tension and bending 
loads. Results obtained up to 1983 have been summarized in Ref 1; some 
further results have been published since then [2-6]. 

A comparison between experimental results a n d  predicted behavior 
showed good qualitative agreement. In some cases there was quantitative 
agreement, in other cases there was a more or less pronounced deviation from 
the prediction [1]. Different possible reasons for this, such as anisotropy, in- 
homogeneity of the material, residual stresses, and different stress state along 
the crack front, are mentioned in Ref 1. According to Hodulak et al [7] the 
different stress state should affect the material resistance, according to Jolles 
and Tortoriello [5, 6] it should affect crack closure. 

In this paper predictions of the change of the shape of semielliptical surface 
cracks based on different approaches are compared with experimental results 
obtained for three materials. 

Prediction of the Rate of Crack Growth in Depth and Length 

A s s u m p t i o n s  

The stress intensity factor of semielliptical surface cracks of depth a and 
length 2c in a plate of thickness t (Fig. 1) usually is written in the form 

o4~a 
K --  - -  F ( a / c ,  a / t ,  (p) = K x / a  Y (1) 

where o is a characteristic stress (e.g., surface stress in bending) and ~ can be 
expressed as 

= [1 + 1.464(a/c)16s] 1/2 (2) 

F is a function of the crack aspect ratio a / c ,  the relative crack depth a / t ,  and 
the location along the crack front, expressed by the angle q~ and also depend- 
ing on the type of loading. The varying stress intensity factor along the crack 

r :  2r - ,  

A 

F I G .  l--Incremental change in crack area for the calculation of averaged KA and Ks. 
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front has to be taken into account in predicting the change in shape of the 
crack front. The simplest assumptions made for this prediction are as follows: 

1. The crack front can be described always as a semiellipse. 
2. The material is homogeneous in a macroscopic sense. 
3. No effect is exerted by the stress state (plane stress/plane strain). 
4. The crack extension is calculated for the deepest point A and the sur- 

face points B only. Starting from an initial crack with the axes a; and ci, the 
crack extension Aa and Ac are calculated for the first load cycle, applying a 
material specific crack growth relation. Then a new AK(a/c, a/t, cp) is calcu- 
lated with a : ai -t- Aa and c = ci + Ac and the extensions Aa and Ac are 
obtained for the next cycle. This procedure is repeated until wall penetration 
takes place. 

5. The stress intensity factor responsible for crack extension are the local 
AKA and AKB at A and B, respectively. 

Two modifications of this procedure are suggested in the literature. Cruse 
and Besuner [8] used, instead of local K values, averaged K values taking 
into account the changing K near Points A and B. These averaged values are 
given by (Fig. 1) 

1 
f K2(tp)dSA (3a) K2A-- AS A -  ,JAS A 

K~_ S 1 l :~ I~(cp)dSB (3b) 

The incremental changes in crack area dSA or dSB are associated with crack 
growth in the a- or c-direction only. 

Newman and Raju [9] introduced an empirical factor, reducing AKB: 

AKB.eff = 0.9 AKB (4) 

This factor of 0.9 was introduced to verify experimental results by Corn [10], 
which showed that small semicircular cracks remain semicircular. Jolles and 
Tortoriello [5] interpreted this factor as differences in the crack closure be- 
havior at the points A and B, introducing 

ZXKA,~n = UA" ,aKA; AKs,r = U."  AKB (5) 

Measurements of UA and U8 have been performed by Fleck et al [4] with the 
results of UA = 0.85 and Us = 0.75. Thus the relative effects Us/UA = 0.88 
is nearly identical to the empirical factor introduced by Newman and Raju. A 
general application of this factor, however, implies that Us/UA is indepen- 
dent of crack shape and crack size. 
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The calculations are performed for a power law crack growth relation: 

da/dN, dc/dN = C(AK)" (6) 

Applying Eq 6, it can be seen that the relative change in crack length in the 
a- and c-directions is given by 

da _ ( Y A ~ "  
d c \-Y-BB / (7) 

and thus is independent of the constant C and the amplitude of the applied 
stress. 

Alternating Tension and Bending Loads 

For tension and bending loads of plates Newman and Raju [9] published a 
closed-form solution for the function F in Eq 1 for 0 < a/c < 1 and 0 < 
a/t < 0.8, which can be extrapolated to 0.8 < a/t < 1.0. The calculated 
change in crack geometry is presented as a/c-a/t curves (Figs. 2a and 2b and 
3a and 3b). Figures 2a and 2b show the results for two different exponents n. 
For bending loading, a final crack aspect ratio a/c in the range of 0.1 to 0.2 is 
reached at wall penetration. Cracks with small initial values of a/c first grow 
in the direction of a semicircular crack, then the trend is reversed and a/c 
decreases. 

For tension loading, a final a/c in the range of 0.7 to 0.8 is reached at wall 
penetration with the exception of long and deep cracks (a/c small, a/t large), 
which do not have a chance of reaching this limiting value before penetrating 
the plate. 

The effect of n can also be seen from Figs. 2a and 2b. A greater n leads to a 
larger change in a/c. The difference between the use of local and averaged 
AK values and the effect of a crack closure factor of 0.9 is shown in Figs. 3a 
and 3b. Applying weighted averaged values results in less change of a/c than 
for local AK values. That  means if a/c is increasing, it increases less, and if 
a/c is decreasing, it decreases less, than for the calculations with local values 
of AK. The crack closure factor results in less crack growth at the surface. 
The expected a/c ratio at wall penetration therefore is larger compared with 
that without applying this factor. This effect, however, is small for bending 
loading (Fig. 3b). 

Experimental Results 

Experimental Procedure 

Three materials were tested: an aluminum alloy with the German designa- 
tion AIZnMgCu 1.5, which is similar to 7475; a reactor-grade steel 20 
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MnMoNi 55, which is similar to ASTM A533B; and an austenitic stainless 
steel X6CrNi 1811, which is similar to AISI 304. The d a / d N - A K  curves were 
obtained with compact tension specimens per ASTM E 399 with a thickness 
B = 25 mm and a width W = 50 mm. 

For the surface crack experiments, plates of a thickness t = 20 m m  and a 
width W = 80 m m  were used. The length of the plates was L = 400 m m  for 
tension loading and L = 180 m m  for bending loading. For tensile loading the 
specimens were fixed with hydraulic grips and the alignment was carefully 
controlled. The bending tests were performed under four-point loading. The 
outer span was 170 m m  and the inner span 40 mm. The test frequency was 5 
cycles/s. The R-ratio was 0.1 unless specified otherwise. Small semielliptical 
precracks were introduced by the electro-spark method. Two methods were 
applied to monitor the crack length. Beach marks were introduced by de- 
creasing the stress amplitude with fixed upper stress level for about 1000 cy- 
cles. The amount of crack extension in depth and length could then be mea- 
sured on the fracture surface. Some fracture surfaces are shown in Figs. 4a to 
4c. In addition, the electrical potential method was applied. A direct current 
of 20 A was supplied and the potential drop measured between two points 
across the crack. The change in the potential drop is dependent on the shape 
of the developing crack. Therefore for each shape of an incipient crack a cali- 
bration curve has to be obtained using the beach marks. Figures 5a and 5b 
show examples. The potential drop method then can be used in subsequent 
tests with the same shape of the incipient crack without introducing beach 
marks.  

Crack Growth Rate 

The crack growth rate d a / d N  versus A K  for compact specimens in the c- 
direction is shown in Figs. 6a to 6c. Within the measured range of AK the 
d a / d N - A K  relation can be described by a power law with the parameters C 
and n given in Table 1. 

For the austenitic steel, crack growth rate measurements were also per- 
formed in the a-direction using four-point bend specimens. The crack growth 
rate was larger by a factor of about 3 (Fig. 6c). 

Figures 7a and 7b show the rate of crack growth in depth d a / d N  and in 
length d c / d N  for the aluminum alloy for surface cracks under cyclic tension 
and cyclic bending. If local A K  values are used (Fig. 7a), there is a tendency 
for the rate of crack growth in the a-direction to be larger than in the c-direc- 
tion. If  the crack growth rate is plotted versus the averaged value AK (Fig. 
7b), all crack growth rates measured for bending and tension and in the a- 
and c-directions are within a common scatter band and in agreement with the 
curve obtained for the compact specimens. Applying the idea of different 
crack closure (Eq 4) instead of averaged AK would also shift the data points 
of the a-direction closer to those of the c-direction. 
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T A B L E  1--Parameters of Paris relation. 

Crack  

Mate r i a l  n C, N �9 m m  R Direc t ion  

A I Z n M g C u  1.5 3 3 '  10 -12 0.1 c 

20 M n M o N i  55 3.3 2 �9 5"  10 -14 0.1 c 
3.3 3 �9 5 . 1 0  - t4  0.75 c 

X6CrNi  1811 4 3 - 10 -16 0.1 c 
4 1 �9 10 -15 0.1 a 

The results for the austenitic stainless steel are shown in Fig. 8. There is a 
tendency for larger crack extension in the a- than in the c-direction; this may 
be the result of the anisotropic crack growth behavior. Applying the crack 
closure factor or the averaged AK values would also approach the data points 
for the a- and c-directions. 

Change in Crack Shape 

A prerequisite of the prediction of the change in the crack shape was that 
the crack contour could be described as a semiellipse. Figures 9a and 9b 
show as an example observed crack shapes and the adapted semiellipses. 
There are some deviations from the ideal semiellipse. The effect on the calcu- 
lated AK, however, should be small. The changes in crack shape are plotted 
as a/c-a/t diagrams in Figs. 10 to 12. The diagrams also include the predic- 
tions for the specific n of the material using local and averaged AK and local 
AK with the "crack closure factor" of 0.9. A comparison of experimentally 
observed results with the predictions leads to the following conclusions: 

1. The experimentally observed aspect ratios are generally in agreement 
with the predictions. 

2. In agreement with the predictions, the crack aspect ratio at penetration 
of the plate was 0.8 to 0.9 for tension loading. 

3. For bending loading the tests could not be continued until penetration 
of the plate. However, the aspect ratio followed the predicted curve, suggest- 
ing an a/c ratio of about 0.2 for a = t. 

4. There is a tendency for the predictions applying local AK without the 
crack closure factor to underestimate the developing a/c ratio. A better, but 
not complete, agreement is obtained by applying the averaged AK or the 
crack closure factor. 

5. For the austenitic stainless steel the increase of a/c in the range 0.2 < 
a/t < 0.5 is larger than predicted; 

The last effect can be explained by the anisotropic behavior of the steel 
plate (Fig. 6c). To reveal the effect of different crack growth rates, a/c-a/t 
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FIG. 7--Al-alloy crack growth rates for surface cracks. (a) Local A K. (b) Averaged A K. 
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curves were calculated for cyclic bending loading with different rates of crack 
growth in the a- and c-directions, characterized by the factor 

CA 
8--  C8 

Figure 13 shows the expected effect of B, which is pronounced especially for 
intermediate crack depth. The experimental results are in agreement with 

= 1.5, whereas for the through-the-thickness cracked specimens a larger/3 
was obtained. 

In Ref 8 an effect of the R-ratio on the developing crack shape was ob- 
served, showing large deviations from the semielliptic crack shape, especially 
at high R-values. In the present investigation no or only a small effect of R on 
the developing crack shape was found. Figure 11b plots results of R = 0.5 
and R = 0.1 for the reactor steel, which are in close agreement. Figures 14a 
and 14b show experimental curves for the austenitic steel. No systematic ef- 
fect of R can be seen. 
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FIG. 13--Comparison of experimental a/c-a/t  curves for the austenitic steel with predictions 
using anisotropic crack growth behavior. 
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Summary and Conclusions 

The experimental and analytical results can be summarized as follows: 

1. Experimental results for three materials showed that the crack develop- 
ing under cyclic tension or cyclic bending loading can be described fairly ac- 
curately by semiellipses for 0.1 < R < 0.8. 

2. Crack growth rates in depth and in length directions are generally in 
agreement with results from compact specimens if plotted versus local AK. 
Plotting versus averaged AK or applying a crack closure factor may improve 
the agreement. 

3. The developing crack shape generally is in agreement with the predic- 
tions. The application of local AK underestimates the developing a/c ratio 
somewhat. Using averaged AK or a crack closure factor improves the predic- 
tion without obtaining a complete agreement. Because of the combination of 
possible effects of anisotropy, crack closure, and scatter due to inhomoge- 
neity of the materials, it is not possible to make an exact prediction of the 
developing crack shape. Without exact crack closure measurements it is also 
not possible to decide whether the predictions using local AK values can be 
improved applying weighted averaged AK values. 

4. No systematic effect of mean stress (R-ratio) on the developing crack 
shape was observed. 
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ABSTRACT: Fracture mechanics concepts were used to evaluate the ability to predict the 
stress for crack initiation for specimens containing surface cracks. The comparison is 
made between the predicted stress (Op,ed) and the experimentally determined stress (Oexp). 
The predictions were made for conditions ranging from elastic to plastic. The predictions 
were based on suggestions by P. Paris for modifying an equation developed for center- 
cracked panels. Acoustic emission techniques were used to detect the load corresponding 
to crack initiation. 

KEY WORDS: fracture mechanics, surface flaws, crack initiation, J~ 

Nomenclature  

a D e p t h  of surface  f law 
a '  Ha l f - c r ack  l eng th  of a t h r o u g h  c rack  

Aa C h a n g e  of f law d e p t h  
b '  Ha l f -wid th  of p la te  

b R e m a i n i n g  l i g a m e n t  
2c L e n g t h  of surface  f law 

c F  2 P a r a m e t e r  q u a n t i f y i n g  the  severity of a surface flaw 
E Y o u n g ' s  m o d u l u s  
e '  T r u e  s t ra in  m i n u s  elast ic  s t ra in  

e T r u e  s t ra in  

~Principal Engineer, EG&G Idaho, Inc., Idaho Falls, ID 83415. 
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e~ng 
6ys 

{r(o/Oys)} 
Gin 

J 

Flow strain 
Engineering strain 
Yield strain, Oys/E 
Stress correction term where o and Oys are based on true stress 
A coefficient in stress correction term of Eq 1 
J-integral 
Value of J corresponding to initiation of crack growth satisfying 
plane-strain conditions 

K Applied stress intensity factor 
K~c Plane-strain fracture toughness 
M Correction factor for front and back faces 
n Strain hardening term in Eq 4 
P Load per unit thickness 

P0 Load per unit thickness corresponding to the perfectly plastic 
limit 

Q Defect geometry correction factor 
R 2 Regression correlation coefficient 

t Thickness 
T Tearing modulus 

W Specimen width 
a '  Slope of line in Eq 4 

Flow stress = (% + Outs)/2 
o Applied true stress 

Ocxp Experimentally determined engineering stress for crack initia- 
tion 

Opted Predicted engineering stress for crack initiation 
ays Yield strength 

Outs Ultimate tensile strength 
oc Proportional to 

xI,* A coefficient in stress correction term of Eq 1 

Introduction 

Fracture mechanics concepts may be used to assure structural integrity by 
(1) providing material procurement criteria, including welding procedures 
and techniques, and (2) evaluating effects of a defect on structural integrity. 
The latter is the subject of this paper. 

In evaluating the effects of a defect on structural integrity, the most accu- 
rate approach is to conduct tests of actual components containing natural 
defects loaded in a manner to simulate the structure. The flaw type and typi- 
cal dimensions used in tests should also simulate, as much as possible, the 
actual situation expected in service. This approach is expensive and its useful- 
ness is probably limited to the conditions simulated unless adequate stress 
analyses are conducted. An appropriately designed and tested specimen can 
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646 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

provide the same assurance of structural adequacy. This is the intended role 
of specimens containing surface cracks, which more closely represent struc- 
tural behavior than any other type of specimen normally used to develop frac- 
ture toughness data. 

Figure I shows a schematic of fracture mechanics concept approaches used 
to predict structural integrity. For linear-elastic conditions the general ap- 
proach for predicting conservative crack initiation conditions for a structure 
containing a surface flaw is to use plane strain fracture toughness (Kit), ob- 
tained from standard fracture toughness tests (ASTM E 399), and analytical 
procedures such as those provided in Ref I. There has been sufficient testing 
of surface flawed specimens to verify the general approach although the accu- 
racy has not been quantified. 

For conditions of increased ductility, both elastic-plastic (E/P, constrained 
plasticity) and plastic, the test techniques provided in ASTM E 813 may be 
used to experimentally determine Jic, but there are no generally accepted 
methods for predicting the behavior (crack initiation, tearing, and instability) 
of a surface crack. Experimental research is being conducted at the Idaho 
National Engineering Laboratory (INEL) into the behavior of surface cracked 
specimens in E/P and plastic conditions. The research provides the following: 
(1) a basis for empirical correlations for predicting structural behavior based 
on results obtained from specimens containing surface cracks, and (2) a basis 

FIG. 1--Schematic illustrating process for predicting structural integrity. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



REUTER ON INITIATION OF CRACK GROWTH 647 

for developing a correlation between results from standard fracture toughness 
specimens and surface cracked specimens. 

This paper presents comparisons between stresses for crack initiation 
(apred) predicted by standard techniques and experimentally determined 
stresses (aexp) obtained from specimens containing surface cracks. 

Experimental Approach 

The material tested was ASTM A-710 with the following chemistry (weight 
percent): 0.05 C, 0.74 Cr, 0.85 Ni, 0.47 Mn, 0.25 Si, 0.21 Mo, 0.010 P, 
0.004 S, 1.20 Cu, and balance Fe. Tensile specimens were fabricated per 
ASTM E 8 with the long direction of the specimen parallel to the transverse 
direction of the plate and tested at temperatures ranging from 200 to 377 K. 
Compact specimens, fabricated and tested per ASTM E 399 and ASTM 
E 813, were used to measure Kic and J1c at 200,255, and 297 K (see Table 1). 
Specimens containing surface cracks were tested at the same temperatures. 
The specimen dimensions, defect sizes, and stresses corresponding to crack 
initiation are given in Table 2. The loads corresponding to initiation of crack 
growth are based on acoustic emission techniques. 

Analysis of Results 

The stress corresponding to crack ir_itiation was predicted using a modifi- 
cation of an equation developed for center-cracked plates [2]: 

J = ~-a '  ",Is* + a 'G* (1) 

In Ref 3 R was noted that Paris had suggested that the addition of a geometry 
factor and values of ~b* and Gl* corresponding to a ' / b '  = 0 could modify 
Eq I for use with pressure vessel cylinders containing a surface crack. These 
modifications are shown in Eq 2 along with changing ~ to ay,: 

J =  aysey~a' F o M 2 (2) 

TABLE 1--Mechanical properties for A- 710. 

Test Temperature, J~c, oy~, 
K kJ /m 2 E, MPa MPa ey~ 

200 10.2 206.3 X 103 500 2.42 X 10 -3 
255 18.6 201.5 • 103 467 2.32 • 10 -3 
297 39.6 200.1 • 103 452 2.26 • 10 -3 
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TABLE 2--Surface crack dimensions and experimental stress. 

Crack 
Specimen Depth Length Thickness Width Initiation 

Identification (a), mm (2c), mm (t), mm (W), mm (a~xp), MPa 

Tested at 200 K 

B-2 2.29 7.37 6.35 101.7 590.0 
7 4.06 26.98 6.45 101.4 362.9 
13 4.50 41.22 6.38 101.4 275.3 
25 4.22 6.60 6.27 100.8 579.6 
27 4.29 9.09 6.45 101.3 408.5 
B-27 5.00 17.02 12.75 102.4 464.7 
B-32 7.19 32.18 12.85 102.0 408.9 
B-41 7.62 18.36 12.83 101.9 447.5 

Tested at 255 K 

14 4.62 39.50 6.35 101.35 316.7 
22 2.97 7.11 6.50 101.4 505.1 
30 4.42 8.89 6.32 101.0 529.9 
B-1 1.90 6.73 6.36 101.7 623.1 
B-14 1.27 2.54 6.43 101.8 621.7 
B-28 4.19 13.31 12.70 102.2 610.0 
B-31 5.77 26.80 12.80 102.1 331.6 
B-36 1.65 3.66 12.57 101.7 549.9 
B-39 5.21 11.81 12.78 101.7 469.2 
B-44 7.11 17.78 12.72 101.9 400.2 

Tested at 297 K 

3 2.31 7.75 6.40 101.7 449.2 
9 2.54 26.16 6.50 101.5 461.6 
10 2.54 25.91 6.35 101.3 489.9 
15 4.57 40.00 6.50 101.5 362.2 
18 1.14 2.41 6.50 101.5 502.3 
24 2.54 6.22 6.55 101.4 529.2 
32 4.32 9.52 6.53 101.7 533.4 
B-4 4.27 26.67 6.50 101.8 462.3 
B-11 4.47 40.97 6.43 101.8 358.8 
B-17 2.74 6.48 6.35 101.6 458.8 
B-18 3.30 7.24 6.30 101.1 429.8 
B-34 1.78 3.56 12.80 102.3 520.3 
B-42 7.19 18.16 12.75 101.8 507.8 
B-45 5.92 25.65 12.72 101.6 454.7 

The stress correction term in braces in Eq 2 is separated into an elastic and a 
plastic component [4] consisting of 

Ea 1]I ] I~ a '  f fT,  n = ~7-GIn f fT,  n - -  (3) 
LgysA 

These components will be evaluated separately, and the constants solved for a 
very wide plate (i.e., a ' / b '  ~ 0). 
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Solution f o r  the  Elast ic  Componen t  

To obtain b ' / a '  ~ l ( a ' / b '  -~ 0, n = 1), the approach in Ref 5 was used 
where 

b ' / a '  all , a '  b ' (1 -- a ' / b ' ) ~ l l g l ( a ' / b ' ,  n --- 1) 

Because no plastic zone correction was considered, xI, = 1, and for a ' / b '  -~ 0: 

( b ' / a ' ) ~ l l  , = gl(a ~ 0, n = 1) 

Data  from Refs 6 and 7 were used to solve for the constant for the plane-strain 
condition by extrapolating the given values of gl to a value of gl at a ' / b '  = O. 
The extrapolation techniques used were based on graphical or statistical 
means, as appropriate,  and are provided in Table 1 of Ref 8. The values were 
averaged to obtain gl = 2.99 for plane-strain conditions. 

Solutions f o r  the Plastic Componen t  

It  was necessary to solve the plastic component in two steps. The first solves 
for ~ '  and n in the Ramberg-Osgood equation 

6/Ey s - -  a .7!_ Or' (4)  
O'y s 

using stress-strain data. To solve for the combination of n and a '  that pro- 
vides the best fit, Eq 4 was modified in Ref 8 by reducing it to the linear 
equation in Eq 5: 

~ ' / s  = Od' (5 )  

The selection of the best-fit values of n and a '  was based on the linear fit of 
Eq 5 that  had the least error where the natural logarithm of Eq 5 was taken to 
obtain: 

In e'/eys = In a '  + n In (~y~) (6) 

For each data point on the stress-strain curve, there is a linear equation: 

Y .  = C1 + C2X.  

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 : 2 8 : 3 5  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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where 

C 1 ~ In a ' ,  

C 2  ~-  n ,  

X~ = In o/oys, and 

II, = In e ' / % .  

For the linear equation of each data point, an error was calculated. The error 
for the nth data point was equal to 

r ,  : C1 + C2X,  --  Y ,  (7) 

The n and u '  constants that would provide the best fit to Eq 5 were selected 
by choosing the C1 and C2 combination with the minimum total data point 
error; for example, 

M 

[r,] : minimize (8) 
i = 1  

The second step is the approach suggested in Ref 5 to solve for ( b ' / a ' )  Gin 
(a '  / b ' ,  n),  where 

( b ' / a ' ) G l n  --- (1 -- a ' / b ' ) g l ( a ' / b '  ~ O, n : n) 

Because a ' / b '  ~ 0: 

( b ' / a ' ) G i n  = g l ( a ' / b '  ~ 0, n = n) 

To solve the above, it was necessary to extrapolate gl at a ' / b "  = 0 for each 
value of n. Then, the value of gl at a ' / b '  = 0 for each n is plotted versus n. 
Data  from Refs 6 and 7 were used to develop a correlation for gl at a ' / b '  = 0 
for various values of n. For plane-strain conditions, the statistical techniques 
based on data from Ref 7 were selected (see Fig. 2 of Ref 8). 

Since Eq 4 was solved using the yield strength, yield strength was used in 
Eq 3. In Eq 4 the values of n ranged from 4.0 to 14.2 and for a '  ranged from 
5.0 to 7.9, making it difficult to select appropriate numbers. In a previous 
analysis [8] Paris had observed that ( b ' / a ' ) G l n  was constant, which sug- 
gested that  a plot of e/eys versus {F(a/ays)} would provide a more accurate 
means for estimating e/eys based on the stress correction term. 

Figure 2a shows the power curve fit and the regression correlation (R 2) for 
tensile data for test temperatures ranging from 155 to 377 K. Since the stress 
correction terms of concern to this paper are less than 100, these data were 
used to more accurately fit the lower region of Fig. 2a, shown in Fig. 2b. 
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Calculated  Resu l t s  

Rearranging Eq 2 to solve for the stress correction term at J = J~: 

F (7 

trysEys a ( - ~ )  
(9) 

The information provided in Tables 1 and 2 is used to calculate {F(o/ayO } 

(see Table 3). The stress correction term is related to e/eys by using Figs. 2a 
and 2b. Table 3 shows the engineering strain (eeng) calculated from the true 
strain (e) using eys for the temperature of interest. The predicted engineering 
stress (omd) corresponding to Jlc is calculated using eeng and the engineering 
stress-strain curve. Table 4 shows the comparison between apred and Oexp. 

Discussion 

The approach used to calculate ~Tpred is aimed at conditions associated with 
the upper shelf, but is used in this analysis for the lower shelf and the lower 
region of the transition zone. On the lower shelf region (at 200 K) the speci- 
mens generally failed under elastic conditions, but for specimens containing 
sufficiently small defects, the net section stress exceeded the yield strength. 
This behavior provides an opportunity to evaluate the ability of the Paris ap- 
proach to extend LEFM concepts from the elastic to the elastic-plastic region. 
Extending the approach to tests conducted at 255 and 297 K provides an op- 
portunity for evaluating the success (or failure) of Eq 2 under even more duc- 
tile conditions. The ratios of O'pred/O'ex p are given in Table 4 along with cF  2 and 
are plotted in Figs. 3, 4, and 5. 2 Figures 3 to 5 each contain two figures which 
represent the lowest and highest ratio of predicted to experimental stress 
(Opted/Oexp). These exist because of the geometry correction term, M, in Eq 9 
which reflects the flaw severity at maximum depth and at the free surface. 
Predictions based on Eq 9 are depicted as solid symbols. For e/eys < 0.7, 
approaches based on LEFM are used and these results are depicted by open 
symbols. In every instance the predictions based on LEFM are higher than 
those based on Eq 9. 

In all instances except one in Fig. 3a (cF 2 = 1.70 mm) and two in Fig. 3b 
(cF 2 = 1.40 and 2.11 ram), where e/eys -> 0.7, LEFM-based calculations for 
the remaining specimens provide more satisfactory predictions than those 
based on Eq 9. Of these three, where e/ey s > 0.7, the ratio of Opred to O'ex p 
ranged from 0.7 to 0.9, which means that the predicted values are conserva- 

2Here cF 2 is a parameter used to quantify the severity of a surface flaw [9]. F is the combined 
net-section conversion, shape, and magnification factor for front and back face. F is related 
to t_he~metry correction term (M 2) [1] used in calculating K, for surface cracks (K~ = 
o,f(~a/Q)M) by F : M a',/-a~cQ(1 -- (Trac/Wt)). 
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TABLE 3--Predbted stress (Opted) for crack initiation. 

F ( ~  ") Oeng : O'pred 
k ays / ~t/eys (2) eeng 

Specimen 0 = 9 0  ~ ~b = 0  ~ 
Number r  ~ ~ = 90 ~ O = 0  ~ ~ b = 9 0  ~ q ~ = 0  ~ ~ = 9 0  ~ (MPa) (MPa) 

Tested at 200 K 

B-2 5.794 4.725 1.127 0.938 0.00273 0.00227 441.6 431.2 
7 2.381 1.099 0.506 0.105 0.00122 0.00025 251.8 51.8 
13 1.818 0.667 0.397 0.161 0.00096 0.00039 198.0 78.7 
27 2.433 3.616 0.516 0.738 0.00125 0.00179 258.1 369.2 
B-27 2.574 2.014 0.543 0.436 0.00132 0.00106 272.6 218.7 
B-32 1.447 0.946 0.324 0.221 0.00078 0.00054 160.8 111.1 
B-41 1.404 1.744 0.315 0.383 0.00076 0.00093 156.6 191.8 

Tested at 255 K 

14 3.605 1.393 0.736 0.313 0.00171 0.00073 347.1 148.4 
22 8.461 9.727 1.584 1.796 0.00368 0.00418 445.0 455.4 
30 4,765 7.656 0.945 1.448 0.00220 0.00336 417.4 441.6 
B-1 15.328 11.072 2.704 2.018 0.00629 0.00469 476.1 458.8 
B-14 24.466 30.344 4.118 4.998 0.00960 0.01166 496.8 507.2 
B-28 6.643 5.417 1.275 1.061 0.00296 0.00246 434.7 424.4 
B-31 4.394 2.595 0.879 0.547 0.00204 0.00127 414.0 257.4 
B-36 18.982 20.823 3.278 3.562 0.00763 0.00830 484.4 490.6 
B-39 5.103 6.039 1.006 1.170 0.00234 0.00272 470.9 447.8 
B-44 3.147 3.681 0.651 0.750 0.00151 0.00174 306.4 353.3 

Tested at 297 K 

3 26.494 20.727 4.424 3.547 0.01005 0.00805 458.5 478.2 
9 35.031 9.051 5.687 1.684 0.01294 0.00381 500.2 441.6 
10 34.128 8.942 5.555 1.665 0.01263 0.0037 498.9 438.8 
15 8.735 3.235 1.631 0.667 0.00369 0.00151 438.8 302.2 
18 61.491 71.775 9.434 10.842 0.02155 0.02481 523.7 530.6 
24 23.688 25.703 4.00 4.305 0.00908 0.00978 483.7 486.4 
32 10.956 15.615 1.999 2.750 0.00453 0.00623 4452.0 465.8 
B-4 9.749 4.886 1.799 0.967 0.00407 0.00219 448.5 414.7 
B-11 9.175 3.225 1.740 0.665 0.00394 0.00150 443.7 300.2 
B- 17 21.26 24.409 3.629 4.109 0.00824 0.00933 479.6 485.1 
B-18 16.532 21.558 2.894 3.675 0.00656 0.00834 469.2 480.2 
B-34 40.204 49.248 6.438 7.723 0.01466 0.01761 505.1 512.7 
B-42 6.97 8.098 1.331 1.523 0.00301 0.00345 427.8 438.2 
B-45 9.339 5.96 1.732 1.156 0.00392 0.00262 443.7 423.7 

e,/ey~ = 0 

I % / %  = 0.2321 F(o/Oys) 0"890s. 
t2)ey, = 2.42 X 10 -3 • 200 K. 

% = 2.32 • 10 -3 @ 255 K. 
ey, = 2.26 X 10 -3 @ 297 K. 
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TABLE 4--Comparison between Opred and Oexp for crack initiation. 

