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Foreword

The papers in this publication, Elastic-Plastic Fracture Test Methods; The User’s Experience
(Second Volume), were presented at a symposium held in Lake Buena Vista, Florida, 8-9
November 1989. The symposium was sponsored by ASTM Committee E24 on Fracture
Testing. James A. Joyce, U.S. Navy Academy, presided as chairman and is editor of this
publication.
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Overview

User experience with elastic-plastic test methods dates to 1981 when the first test standard
in this field, ASTM E 813-81, J,_, A Measure of Fracture Toughness, became a part of the
ASTM Standards. This original standard provided a starting point for standards development
in elastic-plastic fracture mechanics throughout the world. In 1983 the first symposium on
User’s Experience with Elastic-Plastic Fracture Test Methods was sponsored by ASTM
Committee E24 and held in Knoxville, Tennessee. Papers and discussion presented at this
symposium was published in ASTM STP 856 in 1985. The work presented included not only
criticism of E 813 but also new and improved test techniques and many suggestions for
improvement of elastic-plastic test technology.

This forum of new work and criticism had direct application to the development of a
dramatically improved version of E 813 as well as the completion of a second test standard,
ASTM E 1152, Determining J-R Curves, both of which were first included in the ASTM
Book of Standards in 1987.

Much work has continued in the field of elastic-plastic fracture mechanics, and the new
work is again having a direct impact on the ASTM test standards. The Second Symposium
on User Experience with Elastic-Plastic Fracture Test Methods was held in Orlando, Florida,
in November of 1989 to again bring together the experts with experience to share in testing
of elastic-plastic and fully plastic materials. Papers presented cover experiences with the test
standards, suggestions for improvements and modifications, possible redefinition of the limits
of applicability, and applications to a range of materials including polymers. Generally the
presentations and discussions at this symposium demonstrate a higher level of satisfaction
with the E 813-87 standard than there was with the E 813-81 standard. Many suggestions
for improvements were made and will become a basis for a continued evaluation of elastic-
plastic test standards.

The editor would like to acknowledge the assistance of Dorothy Savini of ASTM, E. M.
Hackett and J. P. Gudas of DTRC, Annapolis, Maryland, in planning and organizing the
symposium. I thank the authors for making their presentations and submitting their formal
papers which make up this publication, and I thank the attendees whose open discussions,
questions, and comments resulted in a stimulating symposium. I especially thank the re-
viewers who read and critiqued the papers and who have helped me ensure a high degree
of professionalism and technical quality in this publication.

I wish to thank Portia Wells and Inez Johnson of the U. S. Naval Academy Mechanical
Engineering Department for their aid with document preparation and correspondence as-
sociated with both the symposium and this publication, and I wish to thank ASTM publi-
cations staff for their many contributions, including supplying deadlines, suggestions, and
advice during the preparation of this special technical publication.

James A. Joyce

Mechanical Engineering Department, U. S. Naval
Academy, Annapolis, MD 21402; symposium
chairman and editor.
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W. Alan Van Der Sluys' and Charles S. Wade!

Experience with the Use of the New ASTM
E 813-87

REFERENCE: Van Der Sluys, W. A. and Wade, C. S., ‘“Experience with the Use of the New
ASTM E 813-87,”’ Elastic-Plastic Fracture Test Methods: The User’s Experience (Second Vol-
ume), ASTM STP 1114, . A. Joyce, Ed., American Society for Testing and Materials, Phil-
adelphia, 1991, pp. 2-18.

ABSTRACT: In this paper the impact of recent changes in ASTM Test Method for J,., a
Measure of Fracture Toughness (E 813) are evaluated. J;, was determined from a large number
of J-R curves using both the 1981 and the 1987 versions of ASTM E 813. The value of J. is
usually from 10 to 15% higher when measured according to the new version of the standard.
The scatter in the measured Jy values was not affected by the revisions. Although the revisions
to the standard removed a number of difficulties with its use, one problem still remains to be
resolved. ASTM E 813 should be revised to include some guidance for correcting a, so that -
the blunting line fits the data in the early portion of the J-R curve when a J-R curve from
ASTM Test Method for Determining J-R Curves (E 1152-87) is used.

KEY WORDS: elastic-plastic fracture, test methods, J-R curve, J;, test standards, fracture
toughness

The J,. value of a material was first defined in Ref 7 in 1972. This parameter is now used
as a measure of a material’s resistance to the initiation of ductile testing. In 1981, the ASTM
issued the Test Method for J,., a Measure of Fracture Toughness (E 813-81). This method
was extensively revised and reissued in 1987. The objective of this paper is, in part, to
evaluate the impact on measured values of J,. made by the changes to ASTM E 813 in the
1987 revision. Two major modifications were made to the ASTM E 813-81 version in creating
the ASTM E 813-87 version. The most significant involved changing the method of deter-
mining the value of J,. from the J-R curve. The 1981 version of the method uses the
intersection of the blunting line and a linear line fit to a portion of the J-R curve as the
measuring point. This procedure was changed in the 1987 version of the method to use the
intersection of a power law fit to the same portion of the data and a construction line parallel
to the blunting line that is offset by an amount representing 0.2 mm (0.008 in.) of crack
extension.

The second major revision to the 1981 version modified the equation used to evaluate J
from load, displacement, and crack length information. The expression used in the 1981
version evaluated J from the total area under the load displacement curve. The expression
was changed so that the elastic and plastic parts of J are evaluated separately in the 1987
version. The elastic term is evaluated from the elastic stress intensity, K, defined in ASTM
Test Method for Plane-Strain Fracture Toughness of Metallic Materials (E 399-83). The
plastic term is determined from the plastic portion of the area under the load displacement

Scientist and group supervisor, respectively, Babcock & Wilcox, Research and Development Di-
vision, Alliance, OH 44601.
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VAN DER SLUYS AND WADE ON CHANGES IN ASTM E 813-87 3

curve. The combination of the modified relationship for calculating J and the new procedure
for determining J,. were intended to improve the accuracy in calculating J and decrease the
variability in J.. Differences observed in data sets analyzed by both versions of the method
will be discussed in this paper.

In addition to the two revisions just described, ASTM issued a new standard in 1987,
ASTM Test Method for Determining J-R Curves (E 1152-87). ASTM E 813-87 allows the
use of the J-R curve determined by ASTM E 1152-87 for the determination of J,.

A second objective of this study is to evaluate problem areas that still exist in the method
and to recommend solutions to these problems. The method of correcting g, so that the
blunting line fits data in the initial portion of the J-R curve is still a problem in the standard.
A discussion of this problem and difficulties meeting validity criteria will be included in this
paper.

Finally, various procedures for fitting mathematical models to aJ-R curve will be reviewed.
The procedures will be evaluated in terms of the goodness of the fit to the J-R curve and
the ability to extrapolate the J-R curve from small-sized specimens.

Comparison of Data

The important issue to be addressed is the effect of the changes in the method on the
measured value of J.. Difficulties were encountered with the 1981 version that were iden-
tified at the 1983 user’s experience symposium [2]. One major problem with the 1981 version
was a significant variation in J;. with repeated evaluation of the same data set. By omitting
alternate points between the exclusion lines, variations in valid measures of J;. were as high
as 10% for a given test. This problem is related to the use of a linear fit to the data between
the 0.15-mm (0.006-in.) and 1.5-mm (0.060-in.) exclusion lines for the determination of J,.

The shape of a J-R curve between the exclusion lines is often best represented by a power
law relationship rather than a linear relationship. In this situation, the linear relationship is
strongly influenced by the number and spacing of points between the exclusion lines. In the
1981 version, J;. was determined from the intersection of a linear fit to the data between
the exclusion lines and the theoretical blunting line. Therefore, J;, was also sensitive to the
number and spacing of points on the J-R curve that fell between the exclusion lines. As a
solution to this problem, the 1987 version uses a power law fit to the data between the
exclusion lines. This relationship is much less sensitive to the number and spacing of points
between the exclusion lines. The intersection of the power law fit and a construction line
define J;.. The construction line has a slope equivalent to the theoretical blunting line but
is offset by an amount representing 0.2 mm (0.008 in.) of crack extension.

A second concern identified in the 1983 symposium was scatter in J,, values obtained
from the analysis of data sets generated from testing several specimens from the same
material. The modifications made in the 1987 version of the method were intended to address
these concerns.

To reveal the changes in measured J;_ values that are induced by the modifications to the
method, results from a large number of J tests were reviewed. Data generated in several
testing programs were used to make the comparisons. It was desired to evaluate test results
over a range in measured J;. values. Therefore, the data reviewed includes that obtained
from tests conducted for ORNL that were reported in Refs 3 and 4 and represent relatively
low Jy resuits for ferritic materials. Data obtained in a ferritic steel piping program conducted
for both Babcock & Wilcox (B&W) and the Electric Power Research Institute (EPRI) and
reported in Ref 5 was also used in the J;. comparison. This data set contained a range in
J1 results. For those tests that were conducted prior to 1987, the results were reanalyzed
using ASTM E 813-87 procedures. For tests completed according to the 1987 version of
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ASTM E 813, the results were reanalyzed to the 1981 version of the method. As will be
discussed later, a procedure was used that resulted in a consistent correction of the initial
crack length, a,. This correction method provides for good agreement between the data in
the initial portion of the J-R curve and the blunting line. The method described in ASTM
E 1152-87 for determination of a, can result in inappropriate placement of the blunting line
and erroneous J;, values.