O'pred/Vex p cF2 (mm) ffpred (I) (MPa) 
Specimen Oex p 

No. (MPa) 0 = 0  ~ q~=90~ r 1 7 6  ~ = 9 0 0  0 = 0 ~  q ~ : 9 0 ~  

Tested at 200 K 

B-2 590.0 0.75 0.73 1.40 1.70 
7 362.9 0.69 0.14 2.67 5.79 
13 275.3 0.72 0.29 2.62 7.37 
27 408.5 0.63 0.90 3.15 2.11 
B-27 465.1 0.59 0.47 2.95 3.76 
B-32 409.2 0.39 0.27 4.32 6.60 
B-42 447.8 0.35 0.43 5.03 6.07 

Tested at 255 K 

14 316.7 1.10 0.47 2.87 7,44 .. 
22 505.1 0.88 0.90 1.93 1,68 .. 
30 529.9 0.79 0.83 3.25 2,03 .. 
B-I 623.1 0.76 0,74 1.09 1.50 .. 
B-14 621.7 0.80 0.82 0.69 0.56 
B-28 610.0 0.71 0.70 2.41 2.95 
B-31 381.6 1.08 0.67 3.20 5.44 
B-36 549.9 0.88 0.89 0.89 0.81 
B-39 469.2 0.90 0.91 3.12 2.64 
B-44 400.2 0.77 0.88 4.65 3.99 

Tested at 297 K 

3 449.2 1.09 1.06 1.40 1.78 .. 
9 481.6 1.04 0.92 0.94 3.63 .. 
10 489.9 1.02 0.90 0.96 3.66 .. 
15 362.2 1.21 0.83 2.72 7.34 .. 
18 502.3 1.04 1.06 0.64 0.53 .. 
24 529.2 0.91 0.92 1.58 1.45 .. 
32 533.4 0.85 0.87 3.20 2.26 .. 
B-4 462.3 0.97 0.90 2.97 5.94 .. 
B-I1 358.8 1.24 0.84 2.56 7.32 .. 
B-17 458.8 1.05 1.06 1.75 1.52 .. 
B-18 429.9 1.09 1.12 2.21 1.70 .. 
B-34 520.3 0.97 0.99 0.96 0.79 .. 
B-42 507.8 0.84 0.86 4.72 4.06 .. 
B-45 454.7 0.98 0.93 3.43 5.36 .. 

43313 23919 
391.9 233.2 
440.2 
494.7 43915 
372.6 301.5 
366.4 407.8 

400.2 

312.6 

433.3 

43119 

")Based on LEFM using Ref 1. 

t i r e .  I n  Fig .  4b ,  al l  t e n  s p e c i m e n s  h a d  e/ey, > 0 .7  a n d  t h e  r a t i o  O'pred/O'ex p 

r a n g e d  f r o m  0 .7  to  1 .1 .  T h e  r a t i o  of  1.1 i den t i f i e s  s o m e  n o n c o n s e r v a t i s m  in  

t h e  p r e d i c t e d  s t r e s ses .  

I n  al l  i n s t a n c e s  e x c e p t  two  (cF 2 = 7 .32  a n d  7 .34  m m ) ,  Fig.  5a h a d  e/ey~ > 

0 .7 .  O f  t h e  r e m a i n i n g  twelve,  t h e  r a t i o  of Oprea to  aexp r a n g e d  f r o m  0 .7  to  1.08.  

I n  Fig .  Sb ,  al l  f o u r t e e n  s p e c i m e n s  h a d  e/ey~ > 0 .7 ,  a n d  t h e  r a t i o  O'pred/Oex p 

r a n g e d  f r o m  0 , 8 5  t o  1.25.  T h o s e  r a t i o s  in  excess  of  1 .0  i den t i fy  n o n c o n s e r -  

va t ive ly  p r e d i c t e d  s t resses .  

Copyr igh t  by  ASTM In t ' l  ( a l l  r igh t s  rese rved) ;  Wed Dec  23  18 :28 :35  EST 2015
Downloaded /pr in ted  by
Univers i ty  o f  Washing ton  (Univers i ty  o f  Washing ton)  pursuan t  to  L icense  Agreement .  No  fur ther  reproduc t ions  au thor ized .



REUTER ON INITIATION OF CRACK GROWTH 6 5 5  

1.2 

1.0 

0.8 
CL 

0.6 "g3 

P 
CL 

0.4 

0.2 

200 ~ K (-73.15 ~ C; -99.67 ~ F) 

I I I 

p. 

=* 

* Denotes valid specimen per 
equation 11 

I I 
2.0 4.0 

cF 2 (mm) 

A 

I 
6.0 8.0 

~. 
x 

% 

1.6 

1 . 4  

1.2--  

1.0--  

0 .8 - -  

0 .6 - -  

0 .4 - -  

"0.2 - "  

0 

I l I 

Ill* 

13 

0 
I 

0 

* Denotes valid specimen per equat ion 11 

i I I 
2.0 4.0 6.0 

CF 2 (mm) 

8 . 0  

FIG. 2 3--Plot of %red/t~exp at 200 K versus cF.  (a) Lowest ratio of %~d/aexp. (b) Highest ratio of 
r / O'ex p , 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



656 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

1.4 

1.2 

1.0 

Q. 

o.8 

0.6 

0.4 

0.2 

I I I 

A ~ 
A *  �9 

A" 

* Denotes valid specimen per equation 11 

I I I 
2.0 4.0 6.0 

a cF 2 (mm) 

w 

8.0 

1.4 

1.2 

1 . 0  B 

m* 

0.4 

0 . 2 - -  

0 d - 

Q. 

0.8 

~o 
0.6 

I I I 

�9 m" 

m* 

* Denotes valid specimen per equation 11 

I I I 
2.0 4.0 6.0 8.0 

b cF 2 (mm) 

FIG. 4--Plot of O'pred/O-ex p at  255 K versus cF 2. (a) Lowest ratio of aped/Oexp. (b) Highest ratio of 
lYpred/f fexp-  

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



REUTER ON INITIATION OF CRACK GROWTH 657 

1.4 

1.2 

1.0 

~, 0.8- 

0.6-- 
d" 

0 . 4 -  

0 . 2 -  

I 1 i 

o I I I 
0 2.0 4.0 6.0 8.0 

a cF 2 (mm) 

1.4 

1.2 

1.0 ==I 'i'= 

~, 0.8 

"O 

0 . 6 -  

0 . 4 -  

0 . 2 -  

I 

�9 �9 

I I 

o I I I 
0 2.0 4.0 6.0 8.0 

b cF 2 (mm) 

FIG. S--Plot of O'pred/Oexp at 297 K versus cF 2. (a) Lowest ratio of Opted/Oexp. (b) Highest ratio of 
O'pred/(Tex p �9 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



658 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

An evaluation of Figs. 3 to 5 
Eq 9 (when e/eys > 0.7) shows: 

based on using LEFM (when •/ey s ~-~ 0.7) or 

Figure No. opera/O~p 

3a 0.7 to 1.1 
3b 0.75 to 1.15 
4a 0.7 to 1.15 
4b 0.7 to 1.1 
5a 0.8 to 1.1 
5b 0.85 to 1.25 

These ratios suggest that the use of Eq 9 will provide reasonably accurate 
predictions of conditions for crack initiation. 

The use of acoustic emission (AE) techniques to detect crack initiation is 
often suspect due to its being more of an art than a science. Therefore it is 
necessary to provide some verification that crack initiation has occurred. This 
verification has been done by stopping tests at various loads after crack initia- 
tion has been identified by AE, unloading and then using metallographic 
techniques. In all instances it was observed that crack initiation and growth 
had occurred. It is desirable for crack initiation as determined by AE to be 
actual crack initiation, but this is not necessary for the result to be useful. 
Crack initiation identified by AE is a function of the system sensitivity (e.g., 
set zero gain and catastrophic failure corresponds to crack initiation or set 
gain sufficient to detect plastic deformation and this becomes crack initia- 
tion). In the tests conducted to date the AE system gain, filtering, etc., have 
essentially been constant for a given test temperature and only minimally dif- 
ferent than for the other test temperatures. Therefore AE crack initiation cor- 
responds to a relatively consistent magnitude of crack growth. This provides 
the ability to detect trends between Opted and Oexp but might tend to distort 
quantitative comparisons. 

A potential source of error is the surface-flawed specimen's ability to satisfy 
conditions for plane strain and a J-controlled field. For elastic conditions, it is 
generally accepted that plane strain prevails when the ratio of plastic zone size 
(ry) to thickness (t) is less than 0.02. For general plasticity it is much more 
difficult to specify conditions for plane strain. Therefore for this paper the 
usefulness of the approach is based on satisfying conditions for a J-controlled 
field. 

It is expected that the requirement for a J-controlled field for crack initia- 
tion would fall somewhere between those given in Eqs 10 and 11: 

25 J 
t, b >_ _ for bending [10] (10) 

u 

200 J 
t , b  > > _ - -  tensile loading of center-cracked panel [10] (11) 
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If the specimen width (nominally 101.6 mm) is assumed to be the thick- 
ness, since the crack first penetrated the wall thickness before growing in the 
2c direction, all the test specimens satisfy both Eqs 10 and 11. The require- 
ments for b could only be satisfied for both the 6.4 and 12.7 mm thick speci- 
mens if Eq 10 is applicable. This is unlikely but substantial out-of-plane 
bending does occur due to the effect of the surface flaw, which suggests that 
Eq 10 could apply. Equation 11 is probably more applicable; one of the speci- 
mens tested at 200 K and four of the specimens at 255 K satisfy these require- 
ments, whereas none of the specimens tested at 297 K satisfy the require- 
ments. These requirements for b are summarized in Table 5. 

Figures 3 and 4 have a notation adjacent to those specimens satisfying 
Eq 11. It is obvious that the data obtained from valid specimens are within 
the general data scatter for all specimens. 

This leads to an observation that either the use of Eq 11 is substantially 
conservative in identifying conditions required to satisfy a J-controlled field 
or that the agreement between trpred and aex p is fortuitous. This latter possibil- 
ity raises an interesting question, not answered in this paper, regarding the 
usefulness of J~ for structures such as thin-walled pipe where attainment of a 
J-controlled field is not possible. If a J-controlled field is not attained, then 
the use of J~ to predict crack initiation for structures containing surface flaws 
is of questionable value. A similar observation can be made for using the tear- 
ing modulus to predict crack growth. 

Summary and Conclusions 

Equation 1 for calculating J for center-cracked panels has been modified 
based on suggestions by Paris for estimating J for specimens containing sur- 
face cracks. Equation 9 has been used, when e/%s > 0.7, in conjunction with 
Fig. 2b and Jic to calculate the predicted stress for crack initiation for rela- 
tively thin surface-flawed specimens tested at 200, 255 and 297 K. When 
e/eys -< 0.7, LEFM techniques were used to calculate apred. An evaluation of 
Figs. 3 to 5 based on using Eq 9 (when e/ey s > 0.7) shows the ratio Orpred/O'ex p t o  

range from 0.7 to 1.25. The ratios in excess of 1.0 identify nonconservatively 
predicted stresses. 

The specimen sizes were compared with requirements for satisfying J-con- 

TABLE 5--Requirements for b. 

b Based on 
Test 

Temperature, J~o ~, Eq 10, Eq 11, 
K kJ/m 2 MPa mm mm 

200 10.2 591 0.43 3.45 
255 18.6 548 0.84 6.81 
297 39.6 524 1.88 15.11 
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660 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

trolled fields and only a relatively few specimens were in conformance with 
Eq 11. However, the data obtained from valid specimens are within the gen- 
eral data scatter for all specimens. Therefore it appears as if the Paris modifi- 
cation to the center cracked equation is useful for predicting crack initiation 
for ASTM A-710 tested at temperatures corresponding to the lower region of 
the transition zone. 
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Comparison of Ductile Crack Growth 
Resistance of Austenitic, 
Niobium-Stabilized Austenitic, and 
Austeno-Ferritic Stainless Steels 

REFERENCE: Balladon, P. and Heritier, J., "Comparison of Ductile Crack Growth Re- 
sistance of Austenltle, Niobium-Stabilized Amtenltic, and Austeno-Ferritic Stainless 
Steels," Fracture Mechanics: Seventeenth Volume, ASTM STP 905, J. H. Underwood, 
R. Chait, C. W. Smith, D. P. Wilhem, W. A. Andrews, andJ. C. Newman, Eds., Ameri- 
can Society for Testing and Materials, Philadelphia, 1986, pp. 661-682. 

ABSTRACT: Fracture toughness and ductile crack growth properties are compared at 
room and elevated temperatures by using the J integral concept for three grades: (1) an 
austenitie stainless steel water-quenched from different temperatures, (2) a niobium-sta- 
bilized austenitic stainless steel containing niobium carbides and niobium carbonitrides 
in an austenitic matrix, and (3) an austeno-ferritie stainless steel that contains about 50% 
ferritic phase in an austenitic matrix and shows higher tensile properties compared with 
the two other grades. 

The J-R curves of the two austenitic grades are mainly dependent upon the inclusion 
content and the direction of the crack growth plane. Some results show the influence of 
residual stress level on J-R curves. 

The J~c and dJ/da values for the austeno-ferritic grade cannot be explained only by the 
roles of the inclusion content and the crack growth plane direction; a specific behavior of 
the ferritic phase in this duplex steel may decrease Jlc compared with the two austenitic 
grades. 

KEY WORDS: toughness, stainless steels, J-R curves, inclusions 

Nomenclature 

Aa Total crack extension (current value) 
Aaf Total crack extension (final value) 
Aae Crack extension without stretched zone (current 

value) 

~UNIREC, Groupe USINOR, Centre de Recherches d'Unieux, B. P. 34, 42701 Firminy Ce- 
dex, France. 
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Aaef Crack extension without stretched zone (final 
value) 

AV Potential drop (current value) 
AVi Potential drop at initiation 
AVf Potential drop (final value) 

AVer = A V e -  AVi Potential drop due to crack extension without 
stretched zone 

~i Load-line displacement (current value) 
~ Load-line displacement at initiation 
/~f Load-line displacement (final value) 

of = 1/2 (0.2% yield strength q- ultimate tensile strength) 
Conventional flow stress 

J J integral 
Ji J value at initiation determined by potential drop 
Jr J value at the end of the test (final value) 
P Load 

Austenitic and austeno-ferritic stainless steels are widely used in nuclear 
and chemical industries. Ductile tearing of these steels can occur from defects 
produced by fatigue crack growth, creep crack growth, stress corrosion crack- 
ing, or even defects pre-existing in the components. 

Ductile tearing properties of Types 304, 316, and 316L austenitic stainless 
steel at room and elevated temperature have been widely investigated [1-12]. 
Previous work has shown the great dependence of ductile tearing resistance of 
austenitic stainless steels on microstructure and particularly on inclusion con- 
tent and morphology with respect to crack orientation [9,12] as well as on 
monotonous and cyclic strain hardening effects [11]. 

The present work is a further investigation, using J-R curve methodology, 
of the influence of microstructure on the ductile crack growth resistance of 
stainless steels: namely grain size, presence of niobium carbides and carbo- 
nitrides, and presence of ferritic phase. 

Grain size is known to affect flow stress in austenitic stainless steels at room 
and elevated temperatures. Consequently, tearing properties may be influ- 
enced by large variations in grain size. 

Niobium carbides and carbo-nitrides may act as inclusions and therefore 
lower Jlc and dJ/da. 

Ferrite increases flow stress and decreases conventional ductility proper- 
ties. Consequently, lower values of Jxc and dJ/da than those obtained for aus- 
tenitic stainless steels can be expected. 

Three different steel grades were studied: 

1. An austenitic stainless steel (Type 316L) water-quenched from different 
temperatures with the aim of evaluating the influence of austenitic grain size. 

,2. A niobium-stabilized austenitic stainless steel (Type 347) containing 
niobium carbides and niobium carbonitrides in an austenitic matrix. 
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3. An austeno-ferritic stainless steel containing about 50% ferritic phase in 
an austenitie matrix. 

Experimental Program 

Materials 

The three steels studied were supplied as industrial products in the solu- 
tion-annealed condition. Tables 1 to 3 give, respectively, for each grade, the 
type of product, the chemical analysis and inclusion content, and the me- 
chanical properties at room temperature and 550~ (for Types 316L and 347 
steels). The austeno-ferritic steel, containing about 50% ferrite, is generally 
used only at low temperature (lower than 250~ so mechanical properties at 
high temperature are not given for this steel. To evaluate the influence of 
grain size on ductile tearing, samples of Type 316L steel have been heat 
treated at high temperatures between 1150 and 1300~ for 1.5 h and water 
quenched (WQ). Resulting grain sizes appear in Table 4, with estimated val- 
ues of flow stress at room temperature and 550~ This estimation is based on 
statistical analysis of mechanical properties of several heats of this kind of 
steel produced by Creusot-Loire [13]. 

Specimens 

Specimens used for J-R curve determination were modified compact ten- 
sion type of 25 mm thickness for Types 316L and 347 steels and 30 mm thick- 
ness for the austeno-ferritic steel. They were located at midthickness in the 
TL orientation for the 316L plate, in the LS orientation for the austeno-fer- 
ritic bar, and at midradius in the CR orientation for the 347 bar (TL, LS, and 
CR being crack plane orientation codes per ASTM Terminology Relating to 
Fracture Testing [E 616]). Specimens were 20% side-grooved after precrack- 
ing. Side-grooving was done following the recommendations given in Ref 14. 

Experimental Procedure 

Specimens were fatigue precracked in accordance with ASTM Test for Jt~, 
A Measure of Fracture Toughness (E 813). The J-R curves were determined 

TABLE 1--Products. 

Annealing 
Steel P roduc t  Temperature, ~ 

Type 316L austenitic 30-mm-thick plate 1070 
Type 347 austenitic ~ 250-mm bar 1070 
Austeno-ferritic ~ 110-ram bar 1150 
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TABLE 4--Influence of heat treatment on grain size and flow stress for  
Type 3161. steel. 

Grain Size, of at 20~ of at 550~ 
Heat Treatment #m MPa MPa 

As-annealed 60 420 287.5 
1150~ 1.5 h, WQ 90 410 270 
1200~ 1.5 h, WQ 250 397.5 255 
1250~ 1.5 h, WQ 350 394 249 
1300~ 1.5 h, WQ 500 390 241 

using both single specimen compliance and potential drop techniques. The 
single specimen compliance method has been described elsewhere [11]; this 
method was used for room temperature tests. 

The potential drop method uses an apparatus giving impulses of current of 
constant amplitude. The specimen is insulated from the testing machine and 
the clip gage. Both load-displacement and potential-displacement curves are 
recorded. Figure 1 shows the principle of the method. 

An example of the potential-displacement curves obtained for austenitic 
and austeno-ferritic steels is given in Fig. 2. One can see first a linear relation- 
ship between potential and displacement corresponding to blunting, then a 
deviation from the linearity. Crack growth initiation is assumed to take place 
at the onset of this deviation. This assumption has been verified by inter- 
rupted tests. A linear calibration curve between potential drop from this initi- 
ation point and the crack propagation (excluding the stretching zone) is as- 
sumed. 

This calibration curve is drawn for each test knowing the potential drop 
from the initiation point to the last point before unloading and the crack ex- 

Load 
1 

,. \ J 
specimen IT Pursed curren! 

FIG. 1--Principle of the potential drop method. 
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FIG. 2--Example of potential~displacement curve with corresponding load/displacement 
curve. 

tension measured on the fracture surface after heat tinting and fracture of the 
specimen. Crack extension excluding the stretched zone can be determined 
either by direct measurement of the stretched zone, or by the formula Aasz = 
Ji/4tyf,  assuming the blunting line equation equal to J = 4of. Aa. This blunt- 
ing line equation seems to be more realistic than J ---- 2 o f ' A a  for austenitic 
stainless steels, as discussed by several authors working on these materials 
[8-10]. Figure 3 describes the procedure used to determine the J-R curve by 
the potential drop method. Comparison of results obtained by both unloading 
compliance and potential drop methods at room temperature shows good 
agreement at room temperature (Fig. 4). From these results, potential drop 
was used at 550~ to determine J-R curves. 

Results 

J-Aa Tests 

The J-Aa tests were performed at room temperature and 550~ for Types 
316L and 347 steels and at room temperature only for the austeno-ferritic 
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FIG. 3--Procedure used to determine J-R curves by potential drop method. 

steel. The resulting J-R curves are shown in Figs. 5 and 6. Jic and dJ/da were 
determined following a modified procedure of ASTM E 813 using a blunting 
line equation equal t o J  = 4a~.Aa, which has been found to be a better ap- 
proximation of the experimental blunting line. J is estimated by the formula 
J = (A/BNbo)f(ao/W), where A is the area under the load displacement 
curve, BN is the net thickness, b0 the initial ligament size, a0 the initial crack 
length, andf(ao/W) the Merkle-Corten correction. 

The Jir and dJ/da values are given in Table 5. Results obtained for Type 
316L steel at room and elevated temperatures are not valid following the 
conditions of ASTM E 813 for the ligament size and specimen thickness. Nev- 
ertheless, test results can be used to compare the toughness levels of these 
materials. In addition, dimensional measurements made after testing on spe- 
cimens of heat-treated 316L steels, for room temperature tests, showed a light 
plastification of the arms of the specimens. This gives overestimated values of 
Ji~ at room temperature for specimens treated at 1150 and 1350~ No plasti- 
fication has been observed on as-annealed material, however, and it can be 
concluded that post-annealing treatments increase Ji~ values, even if these 
values are overestimated. 

Micrographic Examination 

Scanning electron microscopic examinations have been done on fracture 
surfaces in the stretched zone and in the crack extension zone. 
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TABLE 5--Jlc and dJ/da values. 

Test 
Temperature, Jlc, dJ/da, 

Steel Heat Treatment ~ kJ/m 2 MPa Observations 

Type 316L as-annealed 20 1660 580 not valid 
1150~ 1.S h, WQ 20 2040 520 not valid 
1300~ 1.5 h, WQ 20 2000 1000 not valid 
as-annealed 550 600 340 not valid 
1200~ 1.5 h, WQ 550 650 425 not valid 
1250~ 1.S h, WQ 550 870 600 not valid 

Type 347 as-annealed 20 440 420 valid 
as-annealed 550 240 210 valid 

Austeno- as-annealed 20 640 480 valid 
ferritic 

Type 316L Steel--Figure 7 compares stretched zones for as-annealed and 
1150~ treated materials at room temperature. Figure 8 shows the crack ex- 
tension zone for the same materials. Decohesions at inclusion-matrix inter- 
faces are seen in the stretched zone. Increasing grain size seems to have no 
marked influence on the stretched zone morphology. On the contrary, the 
crack extension zone shows larger dimples for the post-annealed material, 
with few regions of very small dimples. The same observation has been made 
for specimens treated at 1300~ Figure 9 gives an example of the fracture 
surface observed after testing at 550~ (specimen treated at 1200~ The 
main difference between 550~ and room temperature specimens is the ab- 
sence of very small dimples at 550~ 

Type 347 Steel--Figure 10 compares the stretched zone and the beginning 
of the crack extension zone for specimens tested at 20 and 5S0~ Fracture 
aspect is the same at room and elevated temperatures. Decohesions are initi- 
ated at interface between matrix and niobium carbonitrides. The finer array 
of equiaxed dimples observed on the fractography of the specimen tested at 
550~ is not statistically significant. 

Fracture occurs first by coalescence between these decohesions with rather 
low plastic deformation due to the high density of carbonitrides, secondly by 
tearing of the ligaments remaining between the coalesced decohesions, giving 
rise to a very small dimpled structure. 

Figure 11 shows at higher magnification cracks and dimples initiated on 
niobium carbonitrides. 

Austeno-Ferritic Steel--Figure 12 gives an example of fracture surface ob- 
served near the stretched zone and at higher magnification in the crack exten- 
sion zone. Besides the large dimpled structure already observed in Type 316L 
steel, which has been analyzed by X-ray (energy dispersive) as being the aus- 
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FIG. 7--Stretched zones for  Type 316L steel at room temperature. 
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FIG. 8--Crack extension zones for Type 316L steel at room temperature. 
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FIG. 9--Stretched and crack extension zones for  Type 316I. steel at 550~ 
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FIG. lO--Stretched zones and crack extension zones for Type 347 steel at room temperature 
and 550~ 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



BALLADON AND HERITIER ON DUCTILE CRACK GROWTH 677 

FIG. l l--Cracks and dimples initiated on niobium earbonitrides. 
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FIG. 12--Stretched and crack extension zones for austeno-ferritic steel. 
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tenitic phase, small dimpled structures with rather flat surfaces can be seen. 
These regions have been analyzed as being the ferritic phase. 

Discussion 

Influence of Grain Size 

At room temperature, the influence of grain size on ductile tearing proper- 
ties of Type 316L steel is not clear. If we consider post-annealing treatments 
at 1150 and 1300~ giving respectively grain sizes of 90 and 500 #m, no dif- 
ference can be seen in Jxc values, but dJ/da increases 100% when grain size 
increases from 90 to 500 #m. This influence can be related to the observation 
of a greater amount of small dimpled regions on fracture surfaces due to final 
tearing of ligaments between large dimpled regions. Comparison of results 
obtained on the as-annealed and the post-annealed at 1150~ materials, with 
grain sizes of respectively 60 and 90 #m, shows that Jic is increased a~out 20% 
between as-annealed and post-annealed material, but that dJ/da is not influ- 
enced. Microfractographic examinations do not show any difference between 
the two materials. This increase in J~c cannot be related to the small increase 
in grain size, and it can be assumed that other factors (for example, residual 
stresses in industrial annealed plates) may influence J~. This assumption 
must be verified by further investigations. However, J-R curves obtained at 
room temperature for this steel are well in the experimental scatter band ob- 
tained with different low inclusion content Type 316L steels [12] (Fig. 13). At 
550~ both Jl~ and dJ/da increase with increasing grain size. 

General improvement in ductile tearing properties observed at room tem- 
perature and 550~ by coarsening grain size is not in opposition with results 
obtained by tensile tests and Charpy U-notch tests on this kind of steel. 
Coarsening grain size affects tensile properties by lowering 0.2% yield 
strength and ultimate tensile strength and increasing total elongation to rup- 
ture and reduction of area. At the same time, Charpy U-notch properties are 
improved by lowering 0.2% yield strength and ultimate tensile strength [13]. 

Influence of Niobium Carbonitride 

Results obtained on Type 347 steel show that niobium carbonitrides act as 
oxide and sulfur inclusions on Type 316L steel and are the main factor re- 
sponsible for the lower ductile tearing properties compared with 315L steel 
with low inclusion content. The J-R curve obtained at room temperature for 
this steel is well in the experimental scatter band obtained with different high 
inclusion content Type 316L steels [12] (Fig. !3). The same trend is observed 
at 550~ 
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Influence of Ferritic Phase 

The J-R curve obtained on the austeno-ferritic steel can be compared with 
those obtained on different high inclusion content Type 316L steels (Fig. 13). 
Microfractographic examinations show that the fracture mode of the ferritic 
phase is quite different from that of the austenitic phase. The ferritic phase 
acts as a lower ductile tearing resistant phase. Ferrite thus plays a specific 
detrimental role in initiation of ductile crack growth; this leads to quite a 
lower level of Jlc compared with a 316L grade (decrease of about 70%) for a 
similar inclusion number. 

These results are in good agreement with other ductile properties such as 
total elongation to rupture and reduction of area in tensile tests, and Charpy 
U-notch properties, compared with those of Type 316L steel. 

Influence of Test Temperature 

As has been shown in Ref 9, ductile crack growth resistance is much lower 
at 550~ than at room temperature. This lowering is relatively more impor- 
tant for very high toughness materials such as Type 316L steel than for lower 
toughness materials such as Type 347 steel. No clear evidence of different 
mechanisms can be seen from microfractographic examinations, except the 
lack of small dimpled regions related to tearing of ligaments between decohe- 
sions at the matrix/inclusion interface. However, these results are in agree- 
ment with the lower tensile properties, both flow stress and ductility, observed 
at 550~ 

Summary and Conclusions  

1. Values of Jtc and dJ/da for low sulfur content niobium-stabilized Type 
347 steel are much lower than those obtained for low sulfur content Type 
316L steel. The J-R curve for Type 347 is in the experimental scatter band of 
J-R curves for high inclusion content Type 316L. This result shows that car- 
bides, nitrides, and carbonitrides of nobium in Type 347 act as other inclu- 
sions (oxides and sulfurs) in Type 316L. 

2. In spite of its low inclusion content, the austeno-ferritic grade presents 
values of Jic and dJ/da close to those observed for high inclusion content Type 
316L. This result indicates that the ferritic phase has a specific role in the 
duplex 50%-50% structure. 

3. For the austenitic 316L grade, the increase of J it (about 20%) at room 
temperature by post-annealing cannot only be explained by the small increase 
of grain size (60 to 90/~m). 
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ABSTRACT: Cracks in 4340 steel, 1018 steel, and 6061 aluminum specimens were loaded 
by short pulses of various amplitudes and durations of about 20 to 80 Ixs to generate exper- 
imental results of critical stress amplitudes for crack instability. Stress intensity histories 
experienced by the cracks at instability were calculated by a finite element method. The 
results showed that it is necessary to introduce time effect into the instability criterion, 
such as in the minimum time theory proposed by one of the authors. Correlation between 
the minimum times obtained for the three materials and their mechanical properties was 
discussed to clarify the physical meaning of the minimum time. The experimental results 
showed that the minimum time becomes long for the ductile material. 

KEY WORDS: dynamic crack instability, stress wave loading, fracture criteria, stress 
intensity histories, minimum time 

Crack instability can be predicted by static linear elastic fracture mechan- 
ics concepts when a crack is loaded at a quasi-static loading rate and plastic 
deformation is limited in a small region at the crack tip so that the plane 
strain conditions are dominant throughout the specimen thickness. In such a 
situation, the crack begins to propagate in an unstable manner when the ap- 
plied stress intensity equals or exceeds the fracture toughness value of the 
material. However, for rapid loading in which the stress field near the crack is 
significantly affected by the inertia, we lack reliable crack instability criteria 
and experimental results. One good example used for rapid loading is the 
impinging of stress waves upon a crack. 

There are limited experimental data available on crack instability under 
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2SRI International, Menlo Park, CA 94025. 
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stress wave loading [1-3]. Achenbach and Brock [4] postulated that a crack 
begins to propagate immediately when the dynamic stress intensity equals or 
exceeds the critical value. Lehnigk [5] assumed that a crack impinged by a 
square stress wave pulse becomes unstable when the crack tip opening dis- 
placement (CTOD) increases to a Certain critical value. Since the dynamic 
stress and the displacement fields near the crack tip in a linear elastic media 
are expressed by equations using dynamic stress intensity similar to corre- 
sponding static equations [6], the CTOD criterion is equivalent to the stress 
intensity criterion as well as in the case of the quasi-static loading. 

On the other hand, Kalthoff and Shockey [7] showed that experimental 
data of crack instability in epoxy plate by short tensile stress pulses could not 
be explained by the criteria described above. They proposed a minimum time 
criterion (i.e., that a crack becomes unstable when the dynamic stress inten- 
sity at the crack tip exceeds a critical value during a certain time defined as 
the minimum time) and explained the experimental results of the crack insta- 
bility by that criterion. Homma et al [8] found that a crack in 4340 steel hard- 
ened to HRC 50 necessitated a 7 ItS overshooting of the dynamic stress inten- 
sity from the critical value to be initiated. 

The aim of this work is to clarify the applicability of the minimum time 
criterion for materials other than 4340 steel and to examine the material de- 
pendence of the obtained minimum time. In this paper the dependence of the 
minimum time on the material will be discussed in association with dynamic 
elasto-plastic stress histories at the crack tip in the materials. 

Experimental Procedure 

Materials and Specimens 

Two kinds of materials, 1018 cold-rolled steel and 6061-T651 aluminum, 
were prepared for the experiments. Yield strength and static fracture tough- 
ness were 700 MPa and 56 MPa,vrm for 1018 steel and 300 MPa and 26 
MPa~rm for 6061 aluminum. Single-edge-notched specimens and a loading 
device identical to those used in previous experiments [8] were used in the 
experiments for the crack instability under a 80 Its duration pulse. A sinusoi- 
dal tensile stress pulse impinging on the crack was generated by the loading 
device. A new loading device was constructed to produce dynamic stress in- 
tensity histories with about a 20 Ixs duration in the specimens. The specimen 
geometry is shown in Fig. 1; the specimen is much smaller than that used 
previously. Edge notches were introduced into each specimen in the middle 
section by a saw. A fatigue crack was initiated from each notch root and 
grown to at least 3 mm by cyclic loading at a maximum stress intensity factor 
less than 18 MPa,fm. The total depth of the notch and the fatigue crack was 
between 40 and 80% of the specimen width. 
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50 

t=9.5 

0 

FIG. 1--Specimen geometry. 

Dynamic Loading Device 

The new loading device is shown in Fig. 2. This consists of a launching 
device, load transfer rod, and bend fixture. A specimen was placed between 
the rod and the fixture. The launching device consists of a cylindrical barrel, 
2000 mm long by 20 mm inner diameter, a reservoir for nitrogen gas, and a 
solenoid valve. A projectile, 20 mm long by 20 mm diameter, was positioned 
at the end of the barrel, and the reservoir was filled with nitrogen gas to the 
desired pressure. The projectile was launched by opening the solenoid valve 
between the barrel and the reservoir. The pressurized gas flew into the barrel 
at high speed and pushed the projectile to accelerate it against the load trans- 
fer rod. Impact velocity was controlled by the amount of gas pressure. 

A strain gage was mounted on the midway position in the longitudinal di- 
rection of the load transfer rod to measure stress waves traveling towards the 
specimen after the collision of the projectile and returning from the interface 
between the rod and the specimen. 

Results 

Critical Amplitudes for Crack Instability 

The method to determine the critical tensile pulse for the crack instability is 
the same as that used in a previous experiment [8]. The impact velocity of the 
projectile was gradually increased shot by shot. After each impact, the initial 

INLET OF 
RESERVOIR PROJECTILE 

VALVE A_ 

LOAD TRANSFER ROD SPECIME,~N I 

STRAI, ~ /--1 
FIXTURE(LEAD) 

FIG. 2--Loading device. 
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fatigue crack tip was replicated with plastic tape, and the replica was exam- 
ined at • 400 with an optical microscope to determine whether the crack had 
grown. A similar method was used to determine the critical magnitude of the 
impact bending load in the test described above. 

Figures 3a and 3b show the experimental results on the two materials under 
80 IlS pulses and the results under 40 ~ts pulses obtained in the previous work 
[8]. Open circles indicate that no crack growth was observed; solid circles 
indicate crack instability. In all three materials, the critical pulse amplitudes 
with 40 and 80 ~ts durations decreased with increase of the crack length. On 
the other hand, the critical pulse amplitude with 20 ~ts duration for 4340 steel 
was independent of the crack length within the range investigated [8]. Results 
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FIG. 3b--Critical amplitude of stress pulse for crack instability as a function of initial crack 
length for 6061 aluminum. 

of the crack instability under 18 ~s impact bending loads for 1018 steel were 
obtained in this experiment, but the results for 6061 aluminum could not be 
obtained due to insufficient capacity of the loading device. Since the crack tip 
stress intensity history was calculated not by the critical bending load but by 
the strain history measured by a strain gage mounted near the crack tip, the 
experimental results of the bending load are not shown here. 

Critical Stress  In tens i t y  Histories  

The crack tip stress intensity histories experienced by the cracks in the 
crack instability experiments shown in Figs. 3a and 3b were calculated to con- 
sider the results in light of dynamic fracture mechanics. Since the finite ele- 
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ment code used in the calculation had been developed by one of the present 
authors and was explained in a previous paper [8], it is described briefly here. 
In the code, constant strain triangle elements were used and the Newmark 
technique in the finite difference method was utilized to solve the differential 
equation in respect to time. Dynamic stress intensity was calculated from the 
) integral proposed by Kishimoto et al [9]. 

Critical dynamic stress intensity histories for 1018 steel under the three du- 
rations are shown in Fig. 4. The history under the 18 microsecond bending 
load was one calculated from the measured strain history based on the stress 
intensity-strain near the crack tip-diagram calibrated under the static load. It 
is seen that the maximum values of stress intensity decreases with increase of 
the pulse duration. 

Critical Stress Intensity and Minimum Time 

Figure 5 plots the maximum values of the critical stress intensity as a func- 
tion of the initial crack length for two materials and three durations. The 
values for a/w of 0.7 under 18 ~ts duration and for a/w of 0.2 under 40 Its 
duration are quite higher than the other results under each duration. De- 
tailed examination of the strain histories measured by the strain gage 
mounted near the crack tip showed that the duration of the strain histories for 
a/w of 0.7 was about 13 Its, while the duration for the other a/w was about 18 
Ixs. It may be that the higher value for a/w of 0.7 resulted from the decrease in 
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FIG. 5--Maximum value of  critical stress intensity history as a function of  initial crack length. 

the duration of stress intensity history. On the other hand, there is no reason 
to be found for the results under the 40 ~s duration. If the maximum values 
shown in Fig. 5 are taken as the dynamic fracture toughness values for the 
materials, that  of 1018 steel decreases with increase of the pulse duration. 
The results for 6061 aluminum are too few for us to examine the dependence 
on the pulse duration. 

Kalthoff and Shockey [7] proposed the minimum time criterion that a 
crack starts to propagate in an unstable manner  when dynamic stress inten- 
sity exceeds a critical value for a certain time, called the minimum time. If the 
minimum time is postulated as a given time for a given material, the critical 
stress intensity value is calculated from the critical stress intensity history as 
shown in Fig. 4. The critical stress intensity values were obtained for several 
minimum times assumed as the trial. Those for the tested crack lengths and 
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stress pulse durations deviated in the most narrow width for a certain time. 
The standard deviations of those values were 0.73 MPan/m and 0.19 M P a ~  
for 1018 steel and 6061 aluminum respectively. The dynamic fracture tough- 
ness value was determined as the average of those values and that time was 
taken as the minimum time. They were 29.7 MPax/m and 11 ~ts for 1018 steel 
and 25.2 MPa~/m and 9 ~ts for 6061 aluminum. Homma et al [8] indicated 
that for hardened 4340 steel, the minimum time and the dynamic fracture 
toughness were 7 ~ts and 31.7 MPa~fm. The dynamic fracture toughness val- 
ues for the tested materials are shown in Fig. 6. 

Elasto-Plastic Stress History near the Crack Tip 

For one-dimensional elasto-plastic stress wave propagation in materials 
possessing the bilinear tensile stress-tensile strain relation, the plastic stress 
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wave runs after the elastic stress wave at the velocity of C ~ ,  where C is the 
plastic modulus and 19 is the density, less than the elastic stress wave velocity 
[10]. Therefore the dynamic plastic deformation in the vicinity of the crack tip 
loaded 'by the stress pulse will develop later than the anticipated time based 
on quasi-static consideration from the elastic stress analysis results. 

In order to examine the difference between the elastic and the elasto-plastic 
stress histories near the crack tip, dynamic stress analysis was carried out by 
finite element methods using constant strain triangular mesh. The constitu- 
tion equation of the material was assumed by a linear elastic power law plastic 
strain hardening and the deformation theory was used for the plastic flow. 
The initial stress method was used for solution of the nonlinear problem by 
the finite element method. The specimen, 88.9 mm wide, 914.4 mm long, and 
9 mm thick, with a single-edge-crack in the midsection, was loaded by the 
pressure on the crack surface. This loading and the specimen geometry corre- 
spond to those for the results under 40 and 80 ~ts duration stress pulses for 
three materials and for the results of 4340 steel under 20 Ixs duration stress 
pulses. The crack length was 60% of the specimen width, and the pressure 
applied to the crack varied with time as 

o=loo[l + sinl~o (t- 9)ll (1) 

where Oo is amplitude of the pressure, To is time length at half of the ampli- 
tude (defined as the duration of the pulse in this paper), and t is time. The 
plastic zone size was estimated for the crack loaded by the critical stress pulse 
using the quasi-static formula 

( 1 - - 2 v ) 2  ( K )  2 

- ( 2 )  

The size was 0.05 mm for 1018 steel and 0.2 mm for 6061 aluminum. Since 
very fine meshes are necessary to carry out the elasto-plastic stress analysis for 
the specimen in which the crack initiation took place, it is difficult to obtain 
reliable and stable numerical results by the finite element method. Therefore, 
in the calculation, the yield strength was reduced to about one half or one 
fourth of the actual yield strength, and the dependence of the elasto-plastic 
stress history on the yield strength was examined qualitatively. Mechanical 
properties of the materials used in the analysis are shown in Table 1. 

Five kinds of materials are considered in the calculation. Steel 1 and Steel 2 
have the same mechanical properties except the plastic modulus C and the 
strain hardening exponent n. The yield strength of Steel 3 is about one half of 
that of Steel 2. Although Steel 4 has the same yield strength as that of Steel 3, 
it behaves as a harder material than the latter. If Steel 3 were to be regarded 
as 1018 steel, then Steel 1 would correspond to 4340 steel. 
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TABLE 1--Mechanical  properties of  test materials." 

Material Steel 1 Steel 2 Steel 3 Steel 4 Aluminum 

Young's  modulus,  GPa 206 206 206 206 72.5 
Poissons' ratio 0.3 0.3 0.3 0.3 0.3 
Density, kg/mm 3 7.9 X 103 7.9 X 103 7.9 • 103 7.9 X 103 2.8 )< 103 
Yield strength, MPa 294 294 196 196 196 
Plastic modulus,  MPa 1176 196 196 1960 316 
Strain hardening exponent 0.2 1.0 1.0 0.2 0.126 
Oep/Oe 0.86 0.85 0.63 0.97 0.84 

ITo = 18 #s 2.5 2.5 5.0 0.0 
Time lag To = 40 Izr 2.5 2.5 . . . . . .  510 

"~ = C(A + ~p)" = constitution equation for plastic deformation. 

Figure 7 compares the stress histories at the crack tip mesh for Steels I and 
2 under the stress pulse of To = 40 ~ts with that obtained by elastic analysis 
for these steels. Before plastic deformation takes place at the crack tip, the 
stress-time curves for these materials coincide with the elastic analysis result. 
After yielding occurs at the crack tip mesh, the stress by elasto-plastic analy- 
sis increases at a lower rate and reaches the peak later than that by the elastic 
analysis. The time lag of the elasto-plastic stress histories must result from the 
slowness of the plastic stress wave propagation as mentioned above. The time 
lags for the five materials are listed in the bottom row of Table 1. It is seen 
that the time lag depends on the yield strength and the strain hardening prop- 
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sure with 40 #s duration. 
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erties. The ratio of peak stress obtained by elastic analysis to peak stress ob- 
tained by elasto-plastic analysis is considered to be a factor representing the 
strain hardening properties. High ratio means high strain hardening prop- 
erty. The ratios are also indicated in the seventh row from the top of Table 1. 
The time lag decreases with increase of the ratio. 

Discussion 

Crack instability is brought about by fracture of the material ahead of the 
crack tip. The fracture criterion depends on microscopic fracture mecha- 
nisms such as cleavage, dimple, and intergranular cracking. In any fracture 
mechanism, however, the fracture criterion may be related to the elasto-plas- 
tic stress at the crack tip. In order to examine the obtained minimum times 
for the tested materials, it is simply postulated that the crack instability oc- 
curs when the stress at the crack tip exceeds a certain value. 

As mentioned in the previous section, the dynamic elasto-plastic stress his- 
tories at the crack tip are delayed in comparison with those obtained by the 
elastic analysis. Therefore, even if the dynamic stress intensity equals the 
quasi-static fracture toughness value for loading rate-insensitive materials, 
the crack does not start to propagate until the elasto-plastic stress at the crack 
tip exceeds the critical value. In other words, if the dynamic stress intensity 
immediately decreases just after it reaches the fracture toughness value, the 
crack remains restful because the stress at the crack tip does not reach the 
critical value. 

Minimum time determined experimentally in this paper will be related to 
the time lag of the elasto-plastic stress history at the crack tip. The FEM dy- 
namic elasto-plastic stress analysis carried out in this paper can allow us only 
to qualitatively consider that relationship. The calculation results indicate 
that the time lag of the elasto-plastic stress history decreases with increase of 
the strain hardening. It coincides with the fact that the minimum time of 4340 
steel is the shortest of the three tested materials. The minimum time of 6061 
aluminum is shorter than that of 1018 steel. The ductility of 6061-T651 is 
about 10% for the elongation while that of 1018 is about 30%, and the differ- 
ence between the tensile strength and yield strength is about 50 MPa for 6061- 
T651 and around 100 MPa for 1018 steel. Therefore the ratio of the strength 
difference to the ductility is larger in 6061 aluminum than in 1018 steel; thus 
6061 aluminum has a higher strain hardening property than 1018 steel. This 
corresponds to the fact that the minimum time of the former is shorter than 
that of the latter. 

We conclude that the minimum time is qualitatively related to the develop- 
ment of the dynamic elasto-plastic stress at the crack tip. When we discuss 
quantitatively the minimum time, we must take into account the relation be- 
tween the microscopic fracture mechanism and the crack tip plasticity. 
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Conclusions 

The following conclusions are drawn f rom tests on metallic materials such 
as hardened 4340 steel, cold-rolled 1018 steel, and 6061-T651 a luminum: 

1. If  a crack is loaded by a very short stress pulse so that  the crack experi- 
ences the dynamic stress intensity history in less than  20 ~ts, a much greater 
dynamic stress intensity than that  generated by the longer stress pulse (e.g., a 
40-~ts pulse) is necessary to cause crack initiation. 

2. The  min imum  time criterion has been successfully applied to explain 
change of m a x i m u m  dynamic stress intensity with stress pulse duration; mini- 
m u m  times were 7 ~ts for 4340 steel, 11 kts for 1018 steel, and 9 ~ts for 6061 
a luminum.  

3. Min imum time has been discussed in association with elasto-plastic 
stress histories at the crack tip and has been qualitatively related to the time 
lag for the development of the dynamic elasto-plastic stress at the crack tip in 
comparison with the stress obtained by the elastic analysis. 
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J. H. Giovanola I (written discuss ion)--The authors assume that  the mini- 
m u m  time fracture  theory is required to predict crack instability in structural 
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alloys loaded by stress pulses of durations less than 40 ~ts. Then, on the basis 
of experimental and analytical data reported in the paper and in Ref 1, they 
postulate that the minimum time during which the crack must be loaded 
above the fracture toughness level can be interpreted as the time necessary to 
expand the plastic zone at the tip of the crack. The concept of a minimum 
time for dynamic crack initiation and the proposed interpretation of the mini- 
mum time are appealing. The reported experimental evidence, however, does 
not convincingly support the conclusions drawn by the authors. 

Although a minimum time to fracture can be obtained from the data in the 
present paper and in Ref 1, the minimum time fracture criterion may not be 
the only criterion for explaining these experimental results. One can argue, 
for instance, that the fracture data could also be satisfactorily explained in 
terms of the simple criterion 

(uIdYn)max : Kid 

(where K dy" is the applied stress intensity factor) once the scatter in the experi- 
mental data is considered. 

Further, in fracture experiments, 1018 steel and 6061 aluminum exhibit 
rather large plastic zones. Therefore it is questionable whether the elastic 
stress intensity factor concept can be used to analyze the fracture data for 
these materials. The results of the finite element calculation presented in the 
paper may indicate the need for an elastic-plastic fracture analysis, rather 
than an interpretation of the minimum time. 

A final remark pertains to the definition of the point of dynamic crack initi- 
ation. The authors measured the initiation toughness using the stress inten- 
sity required to extend the crack 20 to 50 ~tm. Their values for 4340 and 1018 
steel are much smaller (about one half) than dynamic toughness values re- 
ported in the literature for these materials under comparable test conditions 
[2-4]. However, in Ref 2 to 4, critical stress intensity for crack initiation was 
determined from strain gage measurements, which require a greater amount 
of crack extension (on the order of 500 Ixm) to indicate a discontinuity in the 
record. This may explain the difference in the measured fracture toughness 
values. Some operational definition of the point of crack initiation should be 
agreed upon for measuring dynamic fracture toughness values to allow valid 
comparisons of experimental data. A definition consistent with the procedure 
of ASTM E 399 would be desirable because it would allow comparison of 
quasi-static and dynamic toughness values. 

H. Homma et al (authors' closure)--As pointed out, experimental Kmax 
data for 1018 steel (Fig. 5) were widely scattered, but the reason why the 
result for a/w of 0.7 under 18 Ixs stress pulse was higher than those for other 
a/w was described in the paper. Since the amount of data is small, it is diffi- 
cult to draw the conclusion that the Km,x value for 1018 steel increases with 
decrease of stress pulse duration from only Fig. 5. Statistical analysis of the 
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experimental data will give us a rather convincing argument in one sense. A 
statistical test was carried out to examine whether there is a significant differ- 
ence among the mean values of g m a  x for the three stress pulse durations. It 
was deduced with 90% reliability from the test that the mean value of Kmax 
for 18 IXS duration significantly differs from the mean values for the other 
durations. Therefore, even if the scatter in the experimental data is consid- 
ered, the pointed simple criterion can not be applied to explain the fracture 
data shown in Fig. 5. 

The plastic zone sizes at the crack initiation roughly estimated from quasi- 
static formula were about 0.05 mm for 1018 steel and 0.2 mm for 6061 alumi- 
num as described in the paper. These sizes satisfied by a wide margin the 
requirement for small-scale yielding. Therefore the elastic stress intensity 
concept is applicable. The computational results in the paper indicate the 
need for an elastic-plastic stress analysis to understand the dynamic fracture 
problems even if small-scale yielding conditions appear near the crack tip. 

As pointed out, the discrepancy between the dynamic fracture toughness 
values was brought about by the method of detecting crack initiation. How- 
ever, fracture toughness for 6061 aluminum determined by the present 
method almost agreed with the static plane strain fracture toughness because 
this material is loading rate insensitive. Also, dynamic fracture toughness of 
A533B steel obtained by the present method fell on an extrapolated line of the 
fracture-toughness/loading-rate curve in Ref 5. To conclude, the authors be- 
lieve that the present method for dynamic fracture toughness determination is 
quite reasonable. 

Discussion References 

[l] Homma, H., Shockey, D. A., and Murayama, Y., Journal of the Mechanics and Physics of 
Solids, Vol. 31, 1983, pp. 261-279. 

[2] Giovanola, J. H., this publication, pp. 307-328. 
[3] Costin, L. S., Journal of Engineering Materials and Technology, Vol. 101, 1979, pp. 258- 

264. 
[4] Costin, L. S., Duffy, J., and Freund, L. B. in Fast Fracture and Crack Arrest, ASTM STP 

627, G. T. Hahn and M. F. Kanninen, Eds., American Society for Testing and Materials, 
1977, pp. 301-318. 

[5] Homma, H., Watanabe, N., and Nakazawa, H. in Proceedings, 5th European Conference 
on Fracture, Lisbon, Vol. I, 1984, p. 241. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



A. Shuk la  1 and S. A n a n d  I 

Dynamic Crack Propagation and 
Branching under Biaxial Loading 

REFERENCE: Shukla, A. and Anand, S., "Dynamic Crack Propagation and Branching 
under Biaxlal Loading," Fracture Mechanics: Seventeenth Volume, ASTM STP 905, 
J. H. Underwood, R. Chair, C. W. Smith, D. P. Wilhem, W. A. Andrews, and J. C. 
Newman, Eds., American Society for Testing and Materials, Philadelphia, 1986, pp. 
697-714. 

ABSTRACT: A photoelastic study of highspeed crack propagation and crack branching 
is conducted under biaxial loading conditions. Cross-type specimens fabricated from Ho- 
malite 100 are loaded in a specially designed loading fixture where loads parallel and 
perpendicular to the crack can be controlled independently. The experimental data ob- 
tained are analyzed using dynamic stress field equations and multiple points to obtain the 
instantaneous stress intensity factor K, the stress field parallel to the crack Oox, the crack 
velocity ~, the branching stress intensity factor Kbr, and the branching angle 0. The 
results indicate a strong influence of the sign as well as the magnitude of Oox on both crack 
propagation and branching. 

KEY WORDS: stress intensity factor, dynamic photoelasticity, crack branching, stress 
parallel to crack, Homalite 100 

Dynamic  f rac ture  studies have received cons iderable  a t tent ion  in the  pas t  
20 years.  Several invest igators  [1-6] have t r ied  to character ize  dynamic  frac- 
ture  in t e rms  of the  ins tan taneous  value of the  stress intensi ty factor  K(t )  and  
crack  velocity t~. Resul ts  ob ta ined  to da te  indicate  tha t  the crack arrests  when 
K( t )  < Kin,  where K~A is a toughness  dependen t  upon the mater ia l  and  tem- 
pera tu re .  

Several  s tudies  of c rack  b ranch ing  have also been repor ted  in the l i te ra ture  
[ 7-16]. These s tudies  have deal t  p r imar i ly  with the value of the s t ra in  energy 
release ra te  at  the  ins tant  of b ranch ing ,  the b ranch ing  angle,  and  the branch-  
ing velocity.  A l t h o u g h  some progress  has  been  made ,  the  p red ic t ion  of 
b r anch ing  is not  poss ible  and  the p rob l em has  not  been fo rmula ted  in suffi- 
cient detai l  to pe rmi t  its solut ion.  
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698 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

There is disagreement in the literature about the possible existence of a 
branching strain energy release rate and the branching velocity as a material 
property independent of the size and shape of the fracture test specimen. Ex- 
periments performed by Irwin et al [2] and by Kobayashi et al [8] indicate 
that neither the branching stress intensity factor nor the branching strain en- 
ergy release rate are unique material properties. Their results, however, are in 
contradiction to those obtained by Congleton and Petch [12] and Doll [16]. 
Recently Ramulu and Kobayashi [17,18] have proposed a dynamic branching 
criterion based on the value of K and a critical distance re. This is the first 
time a criterion has been proposed which includes higher order terms, since rc 
depends on the stress field parallel to the crack, Oox. However, the criterion 
does not take into account the sign of Oox since both rc and branching angle a 
depend on (oox/ K)  2. 

This study deals with high speed crack propagation and branching in a 
brittle polyester material, Homalite 100, under biaxial loading conditions. 
The magnitude and sign of Oox were systematically varied in a series of experi- 
ments and their effect on crack propagation and branching studied. Cross- 
type specimens were subjected to three kinds of loading, namely, uniaxial, 
biaxial tensile-compressive, and biaxial tensile-tensile. The nonsingular 
stress field coefficient Oo~ was controlled by varying the load parallel to the 
crack. Experimental results showed that K and Oo~ varied systematically as 
the crack propagated through the specimen. The stress intensity factor at 
branching did not show much variation, whereas the branching angle varied 
from 24 to 73 ~ as aox was changed from negative to highly positive values. 

Dynamic Stress Field Representation 

Irwin [19] has shown that, for a crack tip stress pattern translating in the 
positive x-direction at a fixed speed, the dilatation, A, and rotation, o~, can be 
expressed as 

Ou Ov 
A = ~ + -2-- =- a ( l  -- X~) Re F, (z,) 

oy 

O) 
Ov Ou 

Ox Oy 
- -  -- B(1 -- X2 z) Im 1"2 (22) 

(1) 

where XI, )x2, z~, and z2 are as defined in Fig. 1. Using Hooke's Law: 

O~x = # [ A (1 + 2)~12 -- X~)ReF1 -- 2BX2ReF2] 
Oyy = # [ - -A (1 + X~)ReFI + 2B)~2ReF2] 
r~y = # [--2AXllml' l  + B(1 + )X~)ImP2] 

(2) 
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FIG. 1--Coordinate system for crack tip stress analysis. 

[ 
r sinO 

where the constants A and B have to be evaluated, after selecting general 
stress functions, I'1 and I'2, so as to satisfy the boundary conditions for the 
crack problem of interest. For the opening mode case, one logical choice is 

j = J  j : J  
F1 : ~, C]z~ -1/" with F2 : ]~ Cjz~ -1~ (3) 

j=O j=O 

The leading coefficient, Co, is related to the stress intensity factor, K = 
C0 2x/~-~, and the leading term is the familiar inverse-square root stress singu- 
larity. The symmetry condition requires that B = 2X1A/(1 + k~). 

An alternative choice is 

m :  M rn= M 

~1 : ~ Dmz ~ with r2  : ~ Dmz~ ~ (4) 
m=O m=O 

which is required to completely describe the stress field in specimens with 
finite boundaries, in a manner analogous to that demonstrated to be the case 
in the static problem [20]. The boundary conditions on the crack faces re- 
quire that B = A(1 + )~)/2X2. The leading term, Do, gives rise to a super- 
posed constant stress in the direction of crack propagation which is similar to 
the Oox-term in Irwin's static near-field equations [21]. This term can also be 
regarded as the far-field biaxiality correction factor studied extensively by 
Liebowitz and co-workers [22] for the static case. 
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700 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

Parameter Determination Using the Least-Squares Method 

Equations 2 to 4 when combined with the stress-optic law can be used to 
relate the fringe order, N, at any point in an isochromatic field with the un- 
known real coefficients, Cj and Din, through: 

( N f J 2 t )  2 = T2max = 1/4(ayy - -  axx) 2 + 7"2xy (5) 

where fa is the fringe sensitivity of the model material and t is the model 
thickness. The first step in the analysis of an isochromatic fringe pattern is to 
take a region around the crack tip from the experimental pattern being ana- 
lyzed, extract a large number of individual data points, and determine the 
coordinates and fringe order at each point. These data points are then used as 
inputs to an overdetermined system of nonlinear equations of the form of Eq 5 
and solved in a least-squares sense for the  unknown coefficients. As a final 
check, the best-fit set of coefficients is used to reconstruct the fringe pattern 
over the region of data acquisition to ensure that the computed solution set 
does, in fact, predict the same stress distribution as that observed experimen- 
tally. 

When analyzing dynamic stress patterns, the data acquisition region is 
usually restricted to that portion of the stress pattern that can be seen to 
translate with moderate changes in order to approximate the constant crack- 
speed assumption. In cases where the crack tip is approaching a specimen 
boundary, the data region should be restricted to no more than one quarter to 
one third of the distance from crack tip to the boundary. The number of coef- 
ficients necessary for an adequate representation of the stress field over the 
data acquisition region can be estimated by examining, as a function of the 
number of parameters, the average fringe order error, the values of the lead- 
ing coefficients, and the reconstructed (computer-generated) fringe pattern 
corresponding to a given set of coefficients. Stability of the error term and 
leading coefficients, as well as good visual match between experimental and 
reconstructed patterns, indicates convergence to a satisfactory solution. 

Experimental Procedure 

The fracture specimen used in these studies was a cross-type specimen (Fig. 
2). This type of specimen was chosen because it is easy to load in biaxial 
mode. The specimens were fabricated from a brittle polyester material, Ho- 
malite 100, whose properties have been characterized [1]. 

A starter crack was machined in the specimen and the crack tip blunted so 
that the models could be loaded to high values of KQ (where KQ is the stress 
intensity factor associated with the blunt starter crack tip). Loads were ap- 
plied perpendicular and parallel to the crack with the help of hydraulic load- 
ing cylinders and recorded by using the quartz type of load cells. A special 
loading fixture was designed and fabricated which could be used for uniaxial 
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FIG. 2--Specimen geometry (dimensions in millimetres). 

or biaxial loading. A schematic of the loading frame used for biaxial tension- 
tension experiment is shown in Fig. 3. The horizontal loading is accomplished 
by simply pulling the ram of the cylinder with a hydraulic pump. The vertical 
loading is accomplished by a system of pulleys and a steel rope. When the ram 
of the cylinder is moved down, it produces equal tension in the rope on either 

HYDRAULIC- ,J--1 CORD ;ULLEY LOADING FRAME 
CYLINDER - ~ ~ ; ~  ~ ~ ~ _ _ _ _ . _ _  _ _  

],  ~ r - - ~ c o , o , N o  
| !  LOAD CELL " ~  [[~t..~ ~ I PLATES ~LOAIDpINuG HYDRAULIC 
/ ~,,, CRACK__j~ ~ " "  CYLINDER 

FIG. 3--Loading frame along with the specimen for tension-tension loading. 
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702 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

side of the model. In biaxial tension-compression experiments the hydraulic 
cylinder at the top is moved to the middle of the loading frame. The rope is 
removed and flat plates are kept at the top and bottom of the model and the 
ram of the cylinder pushed down vertically to achieve compressive parallel 
stress. 

The model and the loading frame were kept in the optical bench of a high- 
speed multiple spark camera. The optical bench of this camera is shown in 
Fig. 4. After the models were loaded to specified loads, the crack was initiated 
with a solenoid actuated knife. As the crack began to propagate, it cut a line 
of silver-conducting paint and initiated the high-speed camera. The camera 
was set at a rate of about 100 000 frames per second and provided 20 isochro- 
matic photographs at discrete times during the run-branching event. 

Results and Discussion 

Three different types of experiments were conducted, namely, uniaxial, bi- 
axial tension-compression, and biaxial tension-tension. The results obtained 
from these experiments are discussed below. 

Uniaxial Experiments 

Three uniaxial experiments were conducted with normal stresses equal to 
1.61, 3.85, and 4.52 MPa, respectively. The stresses in all the experiments are 
defined as the load measured by the quartz cell divided by the cross-sectional 
area of the arms of the cross specimens. Typical isoehromatics obtained dur- 
ing the uniaxial experiments are shown in Fig. 5. In the first experiment the 
crack propagated after initiation at a constant velocity of 383 m/s.  The in- 
stantaneous stress intensity factor showed an increasing trend with crack 

FILM PLANE 
/ 

FIELD LENI r~ I FIELD LENS 
I 

, 

~  o . o ~  

FIG. 4 - -  Optical bench of the high speed camera. 
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704 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

length and varied from 1 to 1.6 MPa,,/m (Fig. 6). This value of K was not 
large enough to cause crack branching. 

In the second experiment the crack travelled at a slightly higher constant 
crack velocity of 400 m/s.  Since the starting Ko was higher, the instantaneous 
K varied from 1.1 to 1.84 MPa~fm (Fig. 6). The fracture surface showed sev- 
eral unsuccessful attempts to branch before successful branching occurred. 
The branching angle was slightly different on two surfaces, being 24 ~ on one 
side and 22 ~ on the other. 

In the third experiment a little higher initial load was applied so that crack 
branching did not occur too close to the boundary of the model. An initial 
stress of 4.52 MPa was applied and the crack propagated at a constant veloc- 
ity of 390 m/s.  Stress intensity factor varied between 1.4 and 1.9 MPax/m. 
Crack branching occurred at 1.9 MPa,,/m with a branching angle of 30 ~ . The 
crack propagated 12.2 cm prior to branching compared with 17.8 cm in the 
second experiment. Stress field parallel to the crack ~ox remained mildly neg- 
ative in all three experiments (Fig. 7). 

Biaxial Tension-Compression Experiments 

In the next series of experiments an additional compressive load was ap- 
plied parallel to the crack to observe its influence on crack propagation and 
branching. A set of three experiments was conducted. In these experiments 
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FIG. 7--Stress parallel to the crack aox as a function of  normalized crack tip position for  
uniaxial loading. 

the stresses normal and parallel to the crack were systematically varied. A 
typical set of isochromatic fringes obtained during the experiment is shown in 
Fig. 8. The forward lean of the fringes indicates a negative value of aox. These 
fringes were analyzed to obtain the value of K and aox in all the experiments. 

A tensile normal stress of 3.45 MPa and a compressive parallel stress of 
1.24 MPa were applied in the first experiment. The crack did not branch in 
this experiment, but there was a conspicuous roughness of the fracture sur- 
face in the final stages of crack propagation, showing that the crack would 
have branched at a slightly higher initial KQ. Like uniaxial experiments, K 
showed an increasing trend with values ranging from 0.98 to 1.77 M P a ~  
(Fig. 9) and aox oscillated about a mild negative mean of about --1.3 MPa 
(Fig. 10). The crack velocity was constant at 400 m/s .  

In the second experiment the normal stress was increased to 4.6 MPa and 
the parallel stress was kept the same at 1.2 MPa. Stress intensity factor K and 
Oox obtained are shown in Figs. 9 and 10, respectively. Because of the higher 
K o, the K values obtained were fairly high, ranging from 1.7 to 2.01 
MPax/m. Crack branching was achieved at a K of 2.01 MPa~m.  Prior to 
branching, the crack travelled at a constant velocity of 385 m/sec.  The 
branching angle was 29 ~ . 

In the third experiment the tensile normal stress was kept the same as in 
the second experiment (4.6 MPa) and a much higher compressive parallel 
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stress of 2.34 MPa was applied. It was observed that the K values for the same 
crack tip position were lower in this experiment than in the second experi- 
ment. aox values were more negative due to high initial compression. K and 
aox are plotted in Figs. 9 and 10, respectively. Crack branching occurred at a 
K value of 1.91 MPax/-m and the branching angle was 24.5 ~ Even though in 
this and the previous experiment the normal stress was more than the normal 
stress in the third uniaxial experiment, the pre-branching surface area was 
larger. This indicates that initial compression parallel to crack tends to sup- 
press branching. 

Biaxial  Tension-Tension Exper imen t s  

A series of four experiments was conducted to observe the influence of ten- 
sile stress parallel to crack on propagation and branching. A typical set of 
isochromatic fringes obtained during the experiments is shown in Fig. 11. 
Owing to a large positive Oox, the fringes lean backwards. These fringes re- 
semble the pattern obtained for DCB specimens in Ref 1. Since aox is positive, 
the instability of crack propagation direction is expected according to Cot- 
trell's theory [23]. 