All J tests used in this comparison were conducted using the computer-controlled single-
specimen technique described in Ref 6. Load and displacement data were stored directly.
Crack length information was inferred from unloading compliance data.

The data presented in Figs. 1 and 2 are used to evaluate the changes in the measured
values of J;, produced by the modifications of the method. Figure 1 presents the J,. values
determined on seven different materials over a range in test temperatures all on the Charpy
upper shelf. The materials included in this figure are four submerged-arc-weld metals (Refs
3-5), two ferritic steels [5], and a manual metal weld {5]. In all cases, the values analyzed
to the 1987 method are higher than those calculated in accordance with the 1981 version of
the method. The difference in the submerged-arc-weld metal data ranges from a 0 to 30%
increase in the measured value of J; from the 1981 to the 1987 versions. The average increase
is 11% for the 12 results reported. In the case of the ferritic materials and the manual weld,
the increase ranges from 6 to 32%. The average increase is 18% for the six values reported.

Figure 2 shows the results from two series of tests conducted at 149°C (300°F) on sub-
merged-arc-weld metal [3,4]. These two weldments were fabricated using the same welding
procedures and with the same heat of weld wire and lot of flux. They were each subjected
to identical post-weld heat treatment cycles. There is significant scatter in these test results
from each weldment. However, the difference between the results of the two test series is
not significant. Bars are shown in the figure showing the plus and minus one standard
deviation about the mean value of J;.. The 1987 version of the analysis resulted in an increase
of the measured J,, value of approximately 10% as compared to the 1981 analysis. However,
use of the 1987 analysis procedure did not reduce the scatter in the measured J,. data as
evidenced by the standard deviations.
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FIG. 1—1J, values determined ysing ASTM E 813-81 compared with values obtained using ASTM E
813-87 for several materials.
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FIG. 2—J. values determined using ASTM E 813-81 compared with values obtained using ASTM E
813-87 for one material.

Figure 3 is a plot of the J-R curves obtained from the analysis of test data for three
specimens, from a single material, using both versions of the method. There is very little
difference in the J-R curves obtained using the two versions of the method. This similarity
indicates that the change in the J formulation yields a negligible change in a material’s J-R
curve. However, the differences in the measured J;. values for the two versions of the
analyses are significant. The change in J;. values can be attributed to the changes in the
measuring point used for J;. determination and not the J formulation.

A detailed review of two J-R curves from a single material that exhibited a large amount
of variability in J;, was performed to determine the causes of the scatter in the J data.
Figure 4 presents the two J-R curves from which the Ji. values for the high magnesium-
molybdenum (Mn-Mo) submerged-arc-weld metal in Fig. 1 were obtained. The J_ values
obtained from these tests were 166 and 212 kJ/m? (947 and 1210 in. -1b/in.?). While this
represents a 21% difference in the J;. value, the J-R curves are very similar. They differ
slightly in the region very close to the blunting line, yielding the difference in the measured
Jic values. The J-R curves have a steep slope between the exclusion line for these two
specimens. Large variations in Jy, values would be obtained from small variations to a,. It
is conceivable that Test 3912T could easily have yielded a J,. value higher than Test 3922T
using a slightly different, but acceptable, correction to a, to obtain the best agreement
between data in the early portion of the J-R curve and the blunting line. This topic is
discussed in the next section.

The revision to ASTM E 813 invoking a power law fit rather than a linear fit to data
between the exclusion lines should improve the determination of J,.. The power law more
accurately defines the J-R curve between the exclusion lines. In addition, the revised meas-
uring point is between the exclusion lines thereby using the power law fit to interpolate the
data to determine the J value. In contrast, the 81 version of ASTM E 813 makes use of
the linear fit to extrapolate the fit line to the blunting line to determine J;.. For these reasons
the revised procedure should be less sensitive to slight changes to the data points between
the exclusion lines. The data analyzed in this report does, however, not show an improve-
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FIG. 3—1J-R curve plots of ORNL V8A submerged-arc-weld metal comparing the 1981 with the 1987
version of ASTM E 813.
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ment. All of the J-R curves used in this study were determined using the procedures of
ASTM E 1152-87. This may have influenced the lack of observed improvements between
the 1981 and the 1987 versions of the method.