In the first experiment a low normal stress of 2.91 MPa and tensile parallel 
stress of 2.76 MPa were applied. Owing to low KQ at initiation, branching 
was not obtained. The crack propagated at a constant velocity of 377 m/s.  
Stress intensity factor ranged from 1.27 to 1.68 MPax/m-and aox oscillated 
around --0.1 MPa. K and aox are shown in Figs. 12 and 13, respectively. 

In the second experiment the normal stress was increased to 4.75 MPa and 
a low tensile parallel stress of 1.65 MPa was applied. Although the normal 
stress in this experiment was only 3 % higher than Experiment 3 in the com- 
pression case, the stress intensity factors in the tension experiment for the 
same crack tip position were about 40 to 50% higher. In fact, the K values 
were so high that the crack branched very early. K varied between 1.81 and 
2.21 MPax/m. Crack branching occurred at 2.21 MPax/m with a branching 
angle of 30 ~ . Owing to low tensile parallel stress, there was not much differ- 
ence in the values of aox (Fig. 13). 

In the third experiment a normal stress of 4.1 MPa and a tensile parallel 
stress of 4.23 MPa were applied. The crack after initiation propagated at a 
constant velocity of 380 m/s  and branched early in the experiment. Thus only 
two pictures could be taken prior to branching. The branching K was about 2 
MPax/m. The post-mortem photograph of the model is shown in Fig. 14. The 
crack branching angle was 45 ~ , which is quite high compared with the angles 
obtained during uniaxial or compressive parallel stress testing, thus indicat- 
ing that a tensile normal stress increases crack branching angle. To further 
confirm this a fourth experiment was performed where the tensile parallel 
stress was much higher than the normal stress. 

In the fourth experiment a normal stress of 3.71 MPa and a very high ten- 
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FIG. 14--Post-mortem photograph from a tension-tension experiment. 

sile parallel stress of 6.4 MPa were applied. The crack propagated with a 
constant velocity of about 400 m/s.  Owing to a large tensile parallel stress, aox 
was highly positive and oscillated about 5 MPa (Fig. 13). Stress intensity fac- 
tor varied between 1.52 to 1.91 MPa~/m (Fig. 12). Crack branching angle as 
obtained from the broken model was 73 ~ confirming that tensile parallel 
stress does increase branching angle. 

The results from all the experiments are summarized in Table 1. For com- 
parable values of normal stresses, tension-tension loading considerably en- 
hances crack branching as is evident from the pre-branching fracture area. 
The fourth tension-tension experiment when compared with the second uni- 
axial experiment shows crack branching to occur with 40% less pre- 
branching area. Furthermore, comparison of the third uniaxial experiment 
with both the second and third tension-compression experiments shows that 
compressive parallel stress tends to suppress branching as the crack propa- 
gates longer distances before branching. These results are in qualitative 
agreement with the branching mechanism proposed by Ravichander and 
Knauss [24]. Since crack branching in a brittle material like Homalite 100 
occurs by void growth around the running crack, a compressive load will tend 
to close these voids and thus suppress branching. On the other hand, a ten- 
sion-tension loading will tend to open these voids more and thus enhance 
branching. The results from all the experiments did not show any marked 
difference in crack velocities or branching stress intensity factors. The crack 
propagated around a terminal velocity of 400 m/s  and branched at a K value 
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of 2 MPax/m. The sign of the parallel stress aox did have a marked influence 
on crack branching angles. The compressive load did not change the branch- 
ing angles, whereas tension caused branching angles to increase from 23 to 
73 ~ . 

Conclusions 

The experimental results from the uniaxial and biaxial experiments indi- 
cated that: 

1. The instantaneous stress intensity factor showed an increasing trend as 
the crack propagated through the model for all experiments. 

2. The branching stress intensity factor and the crack velocity showed rela- 
tively no dependence on the nature of the remote parallel stress within the 
normal and vertical stress ratios of these experiments. 

3. Tensile stress parallel to the crack, aox, increases branching angles con- 
siderably. Branching angles as large as 73 ~ were obtained for tension-tension 
loading in comparison to 25 ~ for uniaxial and tension-compression loading. 

4. Tensile stress aox gives rise to higher stress intensity factors in compari- 
son to the compressive case for the same crack tip positions and normal loads. 

5. Tensile stress aox enhances branching as seen by the fracture surface 
area data prior to branching in Table 1. 

6. Experimental results indicate that any criterion predicting branching 
angle must take the sign of aox into account. 
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ABSTRACT: There has been some uncertainty in the field of fracture mechanics as to 
whether shifts in the ductile-to-brittle transition with specimen size are caused by statisti- 
cal sampling effects or constraint effects. Fracture toughness data for three 
carbon-manganese steels were analyzed to examine the effectiveness of each model in pre- 
dicting the results of different sized specimens. The data set used in this investigation 
contains nearly 500 crack tip opening displacement (CTOD) values for various geometries 
of single edge notched bend (SENB) specimens with thicknesses ranging from 10 to 100 
mm. A limited amount of data for single edged notched (SENT) specimens and side 
grooved SENB specimens was also included. 

It was found that the mechanism which accounts for size effects most effectively de- 
pends on the amount of plastic flow prior to fracture. Under conditions of small scale 
yielding, high constraint is maintained in both small and large specimens. In this region 
the Landes and Shaffer statistical sampling model appears to work well for explaining the 
higher average toughness of small specimens. However, when the ligament yields prior to 
fracture, the shifts in transition observed with specimen size cannot be explained by sta- 
tistical sampling effects alone. 

The temperature at which net section yielding first occurs tends to shift upward as (1) 
the specimen thickness increases, (2) the ligament length is decreased (in a bend speci- 
men), or (3) the mode of loading is changed from tension to bending. When the ligament 
yields, the plastic deformation relaxes the crack tip constraint and the brittle-to-ductile 
transition becomes steep. The relaxation of crack tip constraint occurs more rapidly and 
at lower temperatures in smaller specimens. This gives rise to a steeper transition curve 
and a shift i~r transition temperature which cannot be accounted for by statistical effects. 
Thus as the critical CTOD increases the relative contribution of statistical sampling on 
size effects decreases and constraint effects tend to dominate. 
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KEY WORDS: carbon-manganese steels, cleavage fracture, constraint, crack tip open- 
ing displacement, ductile-to-brittle transition, toughness, weakest-link statistics 

Nomenclature 

a Crack length 
B Specimen thickness 
b Weibull scale parameter 
c Weibull shape parameter 

Ep Plastic modulus 
F Weibull distribution function 

K~c Plane strain fracture toughness (critical stress intensity factor) 
L Notch constraint factor 
f Ligament length 

MLS Landes and Shaffer predicted "mean" 
n Ratio of specimen thicknesses 

P0 Load at net section yield 
rp Plastic rotational factor 
W Specimen width 
Xc Critical distance 

x Value of datum 
~ic Critical CTOD 

Effective strain 
Effective stress 

of Fracture stress 
o0 Yield strength 

o~? Initial stress in the x direction 

Many steel structures operate in the ductile-to-brittle transition region of 
the material. Application of fracture mechanics is difficult in this region, be- 
cause the cleavage fracture toughness is a function of test specimen size and 
geometry [1-13]. At a constant temperature and loading rate in the transition 
region, small specimens tend to have higher toughnesses than larger speci- 
mens. Thus nonconservative results can be obtained if small scale laboratory 
specimens are used to infer the fracture behavior of a large structure. 

Although the existence of size effects in the transition region has been 
known for some time, there has been some disagreement as to the cause of 
these effects. Currently there are two possible explanations for size effects, 
one based on constraint and the other on statistical sampling effects. Crack 
tip constraint is a function of material flow properties, while statistical effects 
depend on microstructure. These two mechanisms are described briefly be- 
low. 

The traditional explanation for size effects is that of crack tip constraint 
[ 1-12]. Large specimens have a high degree of stress triaxiality near the crack 
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tip, which tends to promote cleavage fracture by making it easier for the ma- 
terial to reach the fracture stress. Many believe that constraint relaxes in 
smaller specimens, thereby shifting the transition to lower temperatures.  

A second explanation for size effects was recently proposed by Landes and 
Shaffer [14]. Their model is based on the statistical nature of cleavage frac- 
ture. If fracture occurs by a weakest-link mechanism, the average toughness 
of a group of small specimens will be higher than the average toughness of 
larger specimens. Since more material is sampled along the crack front of a 
large specimen, there is a higher probability of obtaining a low toughness 
value. Landes and Shaffer used this concept to predict the toughness of large 
specimens from data for small specimens. 

Both statistical and constraint models were examined in this investigation. 
The crack tip opening displacement (CTOD) data for several carbon-manga- 
nese steels were analyzed. The effectiveness of each model in predicting the 
results of different size specimens was investigated. 

Materials and Test Specimens 

Fracture toughness data for three carbon-manganese steel plates were used 
in this investigation. Some of these data have been published previously 
[ 7,12]. Table 1 summarizes the three materials. The chemical composition of 
each plate is given in Table 2. Each material has a yield strength of approxi- 
mately 350 N / m m  2 (50 ksi) at 25~ The composition and mechanical prop- 
erties of the three steels are very similar; two of the plates were supplied in 
accordance with British Standard BS 4360 Grade 50D. 

The data set for each material consists of CTOD values as a function of test 
temperature and specimen geometry. Most of the CTOD tests were per- 
formed in the ductile-to-brittle transition region. Most tests were carried out 
in accordance with BS 5762:1979, the British Standard for CTOD testing. 
However, a number  of tests were performed on specimens with nonstandard 
geometries. 

Many of the CTOD tests were performed in previous investigations; conse- 
quently the data were often not collected in a manner  appropriate to the 
present study. This has frequently limited the way in which it was possible to 

TABLE 1--Summary of three C-Mn steel plates on which fracture toughness was measured. 

Approximate 
Material Nominal Plate No. of Specimen No. of CTOD 

No. Des igna t ion  Thickness, mm Configurations Results 

1 ABS EH36 25 8 85 
2 BS 4360 50D 100 4 150 
3 BS 4360 50D 70 21 250 
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analyze each data set in this investigation. For example, the Landes and Shaf- 
fer statistical model [14] could not be applied to Materials 1 and 3 because 
there were insufficient data at each test temperature. 

The background of each material and the corresponding CTOD data are 
summarized below. 

Material I 

Material 1 is a 25 mm thick plate of ABS EH36 steel. The CTOD results, 
which were originally published by Anderson et al [12], are for five geometries 
of single edge notched bend (SENB) specimens and three geometries of single 
edge notched tension (SENT) specimens. These results were later used to as- 
sess a constraint-based model for the ductile-to-brittle transition region [15]. 
In the present investigation, the Material 1 toughness data are used to dem- 
onstrate the relationship between notch constraint and transition tempera- 
ture. 

Material 2 

Material 2 is a 100 mm thick plate of BS 4360 Grade 50D steel. Some frac- 
ture toughness data for this material have been published by Pisarski [ 7]. 
These data include CTOD tests on 10, 50 and 100 mm thick SENB specimens 
in the transition region. In all cases, the specimen width, W, was equal to  
twice the thickness, B, and the crack length-to-width ratio, a/W, was nomi- 
nally 0.5. The British CTOD standard, BS 5762:1979, refers to this configu- 
ration as the "preferred geometry". 

In order to apply the statistical model [14] to this material, additional 
CTOD tests were performed in the present investigation. These extra tests 
were on 10 and 100 mm thick preferred geometry specimens as well as side 
grooved SENB specimens with a net thickness of 10 mm. 

Material 3 

Material 3 is a 70 mm thick plate of BS 4360 50D steel. Kamath [16] per- 
formed CTOD tests in the transition region on 21 geometries of SENB speci- 
mens. The results have not been published in the open literature. The scatter 
was relatively large in these fracture toughness data; this made comparisons 
between geometries difficult. The data for Material 3 were used in the present 
investigation to compare notch constraint in the various specimen geome- 
tries. Notch constraint data were obtained from ligament yield loads (defined 
later) at --50~ these data were not as scattered as the fracture toughness 
data. 
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Statistical Model 

B a c k g r o u n d  

Landes and Shaffer [14] have proposed a statistical model to explain the 
differences in toughness results obtained from small and large specimens of 
the same material. The model is based on a "weakest link" theory (i.e., the 
initiation of unstable fracture is controlled by the region of lowest toughness 
along the crack front). The larger the specimen thickness, the more material 
is sampled by the crack front and the lower the toughness of the specimen is 
likely to be. According to the weakest link theory, if the probability that the 
toughness of a small specimen will exceed some particular value is a, then the 
probability that the toughness of a specimen n times larger will exceed the 
same value is a ' .  This is because all n elements of the longer crack front must 
sample regions that have toughnesses greater than the required value. 

Any distribution function that gives an adequate description of small speci- 
men results can be used in the weakest link model to predict the results of 
larger specimens. In their original paper, Landes and Shaffer [ 14] used a two- 
parameter Weibull distribution [ 17] to describe the toughness distribution of 
small specimens. The Weibull cumulative distribution is given by 

F l ( x )  = 1 - -  e - ( x / b ) c  (1) 

where b is a scale parameter, c is a shape parameter, and Fl ( x )  is the proba- 
bility of the value of a data point being less than x. 

For specimens that are n times larger than a given size, the weakest link 
theory predicts that the cumulative distribution function is 

F . ( x )  = 1 --  [e-(~/bf] " (2a) 

= 1 -- e -  (2b) 

Landes and Shaffer approximated the mean value of the distribution as 
being equal to the scale parameter, b. Using this assumption, the predicted 
mean of large specimen results, MLS, is given by 

b 
MLS -- (3) nl/c 

The predicted toughness values resulting from the above approximation 
actually correspond to 63rd percentile values rather than arithmetic means. 
An alternative characterizing parameter is the median value, which is the 
value below which 50% of the results are expected to lie. The median is gener- 
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ally considered to be a better indication of the central position than the 
arithmetic mean when there is a large amount of scatter in the data, as is the 
case for fracture toughness results. The weakest link model predicts median 
toughness of large specimens (assuming a Weibull distribution) to be 

x 0: ( (4, 

Similarly, the statistical model can predict 5% lower bound and 95% up- 
per bound toughness values for large specimens: 

x0s = b (5) 

.--fn 0.05)  1/c 
Xqs . . . .  b (6) 

n 

Fracture Toughness Data 

The weakest link statistical model was applied to CTOD data for Material 
2, a 100 mm thick plate of BS 4360-50D steel (see Tables 1 and 2). Three 
types of test specimens were examined: full thickness 100 by 200 mm SENB 
specimens, 10 by 20 mm SENB specimens, and 15 by 20 mm specimens that 
were side grooved so that the net thickness at the fatigue crack was 10 ram. 
All specimens were through-thickness notched with the plane of the crack 
perpendicular to the rolling direction; a /W  was nominally 0.5 in all cases. 

Figure 1 illustrates how the subsize specimens were extracted from the 100 
mm plate. Sets of eight plain (non-side-grooved) 10 by 20 mm specimens were 
taken from across the plate thickness. In addition, sets of three specimens 
were taken from the central 35 mm of the plate thickness. The side-grooved 
specimens were extracted from nine positions across the thickness in such a 
way as to sample as much of the plate thickness as possible. 

The specimens were tested at various temperatures ranging from -- 125 to 
--50~ Table 3 lists the number and type of specimen tested at each temper- 
ature. The fracture toughness results for all specimens are plotted in Fig. 2. 

Analysis of the Data 

The Landes and Shaffer statistical model assumes that the toughness dis- 
tribution through the plate thickness is uniform and that low toughness re- 
gions are equally likely at all positions within the plate thickness. This as- 
sumption was examined by comparing the results from the central 35 mm of 
the plate thickness with those from the edges of the plate. The Mann-Whitney 
test [18] was used to determine whether or not there was a significant differ- 
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FIG. 1--Relative position in thickness of  small scale "SENB specimens extracted from a I00 
mm thick plate. 

ence in the median toughness values from the two locations. In every case but 
one (plain specimens tested at --125~ there was a significant difference 
between median toughness values, with the lower results being obtained near 
the center of the plate. The CTOD results for side grooved specimens tested at 

- -  100~ are plotted against position in thickness (Fig. 1) in Fig. 3 to illustrate 
the variation in toughness with sampling location. 
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TABLE 3--Fracture toughness data used for statistical characterization. 

Number of Results at 
Specimen 

Configuration -- 125~ -- 100~ -- 86~ - 75~ --50~ 

100 by 200 mm 2 5 5 1 
10 by 20 mm 18 21 "4" . . . . . .  
15 by 20 mm 

(side grooved) 28 29 ... 19 ... 

The Mann-Whitney test was also used to compare the toughness results of 
plain and side grooved specimens. At -- 125~ there was no significant differ- 
ence between the toughness results from the two types of specimens. At 
-- 100~ however, the toughness values from the side grooved specimens are 
lower than those from the plain specimens. Weibull and log normal distribu- 
tions were fitted to the various sets of small specimen toughness data. In tests 
where a pop-in was observed or the test was stopped before fracture, the low- 
est estimate of the toughness was used to compute distributions. In most 
cases, both the Weibull and log normal distributions gave acceptable fits to 
the data, although the Weibull distribution yielded marginally better fits. A 
typical WeibuU plot of fracture toughness data is shown in Fig. 4. 

Although any distribution can be used in the weakest link statistical model, 
the Weibull distribution was used in the present study to predict toughness 
values for the large specimens. The Weibull distribution was chosen because 
it fitted the data slightly better than the log normal distribution and also be- 
cause it was used by Landes and Shaffer in their original work. 

The statistical model was used to estimate the median, the 5% lower 
bound, the 95~ upper bound, and the approximate Landes and Shaffer 
mean values for the 100 mm thick specimens (Table 4). These estimates were 
made using Weibull distributions fitted to the small specimen data and Eqs 3 
to 6. For each specimen type and test temperature, predictions were made 
using Weibull distributions which were fitted to all the available data as well 
as to data from the central 35 mm of the plate thickness. The use of the distri- 
butions fitted to all the available data corresponds to the Landes and Shaffer 
model which assumes that there is no systematic variation in toughness with 
sampling position. However, it has been shown that toughness tended to be 
lower near the center of the plate. When all the data across the thickness were 
used in the Weibull distribution, an n value of 10 was used in Eqs 3 to 6. This 
corresponds to the ratio of thicknesses of the small and large specimens. For 
the analyses based on the Weibull distribution fitted to the data from the 
center of the plate, it was assumed that the central region of the plate thick- 
ness controls the toughness and there is little risk of fracture initiation in the 
outer regions of the plate. In this case a value of n of 3.5 was used in Eqs 3 
to 6. 
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The values estimated from Eqs 3 to 6 are listed in Table 4 and are plotted in 
Fig. 5 with the actual 100 mm data. At --125~ the predictions from the 
statistical model, using either side grooved or plain specimens, are consistent 
with the 100 mm data. At --100~ the predictions from the side grooved 
specimens are satisfactory, but the predictions from the plain specimens are 
slightly higher than the experimental test results. Only four toughness values 
for plain specimens were available at --86~ These data include a very low 
pop-in value which considerably depressed the predicted large specimen 
toughness. Had more data been available at this temperature, the predicted 
toughness would probably have been higher. Even so, the predicted values lie 
above the interpolated values for the actual data and the predictions from side 
grooved specimens. At --75~ the predictions from the side grooved speci- 
mens lie above the actual test results. 
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FIG. 4--  Cumulative probability plot  for  I0 by 20 mm SENB specimens at -- IO0~ Plots such 
as this were used to determine c and b in the Weibull distribution. 

It must be emphasized that the error bars in Fig. 5 do not represent scatter 
bands in the 10 mm data. Rather, they are predictions of the 95% upper 
bounds and 5% lower bounds of the 100 mm data (Eqs 5 and 6). It is worth 
noting that the predictions from specimens extracted from near the center of 
the plate (PC and SC) agree well with predictions from all subsize specimens 
(PA and SA), despite the fact that the toughness in the central region of the 
plate was consistently lower than in the outer regions (Figs. 2 and 3). For 
reasons stated earlier, n in Eqs 3 to 6 was taken as 10 for the SA and PA 
populations and 3.5 for SC and PC. 
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TABLE 4--Summary of 100 mm thick specimen results predicted from 
small specimen test results (Material 2). 

Landes & 
Small 5% Lower 95% Upper Shaffer [14] 

Temperature, Specimen Bound Median Bound "Mean" (MLs) 
~ Data Set " CTOD, mm CTOD, mm CTOD, mm CTOD, mm 

--75 SG,C 0.053 0.148 0.26 0.171 
--75 SG,A 0.056 0.145 0.25 0.166 
--86 P,C 0.015 0.088 0.235 0.112 
-- 100 P,C 0.003 0.036 0.155 0.052 
--100 P,A 0.007 0.044 0.125 0.057 
-- 100 SG,C 0.004 0.026 0.072 0.034 
-- 100 SG,A 0.006 0.029 0.070 0.036 
-- 125 P,C 0.002 0.023 0.080 0.031 
--125 P,A 0.001 0.008 0.028 0.011 
-- 125 SG,C 0.006 0.021 0.043 0.026 
-- 125 SG,A 0.005 0.018 0.038 0.022 

"SG-Side grooved specimens. 
P-Plain specimens. 
C-Specimens from central 35 mm (n = 3.5). 
A-Specimens across the thickness (n = 10). 

Evaluation of Constraint Effects 

Accord ing  to Fig.  S, the  s ta t is t ical  model  works  well at low toughness  val- 
ues bu t  the  100 m m  da t a  and  the s tat is t ical ly correc ted  da ta  diverge as tough-  
ness increases.  One  possible  exp lana t ion  for  this  divergence is tha t  cons t ra in t  
relaxes in the  smal le r  specimens.  Some suppor t  for this  a rgument  is given by 
the side grooved da t a  which diverge f rom the pla in  specimen da t a  as t empera -  
ture  increases.  This  suggests tha t  the  side grooved specimens main ta in  high 
cons t ra in t  longer  t han  the p la in  specimens.  Add i t iona l  evidence for the  con- 
s t ra in t  mechan i sm as an exp lana t ion  for  size effects is given below. 

Figures  6 to 8 show f rac ture  toughness  da t a  for Mate r ia l  1. The  da t a  in 
Figs.  6 and  7 were previously pub l i shed  by Anderson  et al [12]. The ductile- 
to-br i t t le  t rans i t ion  tends  to shift  to h igher  t empera tu re s  with increasing 
th ickness ,  increas ing c rack  length- to-width  ra t io  ( a / W ) ,  and  changing f rom 
tensi le  load ing  to bending .  The  t rans i t ion  shifts in Figs. 7 and  8 are a lmost  
cer ta inly  due to cons t ra in t  effects because  the  th ickness  is constant ;  the  vol- 
ume of ma te r i a l  s ampled  a long the crack  f ront  is the  same for all specimen 

conf igurat ions .  
The  cons t ra in t  in a given spec imen geometry  can be qual i ta t ively measured  

by means  of the  notch cons t ra in t  factor .  The  notch cons t ra in t  factor ,  L ,  is 
def ined by the  l imit  load  expression for  SENB specimens:  

L o o ( W  - a)2B 
P0 : (7) 

4 W  

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 : 2 8 : 3 5  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. 6--Fracture toughness as a function of specimen thickness in Material 1. 

where P0 is the load at net section yield and ~0 is the yield strength. The notch 
constraint factor is a dimensionless constant which is a measure of the eleva- 
tion of the yield load due to the pressure of a crack. In the absence of a crack, 
L ---- 1. Notch constraint is a global constraint factor and should not be con- 
fused with crack tip constraint, which is a local quantity. (Crack tip con- 
straint is discussed in detail in the next section.) 

As notch constraint increases, the load at net section yield is elevated due to 
an increase in triaxiality. This is illustrated in Fig. 9 where dimensionless load 
(i.e., load normalized for yield strength and specimen dimensions) is plotted 
against displacement for three SENB specimens of Material 1. Dimensionless 
load, which is defined on the ordinate of Fig. 9, was obtained from a general- 
ized version of Eq 7 where load is allowed to vary; when P ---- P0, dimension- 
less load ---- L. Figure 9 shows that  notch constraint increases with increasing 
thickness, a/W, or both. 

For Material 1, L is related to the ductile-to-brittle transition temperature,  
defined at a critical CTOD of 0.1 mm.  Figure 10 is a plot of L versus transi- 
tion temperature.  These data correspond to the transition curves for the five 
SENB geometries plotted in Figs. 6 and 7. The L values were obtained by 
constructing tangents to the elastic and fully plastic portions of dimensionless 
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FIG. 7--Fracture toughness as a function of crack length in Material 1. 

load-displacement curves (Fig. 9); L was defined at the intersection of the two 
tangent lines. As can be seen from Fig. 10, there is a direct relationship be- 
tween notch constraint and transition temperature. 

Data for Material 3 were used to determine the relationship between L and 
specimen dimensions. The data set for this material contained fracture 
toughness data for 21 configurations of SENB specimens which were ma- 
chined from 70 mm thick plate. Although L is relatively temperature inde- 
pendent [12], values of L for Material 3 were all obtained from load-displace- 
ment records for specimens tested at --50~ The intersection-of-tangents 
method, which is described above, was used to compute L. 

Figure 11 is a plot of L as a function of crack length, specimen width, a/W, 
and ligament length (thickness ----- constant). The data lie on a common trend 
when L is plotted against ligament length. Apparently, W-- a is the govern- 
ing dimension for notch constraint. 

The trend in Fig. 11 would probably not apply to specimens with very short 
cracks or very short ligaments. Specimens with very short cracks would expe- 
rience plastic relaxation to the crack mouth and a relaxation in constraint. As 
ligament length decreases, constraint would eventually relax as the plastic 
zone approached the back surface of the specimen. However, increases in 
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FIG. 8--Comparison o/ fracture toughness for  bending and tensile loading in Material 1. 

notch constraint with decreasing ligament length have been observed down to 
ligament lengths of 6 mm (see Figs. 7 and 10). 

The effect of specimen thickness on notch constraint is shown in Fig. 12. 
For a constant width and crack length, L increases with thickness, as would 
be expected. However, for a constant geometry ( W = 2B, a/W : 0.5), notch 
constraint decreases slightly with specimen size. In this set of preferred geom- 
etry specimens, thickness and ligament length were increased simultane- 
ously. Apparently the tendency for notch constraint to increase with thickness 
was more than offset by decreases in constraint due to the increasing ligament 
length. 

The data in Fig. 12 for preferred geometry specimens may appear to con- 
tradict previous statements about size effects. Figure 12 indicates that the 10 
mm specimens may have had a slightly higher notch constraint factor than 
the 100 mm specimens, and yet the transition shift between 10 and 100 mm 
specimens (Fig. 5) has been attributed partly to constraint effects. This ap- 
parent contradiction may be resolved as follows. A small specimen with a high 
L value possesses a high degree of constraint under conditions of small scale 
yielding. However, when the ligament yields prior to fracture, the small speci- 
men rapidly loses its constraint, resulting in a steep transition curve. Some 
evidence for this hypothesis is given in the following section. 
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FIG. 9--Nondimensional load-displacement curves for Material 1. 

08 

Application of a Constraint Model  

Plastic constraint at the crack tip and the resulting effect on fracture tough- 
ness in the transition region have been modelled by Anderson [15]. In the 
present investigation, this model was applied to Material 2 in order to predict 
the fracture toughness of the 10 and 100 mm specimens (Fig. S). 

Background 

The constraint model stems from experimental measurements of crack tip 
region constraint (CTRC) in specimens of Material 1 [15]. These measure- 
ments were based on microhardness-crack tip strain correlations and the 
cleavage fracture model of Ritchie et al [19]; the latter states that fracture 
occurs when the fracture stress, af, is exceeded over a critical distance, Xr 
ahead of the crack tip. The fracture stress was measured by means of low 
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FIG. l O--Notch constraint as a funct ion of  transition temperature (defined as ~c = O. 10 mm) 
for  Material l .  

temperature tensile tests, and X~ was inferred from Tracey's [20] finite ele- 
ment solutions for crack tip stress. Crack tip constraint was defined as 

C T R C -  of (8) 

where ec is the critical effective stress at a distance Xc ahead of the crack tip. 
The CTRC measurements indicated that constraint is initially high but re- 

laxes with plastic deformation. The initial CTRC for small scale yielding was 
a function of specimen geometry. The rate at which constraint relaxed was 
also a function of specimen dimensions. The constraint relaxed most rapidly 
in specimens with the shortest ligaments. Also the ductile-to-brittle transition 
was steepest for the specimens with the shortest ligaments and the most rapid 
constraint relaxation. (For an example of this, see Fig. 7.) 

The CTRC relaxation with plastic deformation has been modelled [15]. 
The critical stress perpendicular to the crack plane was assumed to be equal 
to of at Xc ahead of the crack tip. As the crack tip blunts, the stress in the 
direction of crack propagation, ~x, was assumed to relax from an initial value 
of Ox ~ The Tresca yield criterion was used in order to confine the model to two 
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FIG. 11--Notch constraint as a function of ligament length at a cons tant  th ickness  (Material  
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dimensions; it was further assumed that o-x < o-= < of. The model produced 
the following equation for fracture toughness in the transition region: 

B~i ~ Ep6c 
10go.a75 16(rpe)O.125xO.87s : o - f -  off-- o-o (9) 

where 8c is the critical CTOD, Ep is the plastic modulus, rp is the plastic rota- 
tional factor, e is the ligament length, and B and m are work hardening con- 
stants corresponding to 

: (70 + ~-m (10) 

where ~ is effective stress and g is effective strain. 
Equation 9 expresses 8c as a function of three stresses. The fracture stress is 

a material constant, independent of temperature and specimen geometry. 
The yield stress is independent of geometry but is temperature dependent. 
The geometry dependence is contained in o ~ This stress governs the temper- 
ature at which the upturn in the toughness-temperature curve occurs (i.e., the 
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border between the lower shelf and the transition region). An empirical rela- 
tionship between ax ~ and L was obtained for Material 1 [15]: 

o 
( 7  x 

- -  = 0.183L + 0.242 (11) 
a f  

A notable feature of Eq 9 is that it predicts a steeper transition curve as liga- 
ment length decreases. This is consistent with experimental observations. 

Predicting Transition Curves 

The constraint model was used to predict fracture toughness values for 10 
and 100 m m  specimens of Material 2. The parameters assumed in the analy- 
sis are outlined below. 
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1. Fracture Stress--Since no data were available for this particular plate, 
a value of 1000 N / m m  2 was assumed for of. This was based on typical values 
reported for similar materials [21]. It should be noted that the analysis is not 
sensitive to slight (<_ 10%) variations in the assumed of. Since at and Xc are 
related through the Tracey curves [20], errors in of are self compensating 
(e.g., a slight overestimate of of will result in a slight underestimate of Xc). 

2. CriticalDistance--For of ---- 1000 N / m m  2 and KIc ----- 1110 N mm -a/2 at 
- 1 9 6 ~  [7], Xc = 0.245 mm.  

3. Ox ~  both the 10 and 100 mm specimens, L --- 1.45. It  was assumed 
that  Eq 11 is valid for Material 2. This was considered to be a reasonable 
assumption, since this steel was very similar to Material 1, the steel for which 
Eq 11 was obtained. Thus a ~ = 507 N / m m  2. 

4. Flow Properties--Yield strength and tensile strength of Material 2 have 
been measured as a function of temperature by Pisarski [ 7]. From these data, 
true stress-true strain curves were constructed. For this material Ep = 2500 
N / m m  2. 

The predicted transition curves for the 10 and 100 mm thick specimens are 
plotted in Fig. 13. The 100 m m  data and the statistically corrected mean val- 
ues for 10 m m  specimens are also plotted. The predicted curves lie above and 
to the left of the data. This discrepancy between prediction and experiment is 
probably due to simple assumptions adopted in the model. It is noteworthy, 
however, that  the predicted temperature shift between the 10 and 100 mm 
data agrees reasonably well with the experimental data. 

Discussion 

The statistical model worked reasonably well at low temperatures where 
fracture was preceded by a small degree of plastic flow. At higher tempera- 
tures and toughnesses, the statistical model does not account for all the ob- 
served size effects on critical CTOD values. The following observations, based 
on this investigation and a previous study [15], led the authors to conclude 
that constraint effects contribute to size-related toughness shifts when cleav- 
age fracture is preceded by large scale yielding. 

1. Experimental measurements [15] of CTRC indicate that constraint re- 
laxes when the remaining ligament yields. The rate of this relaxation in- 
creases with decreasing ligament length. Specimens with shorter ligaments 
also have steeper transition curves [15]. 

2. The initial value of CTRC (before ligament yield) is related to L [15] 
which in turn is related to transition temperature (Fig. 10). Specimen dimen- 
sions have a significant effect on L (Figs. 11 and 12). 

3. There is a transition shift between the side grooved and plain subsize 
specimens. If there were no difference in constraint between the 10 and 100 
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"mean" (Eq 3) computed  fo r  the 10 mm plain specimens. 

mm specimens, the constraint in the 10 mm plain specimens would be at a 
maximum and side grooving would have no effect. 

4. The constraint model works reasonably well for explaining the discrep- 
ancy between the 100 mm data and the statistically corrected 10 mm data. 
The predicted curves in Fig. 13 coincide at low temperatures but diverge at 
higher temperatures. 

The interaction between constraint and statistical effects can be explained 
as follows. At low temperatures a small degree of plastic flow precedes frac- 
ture and a high level of constraint is maintained in both small and large speci- 
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1. Fracture Stress--Since no data were available for this particular plate, 
a value of 1000 N / m m  2 was assumed for af. This was based on typical values 
reported for similar materials [21]. It should be noted that the analysis is not 
sensitive to slight ( <  10%) variations in the assumed af. Since of and Xc are 
related through the Tracey curves [20], errors in of are self compensating 
(e.g., a slight overestimate of of will result in a slight underestimate of Xc). 

2. CriticalDistance--For at = 1000 N/mm 2 and K i c  = 1110 N m m  - 3 / 2  at 
--196~ [7], Xr = 0.245 mm. 

3. Ox ~  both the 10 and 100 mm specimens, L = 1.45. It was assumed 
that Eq 11 is valid for Material 2. This was considered to be a reasonable 
assumption, since this steel was very similar to Material 1, the steel for which 
Eq 11 was obtained. Thus a2 = 507 N /mm 2. 

4. Flow Properties--Yield strength and tensile strength of Material 2 have 
been measured as a function of temperature by Pisarski [ 7]. From these data, 
true stress-true strain curves were constructed. For this material Ep = 2500 
N/mm 2. 

The predicted transition curves for the 10 and 100 mm thick specimens are 
plotted in Fig. 13. The 100 mm data and the statistically corrected mean val- 
ues for 10 mm specimens are also plotted. The predicted curves lie above and 
to the left of the data. This discrepancy between prediction and experiment is 
probably due to simple assumptions adopted in the model. It is noteworthy, 
however, that the predicted temperature shift between the 10 and 100 mm 
data agrees reasonably well with the experimental data. 

Discussion 

The statistical model worked reasonably well at low temperatures where 
fracture was preceded by a small degree of plastic flow. At higher tempera- 
tures and toughnesses, the statistical model does not account for all the ob- 
served size effects on critical CTOD values. The following observations, based 
on this investigation and a previous study [15], led the authors to conclude 
that constraint effects contribute to size-related toughness shifts when cleav- 
age fracture is preceded by large scale yielding. 

1. Experimental measurements [15] of CTRC indicate that constraint re- 
laxes when the remaining ligament yields. The rate of this relaxation in- 
creases with decreasing ligament length. Specimens with shorter ligaments 
also have steeper transition curves [15]. 

2. The initial value of CTRC (before ligament yield) is related to L [15] 
which in turn is related to transition temperature (Fig. 10). Specimen dimen- 
sions have a significant effect on L (Figs. 11 and 12). 

3. There is a transition shift between the side grooved and plain subsize 
specimens. If there were no difference in constraint between the 10 and 100 
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T h i s  p a p e r  was p r e p a r e d  u n d e r  j o in t  f u n d i n g  of t he  Resea rch  M e m b e r s  of  
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were  co l l ec ted  whi le  one  of  t he  a u t h o r s  ( T L A )  was e m p l o y e d  by the  Na t iona l  
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Dynamic J-R Curve Testing of a High 
Strength Steel Using the Key Curve 
and Multispecimen Techniques 

REFERENCE: Joyce, 1. A. and Hackett, E. M., "Dynamle J-R Curve Testing of a High 
Strength Steel Using the Key Curve and Multispecimen Techniques," Fracture Mechan- 
ics: Seventeenth Volume, ASTM STP 905, J. H. Underwood, R. Chait, C. W. Smith, 
D. P. Wilhem, W. A. Andrews, and J. C. Newman, Eds., American Society for Testing 
and Materials, Philadelphia, 1986, pp. 741-774. 

ABSTRACT: J-integral R-curve tests were performed on three-point bend specimens of a 
3-Ni steel at three loading rates: quasi-static, intermediate (25 mm/s), and drop tower 
(2.54 m/s). The key curve and multispecimen procedures were employed for the higher 
rate tests; this investigation is focused primarily on details of the test method develop- 
ment. The multispecimen and key curve techniques were found to yield upper shelf J-R 
curves which were in substantial agreement at the elevated loading rates. Numerical 
smoothing techniques required to apply a key curve method appear to separate the oscil- 
latory high frequency component from the load-displacement record. For the 3-Ni steel 
tested for this investigation both Jlc and Twere found to be elevated with increasing load- 
ing rate. 

KEY WORDS: J.R curve, key curve, dynamic loading, three-point bend specimen, Jlc, 
tearing modulus (T), numerical smoothing, multispecimen technique 

Over the past  few years fracture characterizat ion of elastic-plastic alloys 

has made  extensive use of J- integral  methods including the Jlc parameter  and  
J -R  curve analyses. All uses of the J- integral  for fracture resistance measure-  
ments  derives from the solution by Hutch inson  [1] and  Rice and  Rosengren 

[2] of the problem of a static tensile crack in a power law hardening  nonl inear  
elastic material .  The intensity of the stress and  strain field is then defined by a 
single parameter  which is a funct ion  of loading type, load intensity, and  crack 

geometry. This s i tuat ion was recognized by Landes and  Begley [3] as similar 

JAssociate Professor of Mechanical Engineering, U.S. Naval Academy, Annapolis, MD 21401. 
2Research Engineer, David Taylor Naval Ship Research and Development Center, Bethesda, 
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742 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

to the elastic stress intensity factor (K) and singularity which had been uti- 
lized to develop fracture criteria for elastic cracked bodies, and they experi- 
mentally demonstrated that Jlc is a material parameter, although subject to 
certain size restrictions. 

J~ is the value of the J-integral at or near crack initiation. The standard test 
procedure for the determination of J1~ (ASTM E 813) describes a multispeci- 
men approach which defines a J versus crack extension or J-R curve. Jlc is 
then determined by an extrapolation technique, the applicability of which to 
certain materials is the subject of considerable debate. 

In many applications the design of a structure to avoid all crack extension 
is impractical and the J~ parameter is considered overly conservative. This 
fact coupled with the recent development of tearing instability theory and the 
establishment of reliable single-specimen test procedures for the determina- 
tion of Jl~ and the J-R curve [4,5] have centered attention on crack growth 
beyond initiation. Paris and co-workers [ 6] have presented a tearing instabil- 
ity theory defining the conditions for ductile instability in terms of a nondi- 
mensional tearing modulus (T). The applied tearing force is a function of the 
crack geometry and structure elastic compliance and the type of loading (i.e., 
load or displacement controlled), while the material tearing resistance is a 
function of the slope of the J-R curve beyond initiation; that is, 

Tmat---- dJ/da X E / a  2 (I) 

where 

E ----- material elastic modulus, and 
o ----- material flow stress. 

If Japplied exceeds Jic and Tapplie d equals or exceeds the material tearing resis- 
tance, a ductile instability is predicted by the Paris theory. 

A considerable effort [ 7-9] has been directed toward estimations of the ap- 
plied T fo r  several important cases. It appears that estimation of T in compli- 
cated structural applications can be accomplished by finite element tech- 
niques. 

Experimental verification of the Paris tearing instability theory has been 
demonstrated by several researchers [10-13], including a recent validation by 
Vassilaros and co-workers [14] for the case of a circumferentially cracked 
8-in.-diameter pipe of an ASTM A106 steel used in the commercial nuclear 
industry. 

The laboratory J-R curve determinations described above have all been 
conducted at slow (quasi-static) loading rates. Many of the anticipated load- 
ing events for the actual structures, however, are dynamic in nature. An ex- 
ample would be rapid pressurization or de-pressurization of a nuclear reactor 
vessel due to a loss of coolant accident (LOCA). A need exists, therefore, to 
extend the ductile fracture mechanics technology described above into the 
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dynamic loading regime. This need was reinforced in a recent comprehensive 
review of dynamic fracture of metallic materials by the National Materials 
Advisory Board [15]. The committee recommended that "both experimental 
and mathematical analysis work need to be performed to identify and estab- 
lish the appropriate material parameters needed for a dynamic elastic-plastic 
fracture mechanics methodology." Conventional single-specimen techniques 
using elastic-compliance for J-R curve determinations cannot be employed at 
higher loading rates. Techniques which can be utilized at elevated loading 
rates include multispecimen, direct-current potential drop (DCPD), alternat- 
ing-current potential drop, and the key curve method. 

The objective of this research was to develop methods of evaluating J-R 
curves for elastic plastic alloy steels at rates well above those that have been 
used to date. This report concentrates on details of test technique develop- 
ment for the key curve and multispecimen approaches, but also includes valu- 
able data on an 3-Ni structural steel tested at three rates, including a drop 
tower rate. All testing was performed at room temperature, which is well up 
on the upper shelf for this material. 

Experimental Program 

Overview 

The experimental program for this investigation involved tests of three- 
point bend fracture specimens at three rates: quasi-static, rapid (servo-hy- 
draulie), and drop tower. The three-point bend fracture specimens were mod- 
ified to allow for load-line displacement measurements. Tensile tests were 
performed at various loading rates in order to characterize the rate depen- 
dence of the material flow properties. Lastly, Charpy impact toughness tests 
were performed to identify the upper and lower shelves and transition temper- 
ature regions for the material. 

Material 

Material for this investigation was provided in the form of a 38.1 mm 
(11/2 in.) thick 3-Ni steel plate. The chemical composition of this plate is given 
in Table 1. 

Tensile Testing 

Tensile tests were performed on standard 12.8 mm (0.505 in.) diameter 
and subsize 6,4 mm (0.252 in.) diameter tensile specimens. The subsize speci- 
mens were tested at loading rates of 0.25 mm/min (0.01 in./min), 50 mm/ 
rain (2 in./min), and 0.125 m/s (3.2 in./s) to characterize the rate depen- 
dence of the material flow properties. 
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TABLE 1--Chemical composition of steel used for J-R curve testing. 

Chemical Composition, wt% 

Identification C Mn P S Cu Si Ni Cr Mo V Ti 

less 
3-Ni Steel than 

(FYB) 0.153 0.33 0.012 0.013 0.033 0.18 2 .55  1.66 0.37 0.003 0.001 

Impact Toughness Testing 

Charpy V-notch impact specimens were machined from the 3-Ni steel plate 
with the notches in the T-L orientation. These specimens were tested in accor- 
dance with ASTM E 23 to characterize the transition temperature behavior of 
the material. 

J-R Curve Test ing 

The basic geomet ry  used for these tests was a 1T three-point  bend fracture 

specimen (Fig. 1) c o m m o n  to A S T M  fracture  mechanics  test procedures.  For 
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FIG. 1--Three-point bend specimen 1Tplan. 
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the key curve method calibration specimens, a 1/2T bend specimen was also 
utilized. The notch orientation for all specimens was T-L. The specimens 
were precracked in accordance with the requirements in ASTM E 813. All 
specimens were side grooved to a total reduction of 20%. 

Quasi-static J-R curve tests were used in this investigation to characterize 
the material used and to act as a baseline for comparison of rate effects found 
in the higher rate tests. All quasi-static tests were performed using the com- 
puter-interactive elastic compliance procedure of Joyce and Gudas [5] in ac- 
cordance with the proposed JoR curve procedure [6] published recently. The 
apparatus used to measure load-line displacement (Fig. 2) consisted of a 
strain-gaged "flex bar"  mounted directly on the specimen. This device was 
calibrated for load-line displacement on the bend specimen by simulating the 
deflection at the flex bar centerline with a micrometer. 

Intermediate rate tests were conducted on a servohydraulic test machine 
using the stroke control mode with a ram velocity of 25 mm/s  (1 in./s). The 
test apparatus described for the quasi-static tests was found to be adequate 
for these higher rate tests, except that a higher speed data acquisition system 
was required. The key curve and multispecimen procedures were employed 
for J-R curve determinations at intermediate rates, since the elastic compli- 
ance technique is not suitable for this test rate. 

Drop weight tests were conducted in a drop tower at a striker (tup) velocity 
of approximately 2.54 m/s  (100 in./s). The fixtures and electronic apparatus 
pertinent to these tests are shown in Fig. 3. The specimen is supported by flat, 
hardened anvils and is struck via a soft metal absorber. To avoid indenting 
the stop blocks, a flat striker geometry is used. Three transducer signals were 
acquired during these tests. Load is measured in two ways: (1) from the in- 
strumented tup and (2) by two strain gages mounted on the specimen (Fig. 3). 
The strain gages mounted on the specimen constituted a half bridge, and 
their output was fed into a strain gage conditioning amplifier. This strain 

2~'LCS" I ; / ~o.7oo "--(2 PLy) 
- a . ~  n.:..-- f ~  . - -  

FLEX BAR $TRAIN.,~ i 

I I 

' 2 )  
FIG. 2--Diagram of three-point bend bar static test arrangement showing details of flex bar 

and specimen supports. 
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F I G .  3--Experimental setup for drop weight tests. 

/ 

gage system was calibrated statically against the load cell in a screw-type ten- 
sile machine. Load-line displacement is measured using the fiber optic light 
probe transducer shown in Fig. 3. The linkage shown allows the specimen 
arm to rotate while requiring the piston facing the light beam to stay in line 
with the light beam, avoiding errors resulting from relative rotation to which 
this type of transducer is very sensitive. The offset of the attachment point for 
the linkage is exaggerated in Fig. 3; the actual distance is 3.75 mm (0.15 in.). 
This distance is approximately 2% of the beam span. 

The expression used for calculation of the J-integral for the single-speci- 
men quasi-static tests was that developed by Ernst et al [ 17]: 

where 

~ A;'i+~ I1-  V(ai+l--ai)l J(i+l) ~--- J / ' F  bi BN bi (2) 

~/ = 2 for three-point bend specimens, 
W = specimen width, 
), = 1 for three-point bend specimens, 
bi = instantaneous length of remaining ligament, 

BN = minimum specimen thickness, 
ai = instantaneous crack length, and 

Ai.i+I = area under the load versus load-line displacement record between 
lines of constant displacement at points i and i + 1. 
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This work is directed towards high rate J-R curve testing; however, since 
considerable disagreement exists on dynamic expressions for J, static J ex- 
pressions have been utilized here. To evaluate J using static equations re- 
quires only load-time and load point displacement-time records to be taken 
during the test for the multispecimen and key curve techniques. 

Key Curve Method 

The key curve method was first presented by Ernst et a l [  18]. They used 
dimensional analysis to show that for simple geometries in which plasticity is 
confined to the uncracked ligament region the load displacement relationship 
must have the form 

PW t A a  L B  ) 
Bb 2 -- F1 W' ~z' W W' material properties (3) 

where 

P = applied load, 
A ----- total load-line displacement, 
a = crack length, 
b = u n c r a c k e d  ligament, 
B ---- specimen thickness, and 
W -~ a + b ---- specimen width. 

Substitution of Eq 3 into the deformation plasticity theory formula for J 
gives an incremental formula for evaluation of J [19]: 

[2bF1 b 2 ( OF1 ~ ] 
dJ. = L-W . -- - ~  \ ~ / . j  dA. 

+ - - - ~  FldA + - ~  \O(a/w)/dA 

+ ~ \a(a/W)2 /dA  da. (4) 

and an incremental formula for the evaluation of crack extension: 

W 2 \O(A/W)/. dA. -- dP. 
da. = (5) b2 : OF1 2b F 1  - - -  

w w 

It was pointed out by Ernst et al [18] in the original work that deeply 
cracked bend bars should exhibit key curves which are independent of crack 
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length (i.e., P~ b 2 for all applied displacements). Equations 4 and 5 can be 
reduced to the much simpler form that: 

2b A dJ = - ~  Fld + [----~ I FldAl da (6) 

and 

b 2 OF1 dA 
dP 

W 2 a (A/W)  
da = (7) 

2b 
- -  F1 
W 

It will be shown in later sections that for the three-point bend bar identical 
key curves are obtained for various crack lengths, at least to within experi- 
mental accuracy, and that these simpler equations are applicable for the 
three-point bend geometry. 

Key curves could be obtained by analytical methods and in fact are implicit 
in the J integral crack driving force diagrams obtained by Kumar et al [20]. 
Application of these diagrams to obtain key curves has not been successful, 
apparently due to an inability to accurately measure the material strain hard- 
ening exponent and to accommodate the fact that 25.4 mm (1 in.) thick speci- 
mens are intermediate between plane stress and plane strain in their behavior 
under load. 

The technique used here is to obtain the desired key curve by experimental 
methods as done previously [20-22] for static and rapid hydraulic tests on 
compact specimens. Subsize and blunt notched specimens are generally used 
to retard the point of crack initiation, though as discussed below this did not 
prove very successful for three-point bend specimens. 

The basic method used here then to develop J-R curves with the key curve 
method was to obtain the key curve FI(A/W) from tests on subsized geome- 
trically similar specimens, then to obtain dF1/(d(A/W) using numerical dif- 
ferentiation techniques, and then to integrate Eqs 6 and 7 along the full scale 
specimens load displacement record to obtain J and Aa. 

Multispecimen Method 

The major positive feature of the multi-specimen method is its directness 
and simplicity. The multispecimen test method was developed for J-R curve 
testing by Begley and Landes [3] as a technique for Jic measurement. The 
multispecimen method used here follows the procedure of ASTM E 813. A 
series of specimens prepared so as to be geometrically identical is tested to 
different load point displacements and then heat tinted to mark the final 
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crack extension. The specimens are broken open and the average crack exten- 
sion is measured with an optical microscope. The value of J is estimated from 
each load displacement record to the individual termination point, and the 
resulting J-crack extension pairs are plotted to yield the J-R curve. Using the 
procedure defined in ASTM E 813 for quasi-static testing, a Jic point can then 
be identified for the material. 

For the multispecimen tests conducted for this investigation J was deter- 
mined from the following relationship derived by Rice [23]: 

J : 2 A / B b  (8) 

where: 

A ---- area under the load/load-line displacement record to the point of ter- 
mination, 

B ---- net thickness of the specimen to the side grooves, and 
b ---- initial ligament. 

The multispeeimen test procedure can be employed for higher loading rates 
if a rigid stop block fixture is utilized to stop the drop weight or pendulum 
after slightly differing load-line displacement values have been reached as de- 
scribed in Ref 24. 

Results and Discussion 

Tensile Tests 

Results from the tensile tests are presented in Table 2. As expected, the 
increased displacement rate tests exhibited slight elevation in the 0.2% yield 
and ultimate tensile stress compared with the quasi-static (0.25 mm/min)  
tests. Engineering stress-strain curves for the subsize tensile specimens at the 
three different displacement rates are provided in Fig. 4. 

Impact Toughness Tests 

Results of the Charpy V-notch impact toughness tests showed the 3-Ni steel 
to be clearly on the upper shelf at room temperature. The average upper shelf 
impact toughness was 95.6 J (70.3 ft-lb). 

Quasi-Static J-R Curve Testing 

A series of quasi-static tests was run in this study to act as a baseline for 
comparison with intermediate rate servohydraulic results and high rate drop 
weight results. A typical result is shown in Fig. 5 and demonstrates the excel- 
lent correspondence obtained between unloading compliance, key curve, and 
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FIG. 4--Engineering stress-strain curves for  3-Ni steel at three loading rates. 
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a measured final crack length result as long as side-grooved specimens are 
used. This type of result has been shown previously for compact specimens of 
several materials [19,21], but for the bend bar case used here some modifica- 
tion of the method was required. As before, additional 1/2T specimens were 
tested without unloadings as shown by the two examples in Fig. 6. These 
curves are very different because the a / W  values were 0.55 for the upper 
curve and 0.61 for the lower curve. Putting these curves into key curve form 
gives the result shown in Fig. 7 where now the two curves are nearly coincident 
giving a key curve for the bend geometry which is independent of a/W.  

Figure 8 compares a l/2T bend specimen and a IT  bend specimen both 
plotted in key curve form. It is clear from this plot that the two geometries 
behave similarly until a A / W  value of about 0.024 at which point the larger 
specimen begins to crack and its normalized load displacement curve begins 
to fall. Problems are present here as far as application of the key curve analy- 
sis technique is concerned in that at about A / W  ----- 0.038 the load begins to 
fall on the l/2T specimen, which indicates that crack extension is also occur- 
ring in this specimen by this time. Thus the key curve technique as used previ- 
ously is applicable here only for A / W  = 0.038, which gives a very limited J-R 
curve on this material. To extend the key curve, additional 1/2T specimens 
were tested that had machined notch roots, but these were found to delay 
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FIG. 6--Typical load~load-line displacement records for two 1/2T quasi-static bend bars with 
different initial crack lengths. 
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cracking only slightly and they gave poor correspondence between the 1T and 
V2T key curve shapes near crack initiation. 

To avoid this difficulty the key curve was extended in two ways (Fig. 9). In 
the first method the key curve was assumed to be constant at the maximum 
value reached by the experimental data. In the second method the key curve 
was extended as a straight line with a slope chosen to match the measured 
final crack length to the result of the key curve calculations. As shown in Fig. 
10, the J-R curve resulting from the zero slope extension gives a considerable 
underestimate of the true crack extension, while the choice of a larger slope, 
830 MPa (120 000 psi) in this case, allows matching the key curve result to the 
measured result found optically after completion of the test. 

The use of a power law extension to the key curve with coefficients chosen 
to fit the experimental curve could also be used but to date has not been at- 
tempted. The particular slope of 830 MPa (120 000 psi) has been determined 
experimentally for static tests on this particular structural steel, but as shown 
in subsequent sections this same slope appears equally applicable at interme- 
diate or drop tower test rates. 

Intermediate Rate ]-R Curve Testing 

Since there is about six orders of magnitude difference in loading rate be- 
tween quasi-static tests (0.25 mm/min)  and drop tower rates (2.54 m/s), an 
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FIG. 9--Extensions o s 1/2T bend bar records showing both a constant value extension and a 
:onstant slope extension. 
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FIG. lO--Effect of key curve extensions on quasi-static J-R curves. 

intermediate rate has been used in this research. The rate chosen was 
25 mm/s ,  since this is a rate easily obtained by standard servohydraulic 
equipment and can be followed by standard COD clip gages and LVDT trans- 
ducers. 

Both multispecimen and key curve methods were used to obtain J-R curve 
results from intermediate rate tests. Multispecimen results were obtained by 
using the "stop at breakpoint" feature on the test machine controller to gen- 
erate a series of tests run at a constant rate to different final load-line dis- 
placement values. The J integral values were then calculated using Eq 8 and 
average crack length measurements were obtained in the standard fashion to 
give a series of J-Aa pairs. 

Key curve results were obtained by running 1/2T bend specimens at the in- 
termediate test rate, generating a key curve file, extended as discussed above 
at a constant slope of 830 MPa (120 000 psi), and used together with the load 
displacement data and Eqs 6 and 7 to give J-R curves as shown in Fig. 11. 
Comparison with measured final crack lengths is good though a growing devi- 
ation at larger crack extension implies that a power law based key curve ex- 
tension might give better results. 

Comparison of multispecimen and key curve results is shown on Fig. 12 for 
which the key curve results have been redone without the crack growth correc- 
tions to J which are present in the standard calculation. This modification is 
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FIG. 11--Key curve J-R curves for four intermediate rate tests using crack growth corrected 
J values. 

accomplished simply by dropping the second term of Eq 6 during the calcula- 
tion. This produces the close correspondence between multispecimen and key 
curve J values shown in Fig. 12, but it must be emphasized that the resulting 
J-R curves are not an accurate measure of deformation theory J beyond the 
point of crack initiation. 

Drop Tower J-R Curve Testing 

The most straightforward way to conduct a drop tower test is to utilize the 
manufacturer 's calibrated striker or tup signal for load and to assume a con- 
stant drop velocity validated by a Simple velocometer system to give the load 
point displacement. From the start of this program two additional data sig- 
nals were monitored, the first being a fiber optic load-line displacement 
transducer, the second a "transmitted load" signal obtained from strain 
gages attached to the test specimen. Typical signal outputs are shown in Figs. 
13a to 13c for a lhT drop tower bend bar loaded at 1.25 m/s.  Figure 13a 
shows clearly that the specimen outruns the striker shortly after impact, then 
bounces against the striker about three times before settling against the 
striker after about 1 ms of elapsed time. During this same 1 ms interval the 
striker load signal shown in Fig. 13b oscillates considerably, while the trans- 
mitted load signal of Fig. 13c oscillates but in a less extreme fashion. 
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FIG. 13b--Drop tower records for a I/2T bend bar showing tup load versus time. 
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FIG. 13c--Drop tower records for a 1/2T bend bar showing integral strain gage load versus 
time. 
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Since the specimen and striker are only Occasionally in contact over this 
1 ms interval, it seems unreasonable to place much confidence in the striker 
load signal, and it is quite satisfying to see the smoother result measured by 
the specimen mounted strain gages of Fig. 13c. 

Taking the smoother load signal, obtained from the specimen strain gage 
system, gives a plot of load versus load-line displacement that is not ade- 
quately smooth to be used to construct a key curve file for crack growth esti- 
mation, since the key curve technique is very sensitive to the slope of the con- 
tributing load displacement records. An iterated numerical polynomial 
smoothing routine has been developed which smooths both the displacement 
time and load time records. Basically, segments of the load time curve (for 
example) are fit with a low-order polynomial, usually a third-order polyno- 
mial, and smoothed values are obtained. The polynomial is fit in turn to a 
series of overlapping regions until a smoother resulting curve is obtained; 
then, if necessary, the process is iterated to eliminate (or reduce substantially) 
any resulting steps present between adjacent segments. Smoothed load time 
and displacement time curves for this specimen are shown in Figs. 14a and 
14b and the resulting smoothed load displacement plot is shown in Fig. 14c. 
Except for the load elevation present at the beginning of this curve, which is a 
residual of the initial impact spike, the curve in Fig. 14c is now adequate for 
use in the key curve analysis routines. 
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FIG. 14a--Smoothed drop tower results for  a 1/2T bend bar showing load-line displacement 
versus time. 
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FIG. 14c--Smoothed drop tower results for a 1/2T bend bar showing load versus load-line 
displacement. 
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Data obtained on 1T scale bend bars also show the transient inertial oscilla- 
tions. Raw data obtained on a typical 1T bend bar are shown in Figs. 15a to 
15c. Figure 15b shows that for this specimen geometry even larger load oscil- 
lations occur than found for the 1/2T specimen, making the need for a smooth- 
ing operation more apparent and also making the smoothing operation more 
difficult. The load signal used in Fig. 1Sb is the one obtained from the strain 
gages mounted directly on the specimen arms. The signal phase for the strain 
gage signal was much more in agreement with the displacement signal, how- 
ever, than was the tup signal and was free of the impact spike which domi- 
nates the initial stages of the tup load time record. As before, the tup signal 
must be treated as suspect in regions where tup and specimen are not in con- 
tinuous contact. For these reasons the strain gage load signal is used in the 
results which follow. 

The displacement versus time curve again shows that the specimen outruns 
the average striker velocity, and this time it appears that the striker does not 
catch the specimen until just before the stop block fixture was struck. 

Smoothing operations were applied to the load-time and displacement time 
records as described previously and the smoothed results for this 1T case are 
shown in Figs. 16a to 16c. The smoothed load displacement record is com- 
pared with the static load displacement curve in Fig. 17. Since the specimen 
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FIG. 15a--Unsmoothed 1T data records showing load-line displacement versus time. 
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F I G .  16c--Numerically smooth I T  data records showing load versus load-line displacement. 
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geometries were identical, the load elevation present on the drop weight speci- 
men is a result of the loading rate. The initial stiffnesses of the two specimens 
are, however, nearly identical. This is taken here as implying that the smooth- 
ing operation has given, in this region, an accurate representation of the real 
load displacement record. 

Figure 18 shows a plot of the smoothed and normalized load displacement 
records of 1/2T and 1T drop weight specimens. For the static and intermediate 
rate tests discussed above, the key curves for IAT and 1T specimens were 
shown to correspond well until crack initiation occurred. For the drop weight 
results, correspondence is present in the early portion and again in the vicinity 
of maximum load but a distinct separation is found in the region between. 
This appears to result from the large amount of smoothing which was applied 
to the 1T load time record to remove the inertial oscillations shown in Fig. 
15b. In the process the rather distinct yield bend demonstrated by the mate- 
rial was also smoothed out. 

The result obtained from the l/2T specimen is therefore taken as the more 
accurate key curve result because of the smaller amount of smoothing needed 
to reduce the original data. In order to apply the key curve method to this case 
it was assumed that no crack extension was present in the 1T specimen geom- 
etry before maximum load. As in the earlier cases the 1/2T key curve result 
must be extended to give a J-R curve beyond a A /W  value at which crack 
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FIG. 18--Key curve comparison of drop tower l/2T and I T  bend bar records after numerical 
smoothing. 
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extension occurs in the I/2T specimen. The key curve was extended here as 
done in the previous two sections by using a constant positive slope, with the 
slope chosen to give agreement between the key curve estimated final crack 
length and the measured value. 

Since crack initiation is not expected to occur in this material until maxi- 
mum load, accurate J-R curves are expected here in spite of the smoothing 
applied. Future applications of the key curve method to drop tower testing 
could be enhanced by using an alternative technique for the determination of 
crack initiation or by finding experimental methods to smooth the load time 
record. 

Three drop weight J-R curves are presented in Fig. 19 along with final mea- 
sured crack lengths. The straight "blunting line" portion has been produced 
artificially in the region before maximum load where the 1T specimens load 
displacement curve deviates from the key curve as discussed above. 

As done previously in the intermediate rate tests, these three specimens and 
a series of five additional identical specimens tested to smaller total displace- 
ment values at the same drop tower rate were analyzed in the standard multi- 
specimen technique using the formula for J given by Eq 8. The results are 
shown in Fig. 20 where they are compared with both crack growth corrected 
and un-crack-growth corrected key curve results. The comparison between 
the multispecimen results and the uncorrected key curve results is very good, 
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F I G .  19--Drop tower ]-R curves obtained by the key curve method. 
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even in the zone near crack initiation, justifying the key curve analysis as- 
sumption that crack initiation does not occur until maximum load for this 
material.  

Applicability of Numerical Smoothing to J-R Curve Evaluation 

An important  question that  needs to be answered to support this work is to 
determine what has been removed from the load time record as a result of the 
numerical smoothing procedure described in an earlier section. 

To study the unsteady transient it was first evaluated by taking the differ- 
ence between the smoothed and unsmoothed data. This was done for several 
specimens, and the most important observation was that the result was very 
repeatable. Shifting all transients to a new time scale with zero at the center of 
the first tensile spike and doing a simple average at each time instant gave the 
results shown in Fig. 21. 

A separate test was then run by placing a similar specimen in the test ma- 
chine and loading by dropping the head from a low height of about 0.5 cm. 
This produced an elastic loading giving a load time trace as shown in Fig. 22. 
This load time curve was analyzed using the polynomial smoothing procedure 
to extract the oscillatory transient. After an adjustment of scale and a time 
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FIG. 21--Difference between smoothed and unsmoothed load-time records for  1 T drop tower 
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shift the plot shown in Fig. 23 was produced. Though the amplitudes of the 
transients are much different, when scaled by the maximum value as shown, 
the similarity of the elastic and elastic-plastic transients are very similar even 
though the impact velocities are different by a factor of 100 and the material 
properties are very different. This result conclusively shows that the transient 
being removed by the smoothing operations is an elastic transient which is a 
function of the specimen geometry and test machine stiffness but not a strong 
function of material toughness or loading rate. 