Blunting Line Data Fit

ASTM E 813 gives well-defined procedures for performing tests and reducing acquired
data to obtain J, values. After reducing load, displacement, and crack length information
into J-integral values, the user is left to determine the critical J;, value. If the multiple-
specimen procedure is used, the determination of the J;_ value is well defined and adequate.
If, however, a J-R curve is determined from a single specimen using ASTM E 1152-87, a
major problem has been identified in determining an appropriate value for the initial crack
length.

ASTM E 1152-87 suggests that the crack length measured at the start of the test (using
compliance or other techniques) be compared with the optically measured initial crack length
(measured after post-test heat tinting and specimen fracture) and any errors be corrected
by determining an effective modulus value. All the crack length information used in deter-
mining the J-R curve is then corrected using this effective modulus. If there is a significant
error in the initial crack length value, the blunting line will not fit the data in the early
portion of the J-R curve and the effective modulus procedure will not improve the fit between
the blunting line and the J-R curve. Because of the small load changes required in initial
unloading compliance measurements, initial crack length values will have the largest errors
of any of the crack lengths used to determine the J-R curve. Therefore, it is important to
review the J-R curve data closely and possibly adjust the initial crack length value to obtain
the best agreement between the J-R curve and the theoretical blunting line.

Reviewing Fig. 4, it is clear that the value of Jy, is strongly dependent on the placement
of the J-R curve data on the blunting line. The slope of the J-R curve may be steep in the
early portion of the curve. Significant variations in J;. would then be obtained from slight
differences in placement of the data on the blunting line.

Table 1 lists results obtained by the authors and an independent laboratory after analyzing
identical load, displacement, and crack extension data sets. Although the J-R curve data
calculated by the two laboratories were nearly identical, the differences in J,. were often
extreme. The reason for the disparity is clear upon reviewing the position of the individual
J-R curves with respect to the theoretical blunting line. The authors corrected a, to obtain
the best agreement between data in the initial portion of the J-R curve and the blunting
line. The independent laboratory simply placed the first point of the J-R curve on the blunting
line as suggested by ASTM E 1152-87. Plots of the J-R curves demonstrating the effect of

TABLE 1—Comparison of 1, measurements obtained by two separate laboratories using identical

data sets.
Ji, Author’s Jie, Independent Laboratory
Data Set kJ/m? in. - 1b/in.? kJ/m? in. - 1bfin.?
1 266 1519 188 1076
2 180 1028 78 448
3 268 1530 132 754
4 476 2717 296 1689
5 309 1763 85 487
6 178 1016 82 470
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correcting a, are displayed in Figs. 5 and 6. Using only one crack length value to fit the J-
R curve to the blunting line obviously yields incorrect J, values in the cases discussed. More
representative values of J;, will be obtained when an attempt is made to place a number of
points from the initial portion of the J-R curve on the theoretical blunting line.

The authors have adopted a procedure for correcting a, so that the initial J-R curve data
best fit the blunting line. The data analysis computer code prompts the user to select points
on the J-R curve that define a line with a slope nearly equal to that of the blunting line.
These points are then used in a linear regression to define a new initial crack length value.
All crack length values are then adjusted to be in agreement with this new initial crack
length value. The initial test data will then scatter around the blunting line. This method
requires judgment on the part of the experimentalist in choosing which points should fall
on the blunting line. However, it forces the user to consider more than one point in the
data set when fitting data to the blunting line. When using this procedure, very little error
is usually seen between the initial crack length values measured by compliance and the
optically measured values. If an error still exists at this point, the effective modulus procedure
can be applied.

ASTM E 813 should be revised to require that a fit to more than one data point be used
to establish the initial crack length value and therefore the blunting line location when a
single-specimen J-R curve is going to be used to determine a value of Jy.

Crack Extension Requirements

ASTM E 813-87 has validity requirements relating to the uniformity of crack extension
and accuracy in the measurement of the crack extension experienced during testing. Based
on the authors’ experience in conducting several hundred J tests on various materials, the
requirements described in Sections 9.4.1.6 and 9.4.1.7 are often violated.
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FIG. 5—Comparison of J-R curve fits to the blunting line from two laboratories.
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FIG. 6— Comparison of J-R curve fits to the blunting line from two laboratories.