Comparison of J-R Curves at the Three Test Rates 

Results of all three test rates are compiled in Table 3. Tearing modulus 
values are not presented for the multispecimen tests, since J values are calcu- 
lated for these tests without being corrected for crack growth. The Jic values 
are calculated in accordance with ASTM E 813 for all tests, while the T values 
used are obtained from the slope of data within the ASTM E 813 exclusion 
lines. These results show how the elevation of test rate for this material in- 
creases both Jlc and T. Figure 24 shows the general trend exhibited by 3-Ni 
steel R-curves with increasing loading rate as determined by both the key 
curve and multisPecimen techniques. 
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FIG. 23--Comparison of high frequency amplitude components obtained from an elastic drop 
and the average of six elastic plastic tests. 
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TABLE 3--Jlc and T values for specimens tested at three different loading rates. 

Loading Rate 

Quasi-Static Intermediate Drop Tower 

Technique/ ~c, Jle, ~c, 
Specimen MPa.m T MPa'm T MPa.m T 

Multispecimen 
Unloading 

compliance 
Key curve 

FYB-U2 
FYB-Ull 
FYB-108 
FYB-109 
FYB-110 
FYB-111 
FYB-U4 
FYB-U12 
FYB-U13 

168 

209 
244 

. .  

12.7 

22.2 
28.3 

290" ... 321-323 

229[�89 34139 iii iii 
214-215 3 8 - 4 4  . . . . . .  
241-244 2 2 - 2 5  . . . . . .  
241-243 32-37 

. . . . . .  3441346 40~46 

. . . . . .  383-388 48-54 

. . . . . .  383-391 48-60 

~ valid as per ASTM E 813. 

To calculate values for Jic and T flow stresses are required, and a method 
for relating tensile bar loading rates to bend bar loading rates is at present not 
available. As an approximation, a two dimensional, plane strain, elastic plas- 
tic finite element analysis of the IT three-point bend specimen used in this 
study shows that stresses on the order of yield occur at integration points near 
the crack tip after load-line displacements of 0.25 mm. This corresponds to 
strain rates in drop tests of 10 m m / m m / s  at 0.5 mm radius from the crack 
tip, a strain rate roughly equivalent to the high speed tensile strain rate gener- 
ated in the servohydraulic test and presented in Table 2. For this 3-Ni steel 
material the flow stress is only moderately dependent on strain rate; the J~c 
and T values shown in Table 3 show the range obtained by using static flow 
stress (larger Jic and T) and servohydraulic flow stress (smaller Jlc and T). 

The numbers show a close similarity in Jic values for static and intermedi- 
ate test results, with a tendency for intermediate rate T values to be elevated 
above static T values. Drop tower tests show a clear elevation in J~c over the 
other test rates, but T now appears to be only slightly elevated in comparison 
with intermediate rate results. 

Discussion of Quasi-Static J Analysis Applied to Dynamic Loading 

The elevation in the J -R  curve fracture behavior shown above can be due to 
omission of inertial input to the J equation, inclusion of an inappropriate load 
in the J-equation, or to a true elevation in material fracture toughness. 

Recent investigations [25-27] have shown dynamic stress intensity (K) to 
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F I G .  24--Summary of J - R  curve results at the three test rates for IT  bend bars using the key 
curve, multispecimen, and unloading compliance techniques. 

be an increasing function of crack velocity only when the crack velocity ap- 
proaches a significant fraction of the material shear wave speed. The drop 
weight tests on the 3-Ni steel bend specimens used in this investigation gener- 
ated ductile crack velocities on the order of 3 m/ s  and, since the shear wave 
velocity in steels is approximately 3000 m/s ,  little dynamic effect would be 
expected for these tests. 

Nakamura  et al [28] stress the importance of the inclusion of the correct 
load in the J formulation. For the static case the remote load and the trans- 
mitted ligament load are equivalent. In the dynamic case the remote and 
transmitted ligament loads may not be equivalent. For the tests in this investi- 
gation, integral strain gages were used to obtain a time-averaged estimate of 
the transmitted ligament load. 

The elevation in J-R curves found in this investigation seems therefore to be 
a material rate effect resulting at least in part  from the elevation of material 
yield stress properties. 

Conclusions 

�9 Multispecimen and key curve tests give upper shelf J-R curves which are 
in substantial agreement at elevated loading rates of 0.025 and 2.5 m/s .  

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 : 2 8 : 3 5  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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�9 Numerical smoothing techniques required to apply a key curve method 
appear to separate the oscillatory high frequency component from the load 
displacement record. This oscillatory component is a function of specimen 
geometry and elastic material properties, The oscillation amplitude is a func- 
tion of test speed, but many features of the high frequency transient appear to 
be unchanged across a wide range of loading rates and load magnitudes. 

�9 For the 3-Ni steel tested here both J~c and J-R curve slopes (T's) are 
elevated at higher loading rates, with Jic and T values being increased by a 
factor of roughly two for a loading rate increase of about six orders of magni- 
tude. 
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DISCUSSION 

J. 1-1. Giovanola  I (wri t ten  d i s c u s s i o n ) - - T h i s  discuss ion  addresses  two ques-  

t ions :  (1) the  o r ig in  of  t he  load  osc i l la t ions  as r e c o r d e d  by the  s t ra in  gages  
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mounted on the impact face of the bend specimen, and (2) the influence of 
these oscillations on the measured J-R curve. 

The dynamics of the impacted three-point bend specimen have been stud- 
ied extensively and interpreted by Kalthoff and co-workers. They have shown 
that crack tip loading results from two types of superimposed oscillations. 
The first type of oscillation, with a period of about a millisecond or more, is 
the vibration of the system hammer-specimen-supports. It can be analyzed 
with a simple spring-mass model. The second type of oscillation is due to the 
vibration of the specimen alone and has a period about an order of magnitude 
smaller than the hammer-specimen-support  system. The oscillations ob- 
served on the load record presented in this paper are in all likelihood of this 
second type. B0hme and Kalthoff have shown that proper choice of specimen 
size--specifically, the length of specimen overhang beyond the supports--can 
greatly reduce the amplitude of undesired oscillations. 

The effect of these load oscillations can be assessed in the following way. 
The first few oscillations occur in the elastic regime, and their amplitude ap- 
pears to remain below the yield load. Thus they can be regarded as a few 
additional fatigue cycles experienced by the precracked specimen. These ad- 
ditional cycles should not have any significant influence on the resistance 
curve of a tough ductile material. As the average load approaches yield, the 
load oscillations appear to be considerably damped and do not exceed the 
maximum load level later reached during the impact test. These oscillations 
in the near yield region can be regarded as a few partial unloadings similar to 
the unloadings used to record the elastic compliance in conventional J-R 
curve testing. It has also been recognized that these unloadings do not influ- 
ence the measurement of the JoR curve. Therefore the procedure of obtaining 
J from the average dynamic load-displacement curve, neglecting the effect of 
the oscillations, seems legitimate. 

J. A. Joyce and E. M. Hackett (authors' closure)--We basically agree with 
the above comment. We certainly feel that both the test machine oscillations 
and specimen vibrations are superimposed on the oscilloscope data traces. 
Many important aspects of work in this area remain unsettled, including de- 
termining whether the J integral remains a controlling parameter of crack tip 
behavior during rapid loading. 
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Wilhem, W. A. Andrews, and J. C. Newman, Eds., American Society for Testing and 
Materials, Philadelphia, 1986, pp. 775-788. 

ABSTRACT: Experimental methods of analysis and corresponding algorithms for con- 
verting data into fracture parameters were reviewed. Results obtained from applying the 
methods to an analysis of boundary layer effects in compact bending specimens and in 
moderately deep surface flaws under Mode I loading were presented. Finally, a means for 
incorporating the new results into linear elastic fracture mechanics (LEFM) design ration- 
ale was suggested. 

KEY WORDS: stress intensity factors, boundary layer effects, linear elastic fracture me- 
chanics, photoelastic and moir6 analysis, eigenvalue problems 

Recent  analyses  [1-4] have suggested tha t  the  inverse square  root  s ingular-  
ity commonly  associa ted  with l inear  elast ic  f rac ture  mechanics  (LEFM)  is lost 
when a s t ra ight  f ront  c rack  intersects  a free b o u n d a r y  at  r ight  angles.  Ben- 
t h e m ' s  analysis  of a qua r t e r  infini te c rack  in a half  space [2] is general ly  re- 
ga rded  in the  technica l  communi ty  as provid ing  the p roper  value of the  expo- 
nent  of r a t  the  free surface for the  elast ic  case as a lowest eigenvalue f rom a 
series ob ta ined  f rom a va r iab les - separab le  th ree -d imens iona l  approach .  His 
resul ts  have been verif ied by Bazan t  and  Estenssoro [5] and  by Solecki and  
Swedlow [6] using finite e lement  analyses.  

The  present  au thors  and  the i r  associates  have developed,  over a per iod  of 
years,  an exper imen ta l  me thod  which in tegrates  the  approaches  of frozen 
stress photoe las t ic i ty  and  high densi ty  moir6 in ter ferometry  in order  to yield 
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experimentally determined stress intensity factor (SIF) distributions for 
three-dimensional problems [7-8]. The experimental procedure involves the 
following steps: 

1. Prepare a scale model of the body using di-phase (stress freezing) photo- 
elastic material. 

2. Insert a natural or artificial crack into the model at the desired location. 
Natural starter cracks are made by striking a sharp blade held normal to the 
surface of the body. The starter crack emanates from the blade tip normal to 
the blade, propagates a short distance, and arrests. Artificial cracks are in- 
troduced by machining with a vee-notched tip with a notch angle not greater 
than 30 ~ . 

3. Place cracked model in a loading frame without restraint in a pro- 
grammed oven and heat to critical temperature. Then apply live load. Natu- 
ral cracks may be extended without controlling their shape by using a suffi- 
ciently high load and then reducing the load when the desired crack size is 
reached to stop crack growth. 

4. Cool under load to room temperature and remove load. Stress fringes 
and deformations produced above critical temperature will be retained. 

5. Remove thin slices from the model which are mutually orthogonal to the 
crack border and the crack surface. 

6. Analyze each slice photoelastically and use the extracted optical data in 
a suitably chosen algorithm to estimate the stress intensity factor 
photoelastically. 

7. Deposit a high density linear grid (1200 lines/mm) on a surface of each 
slice. Anneal the slices so that the grid senses the recovered deformation field. 

8. View the deformed gratings through a "virtual" grating produced by 
recombining a split laser beam in space to obtain moir6 displacement fringes 
around the crack tip. From suitable algorithms, convert the moir6 data into a 
second estimate of the stress intensity factor. By using an algorithm not con- 
forming to linear elastic fracture mechanics, the authors have been able to 
achieve good correlation with Benthem's result at the crack border free sur- 
face intersection [9]. 

After briefly reviewing tile features of the method, the authors present 
results obtained by applying the above approach to two classes of problems in 
order to measure the variation in the first eigenvalue through the boundary 
layer within which a crack intersects a free surface. Then, on the basis of 
these results, the authors suggest an approach for correlating the results with 
linear elastic fracture mechanics. 

Experimental Methods 

As noted above, two experimental methods, frozen stress photoelasticity 
and high density moir6 interferometry, have been utilized in studying the 
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boundary layer effect as well as the variation in the SIF distribution in three- 
dimensional cracked body problems. These methods have been described in 
detail elsewhere [8,10] so will only be briefly reviewed here. 

Frozen Stress Photoelasticity 

This method capitalizes on the fact that the transparent model material 
exhibits di-phase mechanical and optical behavior. At room temperature, it 
responds to load in a Kelvin-like manner (Fig. 1). When the model's tempera- 
ture is raised to its "critical" value, however, the viscous coefficient vanishes 
and the mechanical response becomes linearly elastic with a corresponding 
reduction in material modulus of some two and a half orders of magnitude 
and an increase in optical sensitivity to stress fringes of about twenty five 
times the room temperature sensitivity. To take advantage of this behavior, 
we heat the cracked model to critical temperature, load, and cool under load. 
Upon load removal, and even after slicing through the body after load re- 
moval, the deformations and stress fringes produced above critical tempera- 
ture are retained and can be analyzed photoelastically in the usual way. The 
photoelastic fringes are proportional to the maximum shearing stress in the 
plane of the slice, and the algorithms for converting the data into stress inten- 
sity information are referred to a local Cartesian coordinate system tnz 
(Fig. 2) with slices always taken parallel to the nz plane for Mode I loading 
[10,111. 

High Density Moirg Interferometry 

By assuming that the annealing of stress frozen slices reverses the effect of 
stress freezing (which has been verified experimentally), one can deposit a 

E = 

p. = 

, , A  E 
A 

" r LT 
J 

YOUNG 'S MODULUS 

FIRST COEFF. OF VISCOSITY 

FIG. 1--Kelvin material. 
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~ N  

FIG. 2--General problem geometry and notation. 

grating of 1200 lines/mm on a slice surface and then anneal the slice, deform- 
ing the grating. By viewing this grating through a "virtual" master grating 
developed by Post [I2], moir6 fringes which are proportional to the in-plane 
displacement components normal to the master grating can be obtained. The 
virtual grating is formed by splitting and recombining rays from a laser light 
source so as to form an optical grating of lines of constructive and destructive 
interference. It is important that rigid body motions be eliminated from the 
data used to compute SIF values. By following the photoelastic analysis of a 
slice with a moir6 analysis, two separate estimates of the SIF for that slice may 
be obtained. 

With the measuring techniques described above, we measure maximum 
shearing stress magnitude and displacement components in the slice plane. 
Generally, these data are collected close to the crack tip, but must exclude a 
very near-tip non-linear zone. For problems in which boundary layer effects 
are not present (such as embedded flaws) or are neglected, algorithms are 
constructed from classical LEFM for converting optical data into SIF values. 
These algorithms have been discussed elsewhere [8,10] and will not be re- 
peated here. In order to study the boundary layer effect, however, algorithms 
must be constructed which are outside the realm of LEFM. 

MoirJ Displacement Algorithm 

Benthem's solution [2] was a variables-separable result which, for the dis- 
placement components, took the form of a series of eigenfunctions for a quar- 
ter infinite crack in a half space. Focusing on the lowest order eigenvalue term 
as is customary in such problems and noting that, for Mode I, moir6 fringes 
(Fig. 3) are readily measurable along 0 = + 7r/2 we have, near the crack tip, 

u~ = Cr ~" (1) 
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FIG. 3--Mo&d pattern for  displacement components normal to crack plane due to Mode I. 

where 

u~ ---- component  of displacement normal  to crack plane, 
C = coefficient of leading term in displacement series, constant for 0 = 

_ ~r/2, and 
X, ---- first or lowest order  eigenvalue in the solution for the displacement. 

Therefore 

loguz = l o g C  + X u l o g r  (2) 

and ~ may be determined as the slope of a plot of log u= versus log r. Figure 4 
shows a typical result f rom a slice removed f rom a compact  bending speci- 
men.  The log r location for the slope measurement  is in the linear range with 
the smallest slope and is nearly common  to all slices for a given crack border.  
In  general, the zone lies between r = 0.5 and 1.5 m m  from the crack tip along 
O = + 7r/2. 
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FIG. 4--Determination of Xufrom moird data. 

Photoelastic Algorithm 

Since data from a stress frozen slice are averaged optically through the slice 
thickness, we can describe these data locally with a two-dimensional function 
analogous to a Westergaard stress function for a small enough data zone 
taken so as to focus upon the in-plane singular effect. Using this approach, 
and again focusing upon the lowest order eigenvalue, we have, along 0 = 
_+ 7r/2 where the stress fringes spread the most for Mode I (Fig. 5), 

Lim. {x/2~ [Z(~') ] ~-xo} = Kx (3) 
I~l ~o 

FIG. S--Mode I photoelastic stress pattern. 
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where Z is the stress function, ~'is as defined in Fig. 6, Kx is a "stress eigenfac- 
tor ,"  and ko is the lowest order eigenvalue in the stress equations. By comput- 
ing or (i , j  = n , z )  from Eq 3 and T max from these stresses, one arrives at the 
approximate expression [13] 

Kxf(X~) 
r.  max -- rX ~ + Oo. (4) 

where Oo. represents the contribution of the nonsingular stresses in the mea- 
surement zone. By defining 

( K x ) A p  : ,/.max rXO (AP : apparent) (s) 

then 

log (r max) = log ( K x ) A p  - -  )k o log r (6) 

Thus, by plotting log (Tnmz ax) v e r s u s  log r, k~ can be determined. We note that 
k, as defined by Eq 3 equals 1 -- k, where h, is as defined by Eq 1. However, 
they can be determined independentiy of this relation. 

Experiments and Results 

The foregoing methods were applied to two different cracked body 
geometries: 

1. The four-point loaded compact bending specimen (Fig. 7) containing a 
straight front crack which intersected the free boundaries at right angles. 
This geometry was used to benchmark the experimental results against Ben- 
them's value at the free surface using the moir6 method and to confirm that 
the photoelastic and moir6 methods yielded essentially the same results. Ta- 
ble 1 shows the results leading to the former observation, and Fig. 8 confirms 
the latter statement. 

2. Wide flat plates containing natural semi-elliptic surface flaws (Fig. 9). 

~= Z-Q 

FIG.  6--Crack tip coordinates. 
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A 

r 

io < 0 0 5 0  mm 

W = 2 5 . 7 0  mm 

d = 6.55 mm 

o = 12.82 mm 

B = 13.33 mm 

e = 12.7 mm 

(drawing not to scale) 

FIG. 7--Compact bending specimen. 

1 
...I BI..- ":' 
Section A - A  

I = 5 Q 8  mm 

L = 76 .2  mm 

S = 2 7 9 . 4  mm 

P = 2.32 N 

TABLE 1--Experimental and analytical values of X,. 

Poisson's Ratio X,, (Experimental) X,, [2] 

0.40 0.58 0.59 
0.48 0.63 
0 . 5 0  . . .  6 . ; ~  

FIG. 8--Xu distribution in compact bending specimen from moird and photoelastic data. 
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i = 2C �9 

/ 

a = 6.95 mm a/C = 0 . 7 6 0  
C = 9.17 mm a/T = 0 . 5 2 5  
T = 13.23 mm 

( d , d o / 2 )  are distances along f law border 

((Z,TT/2) are the corresponding angular 'spreads' 

FIG. 9--Natural  semi-elliptic surface crack geometry. 

2a/Tr 
0.2 0.4 0.6 0.8 1.0 

0"60 I f I I I 

0.5 

0.4 

0 2 -  

0 . 1 -  

a/C = 0.760 
O/T = 0.525 

0 abscissa 2d/d o 
I-1 abscissa 2a/y 

0 I I I I [ 
0 0 2  0.4 0.6 0.8 1.0 

2d/do 

FIG. 10--~o distribution for  surface crack. 
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This geometry was used because of its prevalence in structural elements in 
service in order to investigate the extent to which the aforementioned con- 
cepts might apply in a technologically important strongly three-dimensional 
configuration. Moreover, in these experiments, only standard photoelastic 
methods were used so that boundary surface values of X~ were obtained only 
by extrapolation. However, this approach results in a significant reduction 
(over 50~ in analysis time and, as seen in Fig. 8, would not appear to yield 
significant error. 

The distribution of Xo along the flaw border for a semi-elliptic crack of 
moderate depth is shown in Fig. 10 for both scales of 2d/do and 2a/Tr. This 
distribution is compared with the Xo distribution for a compact bending speci- 
men of about the same crack depth in Fig. 11. These results agree at the free 
surface and at the crack midpoint. However, there is a substantial divergence 
between these points suggesting that, for the surface flaw, the loss of the in- 

X,, 

0 . 6 -  

0 . 5 -  

0 . 4 -  

/ 

02 

0.2- 

o . I -  

0 Semi-elliptic Surface Flaw (abscissa ~;d/do) 

I-I Straight-front Crack (abscissa 2t/B) 

i z~l~'~176 

I I % = 0.-,'60 t 

O / T  = o.525 

~ = 0.500 

0 I 
0 0.2 

SURFACE FLAW 

!-- B---I 
COMPACT BENDING 

I I I I 
0.4 0.6 0.8 1.0 

2d or 2..& 
do B 

FIG. ll--Comparison of h~ distributions for straight front and surface cracks. 
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verse square root singularity extends much further from the free surface than 
for the straight front crack. This latter trend was also observed for both shal- 
lower and deeper flaws. On the basis of these preliminary studies, we conjec- 
ture that the extended boundary layer effect is geometric, and results from the 
fact that a slice taken normal to the crack border in the surface flaw sees a 
much smaller a / T  value than the compact bending slices and thus ap- 
proaches the free surface condition. 

Interpretation of Results for Design 

Benthem's analysis predicted that the boundary layer effect would be 
strongest in materials with high values of Poisson's ratio (rubbers, some plas- 
tics and adhesives, rocket motor propellants) and, for such materials, the is- 
sue is raised as to how these effects should be accounted for in designing 
against fracture. Since K •  or K~f(k), do not have the dimensions of the clas- 
sical SIF, additional interpretations of our results would appear to he needed 
here. 

624 

(Kx)aP ( 

KPa(mm)X~ 

3 7 4  

(Kcor)op 

KPa(mm) I/z 
f 

2 4 . 9  ~ 

12.4 

__/_/-k), = 48.6 

Plot of Conversion Process from 

k A to Corresponding kco r 

~(mm) "365 

0 

k(:Or=264KPa mV'~-~ ------ ~ - - ~ ' ~ ~  -OJ3-JO0 

0 
J 

X~ = 0.365 

For Photoelastic 
Slice I I I I I I I 

I K rrr TV~rt~Z~ 

o I I I I I I I 
0 0.05 0.11 017 025 0.29 034 

rXO - 

F I G .  12--Determination of Kcorfrom (Kx)A,O data from photoelastic data from a surface slice 
from compact bending specimen. 
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786 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

When the frozen stress method is employed, the quantity measured is pro- 
portional to a stress averaged through the thickness in a local region near the 
crack tip. In this region we have obtained expressions for an apparent stress 
intensity value from both LEFM [3] and from Eq 5 for the boundary layer 
algorithm. Since each describes the same quantity (in-plane maximum shear 
stress), we equate them in the measurement zone to obtain 

7nmzaX -- KAp (Kx)Ap 
rl/2 --  r;X~ (7) 

where KAp "corresponds" to (Kk)Ap SO we call it (gcor)AP. Thus 

(Kcor)AP : (Kk)Ap y.1/2--Xa (8) 
If we then use Eq 8 on the boundary layer data, we can convert to a "corre- 
sponding" classical LEFM value. Once this is done, (Kcor)AP values may be 
extrapolated to the origin on a plot of KAp versus r x~ to obtain Kcor values as is 
done to obtain KI in LEFM [10,11]. Figure 12 shows an example of this proce- 

FIG. 13--Ki and K~or distributions in compact bending specimen. 
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dure. In Fig. 13 we compare the photoelastic data using an LEFM algorithm 
with the results obtained using the boundary layer algorithm and Eq 8 for the 
compact bending specimen. We note that use of Eq 8 essentially eliminates 
the influence of the free surface, although the result is slightly higher than the 
two-dimensional result. Thus the new algorithm, when modified by Eq 8, 
yields a conservative result which could be employed within a two-dimen- 
sional context by the designer. Figure 14 shows a similar result for a semi- 
elliptic crack. We again see an elevation of K~or above the classical SIF as 
before with greatest elevation again occurring near the free surface, and re- 
sulting in a variation in Kcor of less than 10% around the flaw border. This 
result again suggests that the problem could be greatly simplified by basing 
LEFM design rationale on the maximum value of Kcor with a conservative 
result. 

I.I 

1.0 

kz 
q (ira) I /2  

0.9 

08 

Plot of Classical and Corresponding 
kz 

q(~ra)l/z vs Location on Crack Front 

17- kz(cor) O- k-J-Z 
q(~rO) 1/2 q(Tra) 1"72 

q -= R e m o t e  St ress  
J3---- ~ - . . O _ . _  ~."  

I" "l 

0 . 7 -  

0 
0 

% = 0.760 

a/T= 0.525 

I I I I 
0.2 0,4 0.6 0.8 1.0 

2d/do 

FIG. 14--Kl and K~or distributions for surface crack. 
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Summary 

After briefly reviewing an optical experimental  method for analyzing the 
stress intensity dis t r ibut ions in cracked bodies, the method was applied to a 
study of bounda ry  layer effects in such problems where crack fronts intersect 
free boundar ies .  Results suggest tha t  such effects are strong for surface flaws 
in nearly incompressible elastic materials .  Based upon  limited data, a tech- 

n ique  was proposed for account ing for such effects through the use of corre- 
sponding SIF together  with convent ional  LEFM design rationale. Studies in 
this direction are cont inuing.  

A c k n o w l e d g m e n t s  

The authors  wish to acknowledge the contr ibut ions of their colleagues as 
noted in the text in providing foundat ions  for this work. The support  of the 
National  Science Founda t ion  unde r  Gran t  MEA-832-0252 is also gratefully 
acknowledged. 

References 

[1] Villarreal, G., Sih, G. C., and Hartranft, R. J., Journal of Applied Mechanics, March 
1975, pp. 9-14. 

[2] Benthem, J. P., International Journal of Solids and Structures, Vol. 16, 1980, pp. 119-130. 
[31 Folias, E. S., International Journal of Fracture, Vol. 16, No. 4, 1980, pp. 335-348. 
[4] Smith, C. W., Post, D., and Epstein, J. S. in Proceedings, 40th Anniversary Conference of 

Society for Experimental Stress Analysis, May 1983, pp. 1-6. 
[5] Bazant, Z'. P. and Estenssoro, L. F. in Fracture, Vol; 3, 1977, ICF4, University of Waterloo 

Press, Ontario, Canada, pp. 371-385. 
[6] Solecki, J. S. and Swedlow, J. L., "On the Three Dimensional Applications of LEFM II-- 

Finite Element Analysis of Straight and Curved Through Cracks in a Plate," Report SM83- 
9, Department of Mechanical Engineering, Carnegie Mellon University, Pittsburgh, Aug. 
1983, 46 pp. 

[7] Smith, C. W., Journal ofOpticalEngineering, Vol. 71, No. 4, 1982, pp. 696-703. 
[8] Smith, C. W., Post, D., and Nicoletto, G. in Proceedings, 1982 Joint Conference on Experi- 

mental Mechanics, Society for Experimental Stress Analysis--Japan Society of Mechanical 
Engineers, Part I, 1982, pp. 196-200. 

[9] Smith, C. W., Epstein, J. S., and Olaosebikan, O., Advances in Aerospace Structures, 
Materials and Dynamics, ASME-Aero Div.-06, 1983, pp. 119-126. 

[10] Smith, C. W., Experimental Evaluation of Stress Concentration and bltensity Factors, Me- 
chanics of Fracture, Vol. 7, G. C. Sih, Ed., Martinus-Nijhoff, Leyden, The Netherlands, 
Ch. 2, 1981, pp. 162-187. 

[11] Smith, C. W. in Experimental Techniques in Fracture Mechanics 2, SESA Monograph No. 
2, A. S. Kobayashi, Ed., Ch. 1, 1975, pp. 3-58. 

[12] Nicoletto, G., Post, D., and Smith, C. W. in Proceedings, 1982 Joint SESA-JSME Confer- 
ence on Experimental Mechanics, 1982, pp. 258-262. 

[13] Smith, C. W. and Epstein, J. S., "Measurement of Three Dimensional Effects in Cracked 
Bodies," in Proceedings, 5th International Congress on Experimental Stress Analysis, June 
1984. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



L S. Raju I and  J. C. Newman 2 
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Bending Loads 
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ABSTRACT: Stress-intensity factors for a wide range of nearly semi-elliptical surface 
cracks in pipes and rods are presented. The surface cracks were oriented on a plane nor- 
mal to the axis of pipes or rods. The configurations were subjected to either remote ten- 
sion or bending loads. For pipes, the ratio of crack depth to crack length (a/c) ranged 
from 0.6 to 1, the ratio of crack depth to wall thickness (a/t) ranged from 0.2 to 0.8, and 
the ratio of internal radius to wall thickness (R/t) ranged from 1 to 10. For rods, the ratio 
of crack depth to crack length also ranged from 0.6 to 1, and the ratio of crack depth to 
rod diameter (a /D)  ranged from 0.05 to 0.35. These particular crack configurations were 
chosen to cover the range of crack shapes (a/c) that have been observed in experiments 
conducted on pipes and rods under tension and bending fatigue loads. The stress-inten- 
sity factors were calculated by a three-dimensional finite-element method. The finite-ele- 
ment models employed singularity elements along the crack front and linear-strain ele- 
ments elsewhere. The models had about 6500 degrees of freedom. The stress-intensity 
factors were evaluated using a nodal-force method. 

The present results were compared with other analytical and experimental results for 
some of the crack configurations. The results generally agreed within 10%. 

These results should be useful in predicting crack growth rates and fracture strengths, 
designing structural components, and establishing inspection intervals for pipes and 
rods. 

KEY WORDS: cracks, surface cracks, crack propagation, fracture, stress analysis, fa- 
tigue (materials), stress intensity factors, finite elements 

~Senior Scientist, Analytical Services & Materials, Inc., Tabb, VA 23666. 
2Senior Scientist, Materials Division, NASA Langley Research Center, Hampton, VA 23665. 

789 
�9 

Copyright 1986 byASTM International www.astm.org 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



790 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

Nomenclature 

a Depth of surface crack 
c Half-arc length of surface crack 

D Outer diameter of pipe and rod 
F Stress-intensity boundary-correction factor 

FA Boundary-correction factor at maximum depth point on surface crack 
(r = 7r/2) 

F8 Boundary-correction factor at intersection point of crack and outer sur- 
face 

h Half-length of pipe and rod 
K Stress-intensity factor (Mode I) 

KA Stress-intensity factor at maximum depth point on surface crack (~ = 
7r/2) 

Q Shape factor for elliptical crack 
R Internal radius of pipe 
Sb Remote bending stress on outer fiber 
S, Remote uniform-tension stress 

t Wall thickness of pipe 
x,y Cartesian coordinate system 

v Poisson's ratio 
Parametric angle of ellipse 

Superscript 

Primes denote quantities associated with surface crack in flat plate 

Surface cracks can occur in many structural components. Circumferential 
surface cracks can cause premature failure of landing gear of aircraft, piping, 
bolts, pins, and reinforcements that employ cylindrically shaped compo- 
nents. Accurate stress analyses of these surface-cracked components are 
needed for reliable prediction of crack growth rates and fracture strengths. 
Because of the complexities of such problems, however, exact solutions are 
not available. 

Some investigators have used experimental or approximate analytical 
methods to obtain stress-intensity factors for surface cracks in rods under ten- 
sion and bending loads. The stress-intensity factors for a circumferential sur- 
face crack growing in a rod under remote uniform tension was obtained ex- 
perimentally by Wilhem et al [I] using the James-Anderson procedure [2]. 
Their results show that the surface cracks intersect the outer surface of the 
rod at nearly right angles. Athanassiadis et al [3] (boundary-integral method) 
and Nezu et al [4] (finite-element method) used analytical methods to obtain 
stress-intensity factors for circumferential surface cracks of various shapes in 
rods. Their surface-crack shapes were chosen to agree with their experimental 
observations. In some of the experiments of Ref 4, however, the surface 
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RAJU AND NEWMAN ON CIRCUMFERENTIAL SURFACE CRACKS 791 

cracks did not intersect the outer surface at right angles. Residual stresses at 
the outer surface could have altered the crack shape near the free surface. 
Trantina et al [5] conducted an elastic and an elastic-plastic finite-element 
analysis of a small surface crack in a rod under tension loading. They as- 
sumed that cracks intersected the outer surface at right angles. 

Much less research has been conducted on circumferential surface cracks 
in hollow cylinders or pipes than on rods. Delale and Erdogan [6] and Ger- 
man et al [ 7] obtained stress-intensity factors for interior and exterior circum- 
ferential surface cracks using the line-spring model. Recently, Forman and 
Shivakumar [8] studied the fatigue crack growth behavior of circumferential 
surface cracks in rods and pipes. Most of their experimental results did indi- 
cate that surface cracks intersect the free surfaces at about right angles. 

This paper presents stress-intensity factors calculated with a three-dimen- 
sional finite-element analysis for a wide range of nearly semi-elliptical surface 
cracks in pipes and rods. The surface cracks were oriented on a plane normal 
to the axis of pipes or rods (Fig. 1). The crack configurations were assumed to 
be such that the crack fronts intersect the free surface at right angles. The 
pipe and rod were subjected to either remote tension or bending loads. For 
pipes, the ratio of crack depth to crack length ranged from 0.6 to 1, the ratio 
of crack depth to wall thickness ranged from 0.2 to 0.8, and the ratio of inter- 
nal radius to wall thickness was 1 to 10. For rods, the ratio of crack depth to 
crack length also ranged from 0.6 to 1, and the crack configurations were 
chosen to cover the range of crack shapes that have been observed in experi- 
ments conducted on pipes and rods under tension and bending fatigue loads. 
The stress-intensity factors were calculated by a nodal-force method [9-11] .  

The present results were compared with other analytical and experimental 
results from the literature for some of the crack configurations. 

FIG. 1--Surface crack in a pipe and rod. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:28:35 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



792 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

Three-Dimensional Finite-Element Analysis 

A three-dimensional finite-element analysis was used to calculate the Mode 
I stress-intensity factor variations along the crack front for a circumferential 
surface crack in the pipe and rod shown in Figs. 1 a and 1 b, respectively. The 
pipe and rod were subjected to either remote tension or bending loads. In this 
analysis, Poisson's ratio (v) was assumed to be 0.3. The shapes of the surface 
cracks were nearly but  not exactly semi-elliptical. These crack shapes were 
generated using a conformal transformation as described in the Appendix. 

Figures 2a and 2 b show typical finite-element models for a circumferential 
surface crack in a pipe and rod, respectively. The finite-element models em- 
ploy singularity elements along the crack front and linear-strain elements 
elsewhere. The models had about 6500 degrees of freedom. Stress-intensity 
factors were evaluated from a nodal-force method. Details of the formulation 
of these types of elements and of the nodal-force method are given in Refs 9 to 
11 and are not repeated here. Details on the development of the finite-element 
models are given in the Appendix. 

Loading 

Two types of loads were applied to the finite-element models of the surface- 
cracked pipe and rod: remote uniform-tension and remote bending. The re- 
mote uniform-tension stress is St and the remote outer-fiber bending stress is 
Sb. The bending stress Sb in Fig. 3 is calculated at the origin of the surface 
crack (x = y = 0 in Fig. 4) without the crack being present. 

(o) Pipe, (b) Rod, 

FIG. 2--Finhe-element idealizations of a surface crack in a pipe and rod. 
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L 2h r 

F 
Crack 

S b S t 

.I 

S t - S b 

FIG. 3--Loading applied to the pipe and rod. 

FIG. 4--Coordinate system and dimensions for surface crack. 

Stress-Intensity Factor 

The tension and bending loads only cause Mode I deformations. The Mode 
I stress-intensity factor K for any point along the surface-crack was taken to 
be 

S ~ a  K = i t w : - F  (1) 
N ~d 

where the subscript i denotes either tension load (i = t) or bending load (i = 
b), and O, the shape factor for an ellipse, is given by the square of the com- 
plete elliptic integral of the second kind. The half-length of the pipe and rod, 
h, was chosen large enough to have a negligible effect on stress intensity 
(h/D >i 10). Values for F, the boundary-correction factor, were calculated 
along the crack front for various combinations of parameters (a/t, a/c, R/t, 
and ~ for a crack in a pipe; a/c, a/D, and ~ for a crack in a rod). The crack 
dimensions and parametric angle, ~, are defined in Fig. 4. The range of crack 
shapes (a/c) and of sizes (a/t or a/D) analyzed are shown in Figs. 5 and 6 for 
the pipe and rod, respectively. 
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= , , ' a/t 2 

(a) a/c = 1 (b) olc = 0.8 (c) o/c : 0.6 

F I G .  5--Surface-crack shapes and sizes analyzed for the pipe. 

= , ' 

(o) ale = 1 (b) olc = 0.8 (c) olc = 0,6 

F I G .  6--Surface-crack shapes and sizes analyzed for the rod. 

The empirical expressions for Q used in this paper are 

Q = 1 + 1.464(a/c) 1"6s for a/c < 1 

Q = 1 + 1.464(c/a) 1"6s for a/c > 1 

(2a) 

(2b) 

Results and Discussion 

In the following sections, stress-intensity factors for various shape surface 
cracks in pipes and rods subjected to tension and bending loads are pre- 
sented. Tables 1 to 3 give the normalized stress-intensity factors, K~ 
(Svr~afQ), at the maximum depth point (A) and at the point which the crack 
intersects the free surface (B). Figures 7 to 12 show the variation in normal- 
ized stress-intensity factors as a function of the parametric angle (2~/1r) for 
various crack shapes (a/c), crack size (a / t  or a/D),  and radius of the pipe 
(R/ t ) .  
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RAJU AND NEWMAN ON CIRCUMFERENTIAL SURFACE CRACKS 795 

TABLE 1--Normalized stress-intensity factor, K / ( S t x / ~ ) ,  for  surface crack in a pipe 
subjected to tension loads (A = maximum depth point, B : free surface point). 

a / t  = 0.2 a/t  : 0.5 a/t  : 0.8 

R / t  A B A B A B 

a / c  = 1 . 0  

1 1.015 1.160 1.036 1.237 1.076 1.385 
2 1.017 1.157 1.041 1.235 1.072 1.383 
4 1.019 1.154 1.046 1.234 1.072 1.381 

10 1.020 1.152 1.049 1.233 1.074 L380 

a /  c ---- 0 . 8  

1 1.061 1.060 1.114 1.161 1.202 1.354 
2 1.059 1.056 1.106 1.155 1.174 1.331 
4 1.058 1.053 1.103 1.156 1.157 1.333 

10 1.057 1.051 1.101 1.156 1.144 1.335 

a / c  = 0 . 6  

1 1.113 0.943 1.226 1.080 1.455 1.327 
2 1.105 0.937 1.194 1.070 1.342 1.285 
4 1.101 0.933 1.178 1.071 1.285 1.285 

10 1.097 0.930 1.167 1.070 1.247 1.290 

TABLE 2--Normalized stress-intensity factor, K/(Sb ~ a x / ~ ,  surface crack in a pipe 
subjected to bending loads (A : maximum depth point, B = free surfaee point). 

a/ t  : 0.2 a/t  = 0.5 a/t  = 0.8 

R / t  A B A B A B 

a / c  = 1 . 0  

1 0.943 1.136 0.856 1.162 0.777 1.233 
2 0.966 1.137 0.919 1.188 0.870 1.287 
4 0.981 1.133 0.971 1.204 0.950 1.327 

10 0.995 1.131 1.012 1.212 1.019 1.348 

a /  c = 0 . 8  

1 0.989 1.037 0.931 1.079 0.885 1.162 
2 1.007 1.037 0.984 1.107 0.966 1.224 
4 1.021 1.033 1.028 1.126 1.033 1.276 

10 1.032 1.032 1.064 1.136 1.088 1.303 

a / c  = 0 . 6  

1 1.042 0.919 1.034 0.980 1.094 1.078 
2 1.056 0.919 1.069 1.015 1.118 1.152 
4 1.065 0.916 1.102 1.039 1.155 1.220 

10 1.071 0.913 1.130 1.051 1.188 1.257 
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TABLE 3--Normalized stress-intensity factor, K/(Si ~ a ~ ,  for surface crack in a rod 
subjected to tension or bending loads (A : maximum depth point, B : free surface point). 

a/c = 1.0 a/c = 0.8 a / c =  0.6 

a/D A B A B A B 

Tension Loads 

0.05 1.012 1.156 1.056 1.054 1.107 0.933 
0.125 1.015 1.189 1.083 1.101 1.176 0.999 
0.20 1.038 1.260 1.131 1.200 1.316 1.129 
0.275 1.087 1.356 1.227 1.335 1.565 1.329 
0.35 1.175 1.475 1.387 1.509 1.835 1.516 

Bending Loads 

0.05 0.938 1.129 0.984 1.029 1.035 0.907 
0.125 0.836 1.114 0.901 1.019 0.987 0.903 
0.20 0.749 1.112 0.830 1.028 0.985 0.909 
0.275 0.683 1.109 0.795 1.040 1.041 0.924 
0.35 0.629 1.106 0.782 1.039 1.056 0.876 

Pipes under Tension Loads 

Figure 7 shows the normalized stress-intensity factors as a function of the 
parametric angle (6) for a pipe (R/t  = 2) subjected to remote tension with a 
semi-circular crack (a/c = 1) for various values of aft. For this crack shape, 
the maximum normalized stress-intensity factor occurred at the point where 

1.5 

1,0 

K 

B 

o/t = ,2 

Rlt = 2 

sic = 1 ? 
B 

,2's ,'5 .is 11o 
2 r 7r 

FIG. 7--Normalized stress-intensity/actors along the front of a surface crack (a/c = 1) in a 
pipe under tension. 
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the crack meets the free surface (Point B). For all the a/c ratios considered 
(from 1 to 0.6), larger values of a/ t  always gave larger normalized stress-in- 
tensity factors. 

For an a/c  ratio of 0.8 and a/ t  less than or equal to 0.5, the normalized 
stress-intensity factors at the deepest point and at the free surface are nearly 
the same (Table 1). On the other hand, for an a/c ratio of 0.6, the maximum 
normalized stress-intensity factors occurred at the point of maximum depth 
(~ = 7r/2). 

Figure 8 shows the normalized stress-intensity factors for a surface crack 
with a/c  = 0.8 and a/ t  = 0.5 in pipes with R / t  ratios of 1 and 10. (The 
results for R / t  = 2 and 4 lie in between those for R / t  = 1 and 10 and are not 
shown for clarity). For this configuration, the effect of varying R / t  is insignif- 
icant. However, for cracks with a/c  : 0.6 and a/ t  = 0.8, R / t  has a signifi- 
cant effect on the normalized stress-intensity factors (Fig. 9). The values at 
the deepest point (~ = ~r/2) are affected more than those at the free surface. 
Figure 9 shows that lower R / t  values gave higher stress-intensity factors. 
However, the differences between the stress-intensity factors are less for 
larger values of R / t .  Thus the effect of R / t  diminishes for pipes with larger 
R / t  values. 

In summary, the effect of the curvature of the pipe (R / t )  is to elevate the 
stress-intensity factors compared with those of a flat plate ( R / t  = r The 
effect is more pronounced at the deepest point than at the free surface point. 

1,5 
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,5 

c • .  1 A 
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B 
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FIG.  8--Normalized stress-intensity factors along the front of a surface crack ( a / c  = 0.8) in a 
pipe under tension. 
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FIG. 9--Normalized stress-intensity factors along the front of a deep surface crack (a/c = 
O.b) in a pipe under tension. 

Pipes under Bending Loads 

The normalized stress-intensity factors as a function of the parametric an- 
gle (~b) are shown in Fig. 10 for a pipe ( R / t  ---- 2) subjected to remote bending 
with a semi-circular crack for various values of a/ t .  For this crack shape, the 
deeper cracks (larger a / t  ratios) produced larger normalized stress-intensity 
factors where the crack meets the free surface but smaller values at the maxi- 
m u m  depth point (~b = 7r/2). 

Rods under Tension Loads 

Figure 11 shows the normalized stress-intensity factors as a function of the 
parametr ic  angle (~b) for a rod with various shape surface cracks with a / D  = 

0.2. When  a/c  was unity, the m a x i m u m  normalized stress-intensity factor  
occurred at the free surface. When  a /c  was equal to 0.6, the max imum was at 
the deepest point. For  surface cracks with an a/c  ratio of 0.8, however, the 
normalized stress-intensity factors are nearly constant,  much like the pipe. 

Rods under Bending Loads 

The normalized stress-intensity factors  as a function of the parametr ic  an- 
gle (~b) for a rod with various shape surface cracks with a / D  = 0.2 are shown 
in Fig. 12. The m a x i m u m  normalized stress-intensity factor  occurred at the 
free surface for a /c  = 1 and a/c  ---- 0.8. For surface cracks with a/c  = 0.6, 
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FIG. lO--Normalized stress.intensity factors along the front of  a surface crack (a/c --- 1) in a 
pipe under bending. 
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FIG. l l--Normalized stress-intensity.factors along the front of  various shaped surface cracks 
in a rod under tension. 
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FIG. 12--Normalized stress-intensity factors along the front of various shaped surface cracks 
in a rod under bending. 

however, the normalized stress-intensity factors all along the crack front are 
nearly constant. 

Comparisons with Other Solutions 

The comparison of the present results with those from the literature are 
difficult because, at least, three definitions of crack shapes have been used. 
All definitions differ in how the crack length c is measured. In this paper, c is 
measured as the arc length (Fig. 4). In some reports, c is measured as the 
horizontal projection of Point B on the x-axis, while in other reports, c is 
defined as the intersection point of an ellipse with the x-axis. In the latter 
case, the crack front will not intersect the free surface at a right angle. The 
crack front shape, in the latter case, therefore, will be different from that 
used in this paper. In view of these difficulties, only a few comparisons can be 
made. 

As previously mentioned, stress-intensity factor analysis of circumferential 
surface cracks in pipes have received very little attention in the literature. 
Delale and Erdogan [6] obtained stress-intensity factors for interior and exte- 
rior circumferential surface cracks, and German et al [7] obtained stress-in- 
tensity factors for interior circumferential surface cracks by using the line- 
spring model.  Most of the external circumferential surface crack 
configurations presented in Ref 6 were vastly different from the configura- 
tions presented in this paper.  However, one configuration with a/c  = 0.775, 
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a/ t  = 0.8, and R / t  = 5.374 falls within the range of parameters considered 
in this paper. (In the notation of Ref 6, this configuration has Lo/h = 0.8, 
a/h  = 1 and X2 = 0.75.).The normalized stress-intensity factor at the deepest 
point (0 = ~r/2) of the crack was computed from the results of Ref 6 as 1.276. 
Interpolating the present results in Table 1, the normalized stress-intensity 
factor FA for this configuration was found to be 1.161. The result from the 
line-spring model [6] is about 10% higher than the present result. 

The rod configurations with surface cracks subjected to remote tension 
have received more attention in the literature than the pipe configurations. 
These configurations were analyzed by Wilhem et al [1], Athanassiadis et al 
[3], and Nezu et al [4]. The present results are compared with the results from 
Refs 1 and 3. Comparisons with the results from Nezu et al [4] could not be 
made because the crack shapes analyzed in Ref 4 and those in present analy- 
sis (Fig. 6) were very different. 

Figure 13 compares the normalized stress-intensity factors at the free sur- 
face (FB) and the maximum depth point (FA) for a surface crack with a/c = 
0.6 from the present finite-element analysis with those from a boundary inte- 
gral equation (BIE) method [3]. The results of Athanassiadis et al [3] were 
interpolated and plotted in Fig. 13 as open symbols. The present results are 
shown by solid symbols. The normalized stress-intensity factors obtained by 
the BIE method were 0 to 10% lower than the present results. 

Figure 14 compares the normalized stress-intensity factors at the maxi- 
mum depth point for surface cracks with various shapes (a/c) and sizes (a /D)  
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FIG. 13--Comparison of boundary-correction factors for a surface crack in a rod under ten- 
siol~. 
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F I G .  14--Comparison of experimental and calculated stress-intensity factors for a surface 
crack in a rod under tension. 

from the present analyses and from experimental results. Wilhem et al [1] 
obtained an experimental stress-intensity factor solution using the James-An- 
derson procedure [2]. These results are shown by the dashed curve in Fig. 14. 
For the surface cracks in their tests, the a/c  ratios varied from 0.95 to 0.85. 
The present results (symbols) for a/c = 0.8 and 1.0 bound the experimental 
results for a / D  < 0.25 and are a little below for a/D > 0.25. 

Bush [12] considered cracks with straight fronts (see insert in Fig. 14) in 
rods subjected to remote tension. He obtained stress-intensity factors from 
experimental compliance for these straight through-cracks of various depths. 
His results are shown in Fig. 14 by a solid curve. For a surface crack with an 
a/c ratio of 0.6 and an a /D  ratio of 0.35 (Fig. 6c), the crack configuration is 
very nearly the same as that for a crack with a straight front. For this configu- 
ration, the present results for a/c  = 0.6 are a little below (about 2%) the 
straight through-crack results. The present results need not necessarily agree 
with the experimental results because the crack shapes are not identical, as 
noted previously. 

Concluding Remarks 

Stress-intensity factors for circumferential surface cracks in pipes and rods 
have been obtained by a three-dimensional finite-element analysis. The pipes 
and rods were subjected to either remote tension or remote bending loading. 
The surface cracks were nearly semi-elliptical and were oriented on a plane 
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normal to the axis of pipes or rods. A wide range of crack shapes, crack sizes, 
and internal radius-to-wall thickness ratios have been considered. For each of 
these crack configurations and loadings, the stress-intensity factors calcu- 
lated by the finite element analysis are presented. 

Stress-intensity factors for surface cracks in a pipe were found to be insensi- 
tive to internal radius-to-wall thickness (R / t )  ratios ranging from 1 to 10, for 
crack depth-to-length (a/c) ratios ranging from 0.8 to 1.0 with crack depth- 
to-wall thickness (a/ t )  ratios less than 0.8. For a/c ---- 0.6 and a/ t  = 0.8, 
however, the stress-intensity factors showed significant variation with R / t .  
The effect of the curvature of the pipe (R / t )  is to elevate the stress-intensity 
factors compared with those of a flat plate ( R / t  = oo). This effect is more 
pronounced at the deepest point than at the free surface point. 

Stress-intensity factors for a surface crack in a rod were 0 to 10% higher 
than those calculated from a boundary-integral analysis. The stress-intensity 
factors agreed well with experimental results for surface cracks in rods and 
approached the experimental results for cracks with straight fronts. 

The stress-intensity factors obtained here should be useful in predicting 
fatigue crack growth and fracture of surface cracks in cylinders and rods. 
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APPENDIX 

The purpose of this Appendix is to present the procedure used to develop finite- 
element models for surface cracks in pipe and rod configurations through a conformal 
transformation. 

A cylinder with a surface crack is shown in Fig. 15a. The stress-intensity factors for 
this configuration were evaluated from a nodal-force method [ 9]. In this method, the 
nodal forces normal to the crack plane (x,y plane) and ahead of the crack front are 
used. The nodal-force method also requires that these forces be evaluated at nodes 
which are very near the crack front and which lie on lines in the x,y plane that are 
normal to the crack front. Therefore the finite-element model should be such that the 
normality at the crack front is maintained. This is achieved through a conformal 
transformation as follows. 

First, a finite-element model for a semi-elliptical surface crack with semi-minor and 
semi-major axes, a '  and c ' ,  respectively, in a plate of width w' and a thickness of t '  
(Fig. 15b) is developed such that, 

R + t ) (3) 
a '  = l n  R + t - - a  

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 : 2 8 : 3 5  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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C 
c '  --  - -  (4) 

R + t  

and 

R + t  
t '  = I n - -  (5) 

R 

To obtain the desired configuration in Fig. 15a, a conformal transformation 

x = (R  + t) e-y'  c o s ( w ' / 4  -- x ' )  (6) 

y : (R + t) [1 -- e -y' s i n ( w ' / 4  -- x ' ) ]  (7) 

Z ~ Z  I 

and 

w '  = 27r (8) 

is used. This transformation transforms every point in the x ' , y ' , z '  system to a 
unique point in the x ,y ,  z system and maintains normality. Because the finite-element 
model of a surface crack in a flat plate (Fig. 15b) has nodes along hyperbolas near the 
crack front [ 11] (and, hence, normality to the semielliptical crack front in the x ' , y '  
plane is assured), the conformal transformation gives nodes along curves in the x , y  
plane which are also normal to the crack front in the pipe configuration (Fig. 15a). 

The finite-element models for the surface crack in the rod configuration were ob- 
tained from the pipe models by idealizing the inside core with finite elements (Fig. 2). 
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There were 55 presentations on the program at the Seventeenth National 
ASTM Symposium on Fracture Mechanics. For a variety of reasons, all re- 
lated to the technical and time pressures of preparing a submission to this sort 
of meeting and publication, 44 papers appear in this volume. At the sympo- 
sium the presentations were divided into five categories: Applications, Sub- 
critical Crack Growth, Fracture Testing, Ductile Fracture, and Analysis and 
Mechanisms. These categories, although somewhat arbitrary because of the 
broad scope of many of the papers, are used in this volume and summary. 
Only a few terms are defined here; the reader can easily refer to the appropri- 
ate paper. 

Applications 

The papers in this section are concerned with the application of fracture 
mechanics concepts to the analysis of fatigue crack growth and fracture be- 
havior of metallic materials and to the analysis of fracture behavior of ceramic 
and composite materials. 

Hilton et al used fracture mechanics analyses to establish the material frac- 
ture toughness requirements to avoid loss of a ship propeller blade. Using 
engineering approximations and a simple finite-element analysis of a particu- 
lar propeller crank ring, a toughness value from a JR resistance curve was 
established as a minimum requirement for 4150H steel material. The fact 
that a full-scale laboratory test on a 4150H crank ring did not experience un- 
stable fracture showed that the analysis was conservative. 

The paper by Tanaka et al presented a new wide-plate short-crack arrest 
(SCA) test specimen for testing steel weld joints at low temperatures. The 
basic idea for the development of the SCA test is that brittle fracture should 
be initiated at the center of a wide plate to eliminate the effects of high com- 
pressive residual stresses that exist in welded crack-arrest specimens with 
edge cracks. One advantage of the SCA test is that it simulates a surface de- 
fect which may exist in actual structures. 

Yang and Bamford characterized the response of semi-elliptical surface 
cracks under thermal shock conditions which may result from safety injection 
actuation in nuclear reactor vessels. The authors developed a methodology to 
predict the growth behavior of such cracks under simulated thermal shock 
conditions. Results from the study showed that cracks tend to elongate along 
the vessel inside surface. 

800 
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Fatigue crack growth tests on circumferential surface cracks in solid and 
hollow cylinders under remote tension and bending loads were conducted by 
Forman and Shivakumar. Tests were conducted on both aluminum and tita- 
nium alloy specimens. Results show that surface-crack shapes in solid cylin- 
ders can be accurately represented by a circular arc, whereas crack shapes for 
internal or external surface cracks in hollow cylinders can be represented by a 
transformed semi-ellipse. Stress-intensity factor expressions for surface 
cracks in hollow cylinders were presented. 

The paper by Bradley et al studied the dynamic fracture behavior of ductile 
cast iron and cast steel using either blunt-notched or fatigue precracked (side- 
grooved) Charpy specimens. The blunt-notched specimens gave erroneous in- 
dications of the relative toughness of the two materials (ductile iron being 
quite inferior to cast steel), whereas the precracked and side-grooved speci- 
mens showed that the ductile iron was actually superior to cast steel at tem- 
peratures below ambient. The differences in these results were attributed to 
variations in constraint through the thickness. 

The effect of loading rate on the dynamic fracture of reaction-bonded sili- 
con nitride (RBSN) was presented by Liaw et al. A novel experimental-nu- 
merical procedure, where the experimentally determined crack extension his- 
tory drives a finite-element code in its generation mode, was used in the study. 
One of the major findings was that a crack in RSBN can continue to propa- 
gate at its terminal velocity under a low dynamic stress-intensity factor. 

The last three papers in this section dealt with the fracture behavior of com- 
posite materials. Ratwani and Deo used the resistance curve approach to 
characterize the delamination growth resistance of various composite mate- 
rial systems. They found that the delamination growth resistance curves were 
a function of the resin material as well as the fiber used. Harris and Morris 
compared the fracture behavior of thick graphite-epoxy laminates using stan- 
dard fracture toughness specimens (compact, three-point bend, and center- 
cracked tension). Fracture toughness values computed using the load at the 
intersection of the 5% secant line with the load-COD (crack-opening dis- 
placement) record were found to be independent of laminate thickness and 
specimen configuration. The paper by Simonds studied the residual strength 
of five boron/aluminum laminates with sharp notches with and without prior 
fatigue loading. Although the fatigue loading (60 to 80% of the static tensile 
strength) for about 100 000 cycles caused some matrix and fiber cracking, the 
residual strength was not significantly affected by the prior fatigue loading. 

Subcritlcal Crack Growth 

Most of the attention on the subject of fatigue crack propagation rates 
(FCPR) has been devoted to behavior at ambient temperature under con- 
stant-frequency, constant-amplitude conditions. This session delves deeper 
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into the factors that influence FCPR. It also evaluates some interesting tech- 
niques for monitoring crack growth behavior. 

Nicholas and Weerasooriya examined hold time effects on FCPR at ele- 
vated temperatures. Using Inconel 718 and studying the constant K behavior 
at 650~ the authors showed that the hold times at maximum load displayed 
the greatest FCPR. Also, at maximum load hold times greater than 5 s, FCPR 
was time dependent. A linear cumulative damage model based solely on fa- 
tigue and sustained load data was found to be adequate for spectrum loading 
as long as the hold times were at maximum load. Also evaluating Inconel 718 
at 650~ were Petrovich et al. They were able to detail the interactive effects 
of low and high frequency cycling on FCPR. It is interesting that as high- 
frequency AK is combined with constant low-frequency AK, two regions of 
FCPR behavior are noted: one where low frequency cycles dominate and the 
other where high frequency cycling governs. In the former, a retardation ef- 
fect which is strongly dependent on low-cycle AK is noted. 

Saxena studied crack growth under high temperature non-steady-state 
conditions. He described a crack parameter Ct which correlated well with 
da/dt  under conditions that range from small scale creep to the steady-state 
creep regime. The correlation appears to be independent of specimen geome- 
try. It  was shown that for A470 Class 8 steel, da/dt  as a function of Ct is 
independent of temperature in the range of 482 to 538~ to a first-order 
approximation. 

Soya et al addressed the fatigue behavior of welded Invar sheet in the cryo- 
genic temperature region. An equivalent stress intensity factor, Keq, was cal- 
culated from (K~ + K~I) 1/2 and was based on a finite element analysis of elas- 
tic and elastic-plastic conditions that exist at the weld root. Keq, plotted 
versus the number of cycles to failure, can be utilized in the same manner as 
the traditional S-N curve. In the temperature range between room tempera- 
ture and -- 162~ for several types of fillet joints and one type of seam weld, 
it was shown that Keq can be used to normalize the cycles-to-failure data in the 
region where large plastic deformation is not a factor ( < 10 4 cycles). 

Several novel techniques for monitoring crack growth behavior comple- 
ment the efforts noted above. Larsen reported the development of an auto- 
mated photomicroscope system for monitoring the initiation and growth of 
small surface cracks. Behavior of surface cracks in the 25 to 2000 #m range 
was studied. Ti-6AI-2Sn-4Zr-6Mo (Ti-6246) was used to evaluate the system, 
which had a precision of about 1 #m for cracks of about 25/~m in length. It is 
noted that  this method can provide a cost-effective means of monitoring 
growth of small cracks. 

The growth and coalescence of small cracks was the subject of a paper by 
Grandt et al. A multiple degree of freedom algorithm is utilized to predict the 
growth of separate cracks. The crack shapes and sizes are then allowed to 
develop naturally as they join into a simple flow. The analysis was confirmed 
by the use of heat-tinting techniques on Waspaloy and TI-6246 alloys. 
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Sharpe and Lee described an experimental study of crack tip displacement 
during high-temperature cyclic loading of Inconel 718. At the heart of the 
technique is a laser-based interferometer that detects fringe patterns pro- 
duced from two microhardness indentations. Tests conducted between 23 
and 650~ showed that compliances were in reasonable agreement with ana- 
lyrical predictions. Opening load ratios were found to be independent of tem- 
perature, crack length, and precracking level when measured at positions 
more than half the specimen thickness away from the crack tip. 

The paper by Wilson and Palazotto also concentrated on crack-tip behav- 
ior utilizing IN-100 compact tension specimens cycled at 732~ Viscoplastic 
constitutive equations are utilized in an analysis of the stress and strain field 
around the crack tip. It was interesting to note that most of the plastic strain- 
ing occur within the first 3 cycles and that after about 23 cycles the material 
will no longer undergo any more plastic strain increase. After 1 to 3 cycles, the 
strain field ahead of the crack remains relatively constant. 

Fracture Testing 

The following papers were included in Session III of the symposium, held 
to honor Dr. John E. Srawley and Mr. William F. Brown, Jr. In their long 
association with the NASA-Lewis Research Center, these two researchers 
have made truly significant contributions to the area of fracture mechanics 
test methods. This session, which they chaired, was a tribute to them as they 
ended their full time work in the field of fracture. 

The first three papers described opening mode fracture toughness testing 
using new test geometries. Underwood et al give recommendations for practi- 
cal arc bend specimen geometries. Solutions are presented for stress intensity, 
crack mouth displacement, and load-line displacement for fracture speci- 
mens that have been compared using finite element and boundary collocation 
techniques. Kapp and Bilinsky described J~c tests in aluminum and steel al- 
loys using the new arc-tension specimen and the existing compact specimen. 
A Merkle-Corten type analysis was presented for calculating J for the new 
specimen. The results showed that the specimen and methods of J analysis are 
suitable for accurate determination of J~c, and it is suggested that this infor- 
mation be added to the ASTM Jir test method. The paper by Giovanola shows 
the influence of specimen dimensions and impact velocity on dynamic frac- 
ture toughness of an edge-cracked coupon loaded in bending and impacted at 
midsection. This new procedure was used to measure the toughness of 4340 
steel at three loading rates. The relative advantages of this one-point-bend 
test in dynamic fracture testing are indicated. 

Two papers were presented on Mode II fracture testing. Buzzard et al de- 
scribed a test specimen that was developed to obtain fatigue crack propaga- 
tion data under Mode II shear loading. Stress intensity factor and displace- 
ment analyses were performed and compared with photoelastic stress 
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analysis. These results and the nature of the observed fatigue crack growth 
data suggested that the specimen and analysis would be adequate for Mode II 
fatigue testing. Banks-Sills andArcan used a finite element analysis of a com- 
pact K~ specimen and load frame geometry to determine Mode II critical 
stress intensities. Mode II toughness tests of polymethyl methacrylate 
(PMMA) indicated that Kic was greater than Kiic and that the average Mode 
II crack extension angle occurred along the direction of maximum tangential 
stress, which was between 63 to 70 ~ . 

The last three papers dealt with J-R curve testing. Sutton and Vassilaros 
presented comparative data for J-integral resistance curves for ASTM Class C 
and 3-Ni steels, using two reference techniques, multispecimen and d-c po- 
tential drop, for comparison with elastic compliance. The J-R curves estab- 
lished using elastic compliance showed no significant difference from the ref- 
erence curve data. In the paper by Davies and Stearns the d-c potential drop 
technique was shown to be unacceptable for measuring the fracture tough- 
ness of Zircaloy-2 in the brittle-ductile fracture transition. The potential drop 
underestimated crack extension by 60%, increasing to 100% at higher test 
temperatures. Reproducible results were obtained using individual specimen 
calibrations. 

Kapp andJolles performed J-R tests of two aluminum and three steel alloys 
using Charpy size bend specimens and larger, standard compact specimens. 
Load-drop and electric-potential methods of crack growth were used. Based 
on comparisons of results from the two types of specimens and crack growth, 
the load-drop method with small bend specimens resulted in approximateJoR 
curves which would be suitable for quality control fracture toughness tests. 

Ductile Fracture 

There were two general groups of papers in this session of the symposium, 
one emphasizing test methods and results and the other emphasizing the 
mechanisms of ductile fracture. 

Test Methods and Results 

Three papers dealt primarily with ductile fracture test methods and results. 
Hirano et al described a single-specimen ultrasonic method for obtaining J 
versus crack growth curves. Measurements of Jic and tearing modulus in 
AS33B steel were found to be independent of specimen geometry. It was also 
observed that the crack tip opening displacement (CTOD) remained nearly 
constant during stable crack growth. Vassilaros et al obtained J-R curves us- 
ing compact specimens from A106 steel pipe and compared the results with 
those from four-point bend tests of 4-ft lengths of 8-in.-diameter pipe. The 
general result of the comparison was that the small specimen tests do not 
directly predict the J-R curve behavior of full size pipe because of the small 
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amount of crack growth available in the specimen tests. Towers and Garwood 
described J-integral and CTOD analysis of bend tests of HY130 steel. Since 
these are the two most accepted methods of analysis for ductile fracture, this 
comparison of results is particularly interesting. In general, the two methods 
agree in their description of resistance to ductile tearing. Both methods indi- 
cate greater tearing resistance for shallower cracks (i.e., for a/w of 0.1 to 0.2 
compared with 0.5). 

Mechanisms 

Four papers dealt primarily with ductile fracture mechanisms. Etemad and 
Turner investigated ductile tearing mechanisms using experiments with 
HY130 steel and analyses of energy rate, I, and tearing modulus, dJ/da. In 
the authors' words: "Subject to the choice of appropriate compliance terms 
the experimental behavior is predicted satisfactorily by both I and dJ/da 
methods." The authors also stated that satisfactory predictions are restricted 
to the geometry for which the R-curve was obtained. Carifo et al discussed 
finite element computation of stable crack growth using techniques of ele- 
ment node release. Conditions for nodal release are described and demon- 
strated in a series of finite element models of stable crack growth. Hackett  et 
al investigated environmentally assisted crack growth of 4340 steel in seawa- 
ter using techniques developed for the study of stable elastic-plastic crack 
growth. The authors found that J-R curves could be used for this different 
purpose, provided the rate dependence of the environmentally controlled pro- 
cess is considered. They observed a significant (four-fold) decrease in the en- 
ergy required for crack initiation, Jk, due to cathodic polarization of the spec- 
imens. Watson and Jolles investigated global plastic energy dissipation for 
crack initiation and growth using experiments with HY130 steel for a variety 
of specimen configurations. Specimen size, specimen type, crack length, and 
side grooving were studied. R-curves using plastic energy dissipation (rather 
than J) showed some geometry dependence, which was minimized using side 
grooves. 

Analysis and Mechanisms 

The papers presented on the last day of the symposium focused primarily 
upon determination of loading and geometric (body shape) effects upon frac- 
ture parameters or upon determination of near tip material response. In- 
cluded in this session was an overview lecture by Dr. George Irwin on Progres- 
sive Fracture Mechanics, in which he traced developments over several 
decades up to the present time. The range of time and technical topic in the 
lecture covered all aspects of fracture, including analyses, experiments, and 
applications. 

The first paper of the session was that of Pu, which addressed the problem 
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of an array of unequal depth radial cracks at the inner radius of a pressurized 
cylinder. The author used quadrilateral finite elements and collapsed singu- 
lar elements around the crack tip to calculate stress intensity factor for a 
number  of cases. The general result was that a crack which was slightly 
deeper than others in the array had a significantly higher K value, so that the 
deeper crack quickly dominated. 

Sha and Yang described a method for computing stress intensity factors by 
combining the uncracked stress field with explicit crack face weight functions 
through superposition. The method was illustrated by applying it to the prob- 
lem of symmetric radial cracks emanating from a circular hole in a plate. Yau 
presented a surface crack solution for fatigue crack propagation analysis of 
notched components. The solution was based on the weight function tech- 
nique and was compared with a wide range of test results. Good agreement 
was observed between experimental results and analytical predictions, in- 
cluding such key information as stress intensity factor, crack propagation 
rate, residual life, and variation in crack shape. 

A paper by Miiller et al presented results of an analytical and experimental 
study of surface crack growth under cyclic loading. The authors found that 
use of local AK values gave a poor prediction of the crack aspect ratio, while 
use of a weighted average AK or a crack closure factor improved predictions. 
Reuter presented results of a combined analytical-experimental study of 
crack growth initiation under elastic and plastic conditions. A modified cen- 
ter cracked panel equation was used in the predictions, and acoustic emission 
methods were used to detect the load corresponding to crack initiation. The 
author presented evidence which questions the usefulness of J~c in structures 
where J-controlled fields are not attainable. Next, Bailadon and Heritier com- 
pared the fracture toughness and crack growth properties of three grades 
(316L, 347, and austero-ferritic) of steel at room and elevated temperatures. 
Comparisons were based on the J-integral concept. Variations observed could 
not be explained solely on the basis of inclusion content and crack plane 
orientation. 

Homma et al performed experiments in steel and aluminum to measure the 
minimum time duration at load which is required before a crack grows in an 
unstable manner.  The relation between the minimum times obtained for the 
materials and their mechanical properties was discussed. The experimental 
results showed that the minimum time is longer for the more ductile materi- 
als. Shukla and Anand  reported on the results of dynamic photo-elastic ex- 
periments under remote biaxial stress fields. They found that while the nor- 
mal stress parallel to the crack surface had negligible influence on the 
branching stress intensity factor and crack velocity, a strong influence of the 
parallel stress was observed on the branching angle. 

Next, Anderson and Williams used the results of a large number of crack- 
tip opening displacement (CTOD) measurements on carbon-manganese 
steels (using single edge notch bending and tensile tests) to assess the domi- 
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nant mechanism for size effects on CTOD values in the ductile-brittle transi- 
tion region. The authors concluded that, under conditions of small-scale 
yielding, a high constraint statistical sampling model works well for explain- 
ing size effects. When net section yielding occurs, however, statistical effects 
are suppressed and size effects are dominated by constraint effects. Joyce and 
Hackett described a series of J-integral R-curve tests on three-point-bend 
steel specimens at three different load rates. Through the use of multispeci- 
men and key curve procedures at the higher rates, the authors found that Jlc 
values and tearing modulus (T) values were elevated at the higher loading 
rates. The Jlc and T values were increased by a factor of approximately two for 
a loading rate increase of six orders of magnitude. 

Smith et al presented a quantitative evaluation of the loss of the inverse 
square root singularity when a crack intersects a free surface at right angles in 
nearly incompressible materials. Compact bending and surface flaw speci- 
mens were tested using frozen stress photoelasticity and moir6 interferome- 
try. After correlating free surface results with analytical results, the authors 
measured the variation of the lowest eigenvalue through the thickness and 
found thicker transition zones than previously suspected. The session was 
closed with a paper by Raju and Newman in which they utilized a refined 
three-dimensional finite element model to study surface flaws. The authors 
employed singularity elements along the crack front and linear stress ele- 
ments elsewhere to obtain the stress intensity distribution along flaws in pipes 
and rods under extension and bending. Results from the models, which con- 
tained 6500 degrees of freedom, compared favorably with analyses and exper- 
iments of others. 
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Crack growth and propagation (cont.) 
in Mode II fracture specimens, 

345-346 
plastic energy dissipation as pa- 

rameter to characterize, 542- 
555 

in reaction-bonded silicon nitride, 
95-107 

in reactor vessel steels, 41-58 
stress intensity factors for circular 

ring with uniform array of ra- 
dial cracks, 559-572 

in surface of circumferential plane 
of solid and hollow cylinders, 
59-74 

in Zircaloy-2, 384-386 
Crack tip constraint, 729 
Crack tip opening displacement 

(CTOD) 
effect of depth on, 459, 460, 464, 

469, 475-480 
measurement of, during high-tem- 

perature fatigue, 253-264 
size effects on values, in the duc- 

tile-to-brittle transition re- 
gion, 715-740 

and stress waves, 684, 690-693, 
694 

and testing weld joints of steel, 24- 
25, 27 

fatigue, 25, 27 
monotonic, 25, 27 

and testing with ultrasonic method 
to determine, 415-434 

Crack tip parameter, 188-193, 194- 
198 

Creep crack growth, under non- 
steady-state conditions, 185- 
201 

Creep crack growth testing, 193-194 
Cryogenic use, application of stress 

intensity factor to fatigue 
strength analysis of welded 
Invar sheet for, 202-225 

C(T) (see Compact tension (C(T)) 
specimens) 

Cumulative damage model (see Lin- 
ear cumulative damage 
model) 

Cumulative extension method, use 
of, to obtain resistance 
curves, 113-114 

Cyclic-dominated crack growth, 366 
Cyclic loading 

elastic-plastic fracture resistance 
under, 417, 420, 422, 427 

extension of surface cracks during, 
625-643 

and Mode II fatigue crack growth, 
338-340, 342 

and multiple fatigue cracks, 239, 
241 

and viscoplastic fatigue, 269-270 
welded Invar steel under, 204, 

212-213, 215-217, 220-221, 
223-224 

Cyclic stress, in propeller crank 
rings, 6 

Cylinders 
fracture testing with arc bend 

specimens made from, 279- 
295 

growth behavior of surface cracks 
in circumferential plane of 
solid and hollow, 59-74 

D 

Data reduction, modified incremen- 
tal polynomial method of, 
236-237 

Deep compliance unloading, 374- 
375 

Deep elastic unloading, 367, 370- 
371 

Deformation theory model, 486 
Deformation plasticity theory for- 

mula, 747 
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Deformation theory plasticity, 365 
Delamination, resistance curve ap- 

proach to, 108-122 
Direct-current potential drop tech- 

nique 
for  crack extension measurements, 

437,440, 441,443, 445, 447, 
527, 535 

fracture toughness testing of Zir- 
caloy-2, with, 379-400 

for J-R curve testing, 366-368, 
371-372, 375, 377, 743 

Direct fracture mechanics analysis, 
use of, in analyzing reactor 
vessel steels, 44 

dJ/da analysis, 494-495 
dJ/da theories 

concepts for ductile tearing 
instability, 485-502 

J-resistance curve analysis, 435- 
453 

plastic energy dissipation, 542-555 
single-specimen determination of 

elastic-plastic fracture resis- 
tance by ultrasonic method, 
415-434 

Ductile tearing instability 
and crank ring material tough- 

ness, 17-18 
investigation of the I and dJ/da 

concepts for, 485-502 
Ductile-to-brittle transition region, 

assessing size effects on 
CTOD values in, 715-740 

comparison of, with the I theory Dynamic crack arrest, in reaction- 
for 

ductile tearing instability, 485- 
502 

statement of, 489-491 
Drop tower J-R curve testing, 756, 

759, 761,765, 766 
Dual-gage procedure, for J-R curve 

testing, 367 
Ductile iron, fracture behavior of, 

75-84 
Ductile fracture (see also Fracture 

behavior; Fracture mechan- 
ics; Fracture testing; Fracture 
toughness) 

comparison of resistance in stain- 
less steel, 661-682 

computation of stable crack 
growth using J-integral, 503- 
511 

evaluation of environmentally as- 
sisted cracking of high 
strength steel, 512-541 

influence of crack depth on resis- 
tance curves for three-point 
bend specimens, 454-484 

investigation of the I and dJ/da 

bonded silicon nitride, 96 
Dynamic finite element analysis (see 

Finite element analysis) 
Dynamic fracture (see also Fracture 

behavior; Fracture mechan- 
ics; Fracture testing; Fracture 
toughness) 

behavior of ductile iron and cast 
steel, 75-94 

effect of loading rate on, of reac- 
tion-bonded silicon nitride, 
95-107 

testing for toughness of 4340 steel, 
307-328 

Dynamic loading (see Loading) 
Dynamic stress intensity factor (see 

Stress intensity factor) 

E 

Elastic compliance, 365 
Elastic compliance technique, for 

measuring crack extensions, 
437, 441,442, 443,445 

Elastic-plastic analysis, use of, to 
measure stress in testing for 
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824 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

fatigue strength of welded In- 
var sheet, 206-207, 212-213, 
215-217, 220-221,224-225 

Elastic-plastic fracture mechanics 
techniques, evaluating envi- 
ronmentally assisted cracking 
of high strength steel using, 
512-541 

Elastic-plastic fracture resistance R- 
curve, 422, 424-426 

Elastic-plastic fracture resistance, 
single-specimen determina: 
tion of, by ultrasonic method, 
415-434 

Elastic-plastic materials, finite ele- 
ment studies of, 346 

Elastic unholdings, effects of, on the 
JI-R curves of ASTM A106 
steel and 3-Ni steels, 364-378 

Electric potential monitoring, for 
studying crack development, 
227 

Empirical surface crack solution, for 
fatigue propagation analysis 
of, 601-624 

Energy rate I balance method, 493- 
494 

Energy release rate I, 499-500 
effect of compliance on, 501 

Energy rate I theory 
comparison of, with the T or d J /  

da theories for ductile tearing 
instability, 485-502 

statement of, 487-489 
ESSO test, use of, to evaluate brittle 

fracture arrest capability of 
steel materials, 27, 38 

F 

Fatigue 
near-tip crack displacement mea- 

surement during high-tem- 
perature, 253-264 

study of viscoplastic, in superal- 
loys at elevated temperatures, 
265-275 

Fatigue crack growth and propaga- 
tion (see also Crack growth 
and propagation) 

automated photomicroscopic sys- 
tem for monitoring, 226-238 

interactive effects of frequency 
loading on, of Inconel 718, 
169-184 

in propeller crank rings, 68 
empirical surface crack solution 

for, 601-624 
hold-time effects in elevated tem- 

perature, 155-168 
investigation of multiple, at 

notches, 239-252 
Mode II, 329-346 

Fatigue flaw growth analysis (see 
also Flaw shape growth analy- 
sis of surface cracks in cir- 
cumferential plane of solid 
and hollow cylinders), 59-74 

Fatigue loading (see also Loading) 
residual strength of boron/alumi- 

num laminates after, 136-152 
Fatigue propagation analysis, empir- 

ical surface crack solution 
for, 601-624 

Fatigue strength analysis, applica- 
tion of stress intensity factor, 
for welded Invar sheet for cry- 
ogenic use, 202-225 

FEM (see Finite element method) 
Fiber 

damage resulting from fatigue 
loading of boron/aluminum 
laminates, 139, 140, 144, 147 

effect of types of, on resistance to 
delamination growth, 116, 
121 
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Finite element analysis 
for analyzing stress intensity fac- 

tors for radial cracks of une- 
qual depth, 559-572 

for analyzing weight functions of 
radial cracks, 573-600 

for calculating stress-intensity fac- 
tors for circumferential sur- 
face cracks in pipes and rods, 
792-793,803-804 

for elastic-plastic materials, 346 
for estimating magnitude of crank 

ring flange load, 9, 10-12 
for measuring stress in testing for 

fatigue strength of welded In- 
var sheet, 206-207 

for Mode II fracture toughness 
testing, 349, 351-354 

for reaction bonded silicon nitride, 
98 

for solving tension and bending 
problems, 60, 65 

for viscoplastic fatigue in superal- 
loys, 268 

Flaw shape change analysis (see also 
Fatigue flaw growth analysis) 

control parameters for, 48-51 
method of, 43 

determination of K~ for surface 
flaws, 43-48 

determination of material prop- 
erties, 43 

results of, 52-55 
sample calculations, 51 

4340 steel (see High strength steel) 
Fracture behavior 

of ductile iron and cast steel, 75- 
84 

effect of laminate thickness on, of 
laminated graphite/epoxy 
composites, 124-135 

Fracture mechanics 
application of, to ship controllable 

pitch propeller crank ring, 5- 
21 

extension of surface cracks during 
cyclic loading, 625-643 

and stress analysis of crack growth 
in specimens containing sur- 
face cracks, 644-660 

Fracture testing (see also Fracture 
toughness) 

of arc-bend specimens, 279-296 
of compact Mode II fracture speci- 

men, 347-363 
of ductile iron versus cast steel, 76, 

77, 82, 86 
J~c testing using arc-tension speci- 

mens, 297-306 
of J-R curves obtained from pre- 

cracked Charpy specimens, 
401-411 

of Mode II fatigue crack growth 
specimens, 329-346 

of partial unloadings range on the 
JrR  curves of ASTM A106 
and 3-Ni steels, 364-378 

with the one-point-bend impact 
test, 307-328 

of Zircaloy-2 pressure tube mate- 
rial with radial hydrides using 
direct-current potential drop, 
379-400 

Fracture toughness (see also Frac- 
ture testing) 

in boron/aluminum laminates, 
136-152 

in ductile iron versus cast steel. 
75-94 

in Perspex, 347-363 
in reactor vessel steels, 43, 48-49, 

56 
in resins, 108-109 
in stainless steel, 661-682 
in thick laminate composites, 124- 

135 
in weld joints of steel, 23, 24 
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826 FRACTURE MECHANICS: SEVENTEENTH VOLUME 

Fracture toughness gradient in the 
base metal, 49 

Frequency loading, interactive ef- 
fects of, on fatigue crack 
growth in Inconel 718, 169- 
184 

Frozen stress photoelasticity (see 
Photoelasticity) 

G 

Graphite/epoxy composites, com- 
parison of fracture toughness 
of, 124-135 

Green's function, 574 

H 

HAZ-SCA test 
development of, 27, 29-30 
effect of nickel content of base 

plate on results, 35-36 
relationship between Charpy test 

results and, 36-37 
results of, 30, 32, 34 

High density moir6 interferometry 
(see Moir6 inteferometry) 

High frequency loading (see Fre- 
quency loading) 

High strength steel 
ductile tearing instability in, 485- 

502 
evaluation of environmentally as- 

sisted cracking of, using elas- 
tic-plastic fracture mechanics 
techniques, 512-541 

fracture toughness of, 307-328 
influence of crack depth on resis- 

tance curves for three-point 
bend specimens in, 454-484 

J-R curve testing of, using the key 
curve and multispecimen 
techniques, 741-774 

plastic energy dissipation as pa- 
rameter to characterize crack 
growth in, 542-555 

High temperature (see Temperature) 
Hold-time effects, in elevated tem- 

perature fatigue crack propa- 
gation, 155-168 

Homalite 100, dynamic crack propa- 
gation and branching under 
biaxial loading, 697-714 

Hooke's law, 266 
HY-130 high strength steel (see High 

strength steel) 
Hydrogen embrittlement mecha- 

nism, and environmentally 
assisted cracking, 513, 531, 
535 

I 

I concept (see Energy rate ! balance 
method; Energy release rate 
1; Energy rate ! theory) 

Immediate rate J-R curve testing, 
754-756 

Impact toughness testing, of high 
strength steel, 744, 749 

Inconel 718 
effects of hold times on fatigue 

crack growth rate of, 155-168 
interactive effects of frequency 

loading on fatigue crack 
growth of, 169-184 

near-tip crack displacement mea- 
surements during high-tem- 
perature fatigue in, 253-264 

prediction of surface cracks in, 
610-612, 619 

Incremental extension method, for 
obtaining resistance curves, 
112-113 

Interference pressure, pin-loaded 
hole with, 590, 592 

Interferometry (see also Moir6 inter- 
ferometry) 
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use of, to study near-tip crack dis- 
placement during high-tem- 
perature fatigue, 253-264 

Invar, stress analysis of, 202-225 
Irradiation damage, in reactor vessel 

steels, 43, 56 

J 

J-integral 
for computating stable crack 

growth using, 503-511 
for evaluating environmental 

cracking of high strength steel 
using, 512-541 

for measuring fracture toughness 
under elastic-plastic condi- 
tions, 365 

J-R curves, 366-367 
applicability of numerical smooth- 

ing to, 769 
applicability of, to ship controlla- 

ble pitch propeller crank ring, 
15-16 

assessment of, in precracked 
Charpy specimens, 401-411 

for ASTM A106 steel 8-in.-diame- 
ter pipe and compact speci- 
mens, 435-453 

in comparing ductile crack growth 
resistance in stainless steel, 
661-682 

influence of partial unloadings 
range on, of ASTM A106 and 
3-Ni steels, 364-378 

single-specimen determination of, 
425-426 

in testing of a high strength steel 
using the key curve and 
multispecimen techniques, 
741-774 

Jlc 
and arc-tension specimens, 297- 

306 

in comparing ductile iron and cast 
steel, 82, 89, 92-93 

Jm, in comparing ductile iron and 
cast steel, 82, 89 

K 

Key curve analysis 
J-R curve testing of a high strength 

steel with, 747-748 
load drop method as, 401-402 

KI (see Stress intensity factor) 
glc 

in characterizing unstable crack 
growth, 380, 383, 390, 385- 
396 

in comparison of ductile iron and 
cast steel, 76, 89, 92-93 

in determining fracture tought- 
ness, 364 

in 4340 steel, 320 
for fracture initiation toughness, 

25 
in precracked Charpy specimens, 

404, 408 
Kid 

in comparison of ductile iron and 
cast steel, 82, 83, 86, 88-89, 
93 

in 4340 steel, 319-322 
and reaction-bonded silicon ni- 

trate, 96 

L 

Laminates 
effect of thickness of, on fracture 

behavior of laminated graph- 
ite/epoxy composites, 124- 
135 

residual strength of boron/alumi- 
num, after fatigue loading, 
136-152 

Linear cumulative damage model, 
use of, to predict fatigue 
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crack growth, 157-160, 165, 
166-167 

Linear elastic fracture mechanics 
(LEFM) 

in analyzing boundary layer effects 
in cracked bodies, 775, 785- 
788 

in analyzing ceramic failures, 96 
in characterizing fatigue fracture 

response, 365 
in characterizing sustained load 

crack growth, 156 
in determining fracture toughness r 

127 
in estimating n, 486 
in predicting crack instability, 

683-696 
in studying crack growth, 227, 

243,512-513 
in variable flaw shape analysis, 43, 

56 
Load drop analysis, for measuring 

crack growth in Charpy speci- 
mens, 401-402, 405, 407, 
409,410-411 

Loading (see also Frequency load- 
ing) 

dynamic, and quasi-static J analy- 
sis, 770-771 

effect of rate of, on dynamic frac- 
ture of reaction-bonded sili- 
con nitride, 95-107 

Low frequency loading (see Fre- 
quency loading) 

Low temperature (see Temperature) 

M 

Mann-Whitney test, 721-723 
Matrix damage, resulting from fa- 

tigue loading of boron/alumi- 
num laminates, 147, 151 

Maximum tangential stress theory, 
34, 346 

Merkle-Corten analysis, 298 

Microhardness mapping, in compar- 
ing ductile iron and cast steel, 
82, 91 

Minimum time criterion, for crack 
instability in structural mate- 
rials, 683-696 

Mode I 
delamination growth resistance of 

composites under, 108-123 
finite element analysis of, 349, 

351,354-357 
stress intensity studies of, 330- 

331,346 
and the weight function concept, 

573-600 
Mode II 

fatigue crack growth specimen de- 
velopment, 329-346 

fracture testing of, 347-363 
Modified incremental polynomial 

method of date reduction, 
236-237 

Modified mapping collocation 
(MMC), accuracy of, in cal- 
culating stress intensity fac- 
tors for shallow cracks, 570 

Moir6 interferometry (see also Inter- 
ferometry) 

in analyzing boundary layer effects 
in cracked bodies, 775-779 

Multi-degree-of-freedom model, for 
crack development, 241 

Multiple unloading R-curve determi- 
nation, 427-429 

Multispecimen method for J-R curve 
testing 

of ASTM A106 and 3-Ni steels, 
365, 366, 369, 372-373,377 

of a high strength steel with, 748- 
749 

N 

Nickel-base superalloys (see also In- 
conel 718; Superalloys) 
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sustained load crack growth rates 
in, 156 

Nodal-force method, use of, to calcu- 
late stress intensity factors, 
791 

Nodal release, and computation of 
stable crack growth using the 
J integral, 503-511 

Non-steady-state conditions, creep 
crack growth under, 185-201 

Notch constraint, 727, 729,731 
Numerical smoothing, applicability, 

of, to J-R curve evaluation, 
767, 769 

O 

1D/2D flux effect, in rector vessel 
steels, 50, 55, 56 

One-point-bend impact test 
estimation of the duration To, 

324-325 
estimation of the maximum ampli- 

tude Ki TM, 325-327 
investigation and application of, 

307-328 

P 

Perspex (see Polymethyl methacry- 
late (PMMA)) 

Photoelasticity 
for analyzing boundary layer ef- 

fects in cracked bodies, 775- 
788 

for examining Mode II specimens, 
348, 349 

for studying high speed crack 
propagation, 697-714 

Photomicroscopic system, use of au- 
tomated, for monitoring the 
growth of fatigue cracks, 226- 
238 

Pin-joint loading, application of su- 

perposition principle to, 574, 
588, 590 

Pin-loaded hole with interference 
pressure, 590, 592 

Pipe specimen fracture toughness 
test results, 446-447, 449- 
450, 452 

Plastic energy dissipation, as param- 
eter to characterize crack 
growth, 542-555 

Plexiglas (see Polymethyl methacry- 
late (PMMA)) 

Polymethyl methacrylate (PMMA) 
fracture toughness of, 346, 347- 

363 
prediction of surface cracks in, 

615-616 
Pulse echo technique, 417 

Q 

Quasi-static J analysis, application 
of, to dynamic loading, 770- 
771 

Quasi-static J-R curve testing, of a 
high strength steel, 749, 752, 
754 

R 

Radial cracks 
stress intensity factors for circular 

ring with uniform array of, 
559-572 

weight functions of, 573-600 
R-curve-dominated crack growth, 

366 
Reaction-bonded silicon nitride 

(RBSN), effect of loading rate 
on dynamic fracture of, 95- 
107 

Reactor vessels, application of vari- 
able flaw shape analysis to 
under pressurized thermal 
shock loading, 41-58 

Recrystallization, 543 
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Residual life prediction, for subcom- 
ponent specimens, under 
complex loadings, 602-603, 
612, 614-615, 620 

Resins 
fracture toughness in, 108-109 
resistance of, to delamination 

growth, 116, 121-122 
Resistance curves, 108-123 

cumulative extension method, 
113-114 

for ductile tearing instability, 486- 
487, 488, 491,497-501 

incremental extension method, 
112-113 

influence of crack development 
on, for three-point bend spec- 
imens in HY130, 454-484 

influence of environment on, 117 
influence of fiber-resin combina- 

tion on, 116 
influence of porosity on, 117, 119 
resistance for AS1/3501-6 lami- 

nate, 114, 116 
for T300/5208, 119 
for tough materials, 121 

R TrqDT, 48-49, 52-53, 55, 56 

S 

Scanning electron microscope (SEM) 
for studying crack development, 

227, 254 
for studying fracture surfaces, 

668, 672, 679 
for studying microfracture, 322 
for studying Mode II fatigue crack 

growth, 343 
SE(B) specimen (see Three-point 

bend specimens) 
Ship components (see Ship control- 

lable pitch propeller crank 
ring) 

Ship controllable pitch propeller 
crank ring, application of 
fracture mechanics to, 5-21 

Short crack arrest (SCA) test 
correlation of CCA test to, 38-39 
development of, 27, 29-30 
modification of, 37-38 
results, 30, 32, 34 

Single-specimen testing 
of elastic-plastic fracture resis- 

tance by ultrasonic method, 
415-434 

of J-R curves 
in ASTM A106 and 3-Ni steels, 

367, 370-371,377 
in stainless steel, 663, 666 

Size effects of crack tip opening dis- 
placement values in the duc- 
tile-to-brittle transition re- 
gion, 715-740 

Stainless steel (see also Cladding) 
comparison of ductile crack 

growth resistance in, 661-682 
Steel (see Carbon-manganese steel; 

Cast steel; High Strength 
steel; Stainless steel) 

Strain gage measurements, use of, in 
estimating magnitude of 
crank ring flange load, 9-10 

Stress analysis (see Stress intensity 
factor) 

Stress intensity factor 
and analyzing boundary layer ef- 

fects in cracked bodies, 775- 
788 

and analyzing ceramic failures, 96 
and analyzing fatigue strength of 

welded Invar sheet for cryo- 
genic use, 202-225 

for circular ring with radial cracks 
of unequal depth, 559-572 

for circumferential surface cracks 
in pipes and rods under ten- 
sion and bending loads, 789- 
805 

and crack propagation and 
branching under biaxial load- 
ing, 697-714 
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evaluation of, for radial cracks 
emanating from circular hole, 
573-600 

for initiation of crack growth in 
specimens containing surface 
cracks, 644-660 

in reaction-bonded silicon nitrate, 
96, 101-102 

for reactor vessel steels, 42, 43-48 
for surface cracks 

in finite solids, 601-624 
multiple at notches, 241-242 
in solid and hollow cylinders, 

59, 60, 65, 68, 70, 72 
and use of one-point-bend impact 

test, 307-328 
Stress intensity histories, and mini- 

mum time criterion for crack 
instability in structural mate- 
rials, 683-696 

Stress wave loading, and minimum 
time criterion for crack insta- 
bility, 683-696 

Structural materials, minimum time 
criterion for crack instability 
in, 683-696 

Subcritical crack growth (see also 
Crack growth and propaga- 
tion; Fatigue crack growth 
and propagation) 

automated photomicroscopic sys- 
tem for monitoring crack 
growth, 226-227 

creep crack growth under non- 
steady state conditions, 185- 
201 

hold-time effects in elevated tem- 
perature fatigue crack propa- 
gation, 155-168 

interactive effects of frequency 
loading in Inconel 718, 169- 
184 

investigation of multiple fatigue 
cracks, 239-252 

near-tip crack displacement mea- 

surements during high tem- 
perature fatigue, 253-264 

stress intensity factors and fatigue 
strength analysis of welded 
Invar steel, 202-225 

viscoplastic fatigue at elevated 
temperatures, 265-275 

Superalloys (see also Inconel 718; 
Nickel-base superaUoy) 

viscoplastic fatigue in, at elevated 
temperatures, 265-275 

Superposition principle 
in analyzing stress intensity fac- 

tors, 44,602-603,605,620 
and biaxial loading, 574,582,588, 

594, 599 
and pin-joint loading, 574, 588, 

590, 594, 599 
and weight function concept, 575, 

576 
Surface cracks (see also Crack 

growth and propagation; Fa- 
tigue crack growth and prop- 
agation) 

comparison of predicted versus ex- 
perimental stress for initia- 
tion of, in specimens with, 
644-660 

determination of, in reaction ves- 
sel steels, 43-48 

empirical solution for fatigue 
propagation analysis of 
notched components, 601- 
624 

extension of, during cyclic load- 
ing, 625-643 

growth behavior of, in cylinders, 
59-74 

stress-intensity factors for, in pipes 
and rods, 789-805 

T 

T analysis, 496-497 
Tearing instability theory, 742 
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Temperature (see also Cryogenic 
use) 

effect of low on wide plate arrest 
test on steel weld joints, 22-40 

effect of elevated, on viscoplastic 
fatigue in superalloys, 265- 
275 

effect of, on near-tip crack dis- 
placement measurements 
during fatigue, 253-264 

influence of, on creep crack 
growth behavior, 198 

10% compliance unloading, 373 
10~ elastic unloading, 370 
Tensile testing, of high strength 

steels, 743, 749 
Tension loading, problem of, 59-60 
Thermal shock loading, application 

of variable flaw shape analy- 
sis, to reactor vessel under 
pressurized, 41-58 

Thick laminates (see Laminates) 
3-Ni steel (see ASTM A106 steel) 
Three-point bend (SE(B)) specimens 

in arc bend geometries, 280 
in assessing J-R curves, 401-411 
in comparing fracture behavior for 

laminate thickness, 124-135 
derivation of Ne for side-grooved, 

482-483 
derivation of No, 480-481 
and influence of crack depth on re- 

sistance curves for, 454-484 
J~c testing using, 297 
and stress intensity history, 309, 

323 
for testing plastic energy dissipa- 

tion, 544,547, 553 
Time-dependent fracture mechanics 

(TDFM), 185 
Titanium, multiple fatigue cracks in, 

244-251 
Toughness (see Fracture toughness) 

U 

Ultrasonic method, single-specimen 
determination of elastic-plas- 
tic fracture resistance by, 
415-434 

Unloading effect, on the J-R curve, 
372-376 

V 

Variable flaw shape analysis, appli- 
cation of, to reactor vessel un- 
der pressurized thermal shock 
loading, 41-58 

Virtual crack extension (VCE) 
method 

in determining KI distribution of 
semi-elliptical cracks in a re- 
actor vessel, 44-48 

in evaluating weight functions of 
radial cracks, 573-600 

Viscoplastic fatigue, in superalloys at 
elevated temperatures, 265- 
275 

Void growth, 346 

W 

Warm prestressing (WPS) effect, in 
reactor vessel steels, 49, 51, 
53-54, 56 

Waspaloy, multiple fatigue cracks 
in, 244-251 

Weakest-link statistics, and cleavage 
fractures, 715-740 

Weibull distribution, 720, 721,723 
Weight functions, of radial cracks, 

573-600 
Weight function technique, 620 

in computing KI for reactor vessel 
steels, 43-44 

and stress intensity factors for sur- 
face cracks in finite solids, 
602,605-606, 620 
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Welded steel joints 
fatigue strength analysis of, for 

cryogenic use, 202-225 

wide plate arrest test, for low-tem- 
perature application, 22-40 

Wide plate arrest test (SCA test) 
correlation of CCA test to, 38 

low temperature application on 
steel weld joints, 22-40 

Z 

Zircaloy-2 pressure tube material, 
fracture toughness testing of, 
379-400 
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