Section 9.4.1.6 relates to the uniformity of crack extension through specimen thickness.
To satisfy this J_ validity check, the crack extension at the two near-surface measuring points
must not differ from that at the center of the specimen by more than 0.02W. This criterion
is often violated using side-grooved specimens due to the crack front geometries induced
by precracking (before side grooving), side grooving, and subsequent testing. The crack
front is usually shorter at the specimen surface than in the center after fatigue precracking.
By side grooving the specimen, the crack front tends towards straightness during testing.
Often times the crack extension at the surface will then exceed that in the center by an
amount that violates Section 9.4.1.6.

The validity requirement of Section 9.4.1.6 appears to be overly restrictive considering
the flexibility given in the crack front straightness requirement of 9.4.1.5. Section 9.4.1.5
requires that any of the nine crack length measurements taken across the crack front be
within 7% of the average crack length. As a comparison of the two requirements, consider
performing a test using a 1T compact specimen containing a curved initial crack front.
Assume a typical initial average crack length of 33 mm (1.3 in.). The crack length at the
specimen surface could differ from the average by as much as 2.3 mm (0.091 in.) and still
satisfy Section 9.4.1.5. Correspondingly, the crack length at the center of the specimen could
be 2.3 mm longer or shorter than the average crack length. An example of this is shown
schematically in Fig. 7. If the crack became perfectly straight during testing, the crack
extension at the surface would be 4.6 mm (0.182 in.) larger than that at the center. This
difference is more than four times that allowed by Section 9.4.1.6, which is 1.0 mm (0.040
in.) for this example. Clearly, a discrepancy exists between these validity checks indicating
that uniformity of crack extension is more important than crack front straightness. Changing
the requirement to be based on crack front straightness and not uniformity of crack extension
should be considered.
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FIG. 7—Schematic of crack extension through the thickness of a specimen.

Section 9.4.1.7 deals with the required accuracy of the measure of crack extension. This
validity check requires that the crack extension predicted by the last compliance measurement
{or other method of indication) not differ from the actual physical measurement of crack
extension according to the following limits.

a The difference does not exceed 0.15 Aa, for crack extensions less than Aa, .-
b The difference does not exceed 0.15 Aa,,,,, for crack extensions greater than Aa,,,,-

The parameter Ag,,,,,, is defined as the crack extension value where the J-R curve intersects
the 1.5 mm (0.060 in.) exclusion line defined by ASTM E 813.

For cases in which data are desired for crack extension well beyond the second exclusion
line, the requirements of 9.4.1.7 are difficult to meet. The validity of the J,. value measured
from the early portion of the test is based on data obtained from the end of the test. This
prohibits the user from measuring J;, and determining the material’s J-R curve in a single
test.

The accuracy and crack straightness requirements in ASTM E 813 should be revised to
eliminate the problems just discussed. It is suggested that the crack extension uniformity
requirement be modified to require a crack straightness rather than a uniformity of crack
extension. The crack length accuracy requirement should be changed to require an accuracy
based on final crack length rather than one based on the crack length at the second exclusion
line.

R-Curve Fit Equations

There are a number of reasons for determining an equation for the J-R curve. Most
instability analyses that make use of the J-R curve are performed with the use of a computer
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program. The use of the J-R curve in the form of an equation greatly simplifies the instability
analysis. To determine the instability condition, an extrapolation of the J-R curve to crack
extension values well past the measuring capacity of the specimen is often required by such
analyses. The ideal fit to the data should then fit the data accurately in the region where
the data exist and in addition allow for the conservative extrapolation of the J-R curve.

There are several popular relationships used to describe the form of J-R curves obtained
from various materials. These functions include:

1. Four Coefficient Fit [6], ] = C, + CLA + C,(C;, + A)7?
2. Power Law Fit, J = C,A“
3. Eason Fit [7], ] = C,A® exp (C,/A)

where A = crack extension, and C, through C, are constants.

In order to evaluate these models, each were applied to a series of J-R curves obtained
from a single forging using a variety of specimen sizes. The ability of the model to extrapolate
the small specimen data to predict the large specimen results could be evaluated.

The data sets used for the comparison of models were obtained from Refs § and 9. This
reference reports J-test results obtained on a large SA5S08 Cl 2 forging. Reference 10 describes
a problem with inhomogeneity in the forging used to develop this fracture toughness data.
The results detailed by Ref 10 were found to be ordered in accordance with the strength of
the material at particular locations in the forging and were divided into four strength cat-
egories. All the specimens selected for this comparison were chosen from the same strength
category as defined in Ref 10. Specimens included two 10Ts, two 4Ts, and two 1Ts. Load,
displacement, and crack length information given in Ref 8 for these specimens was used to
determine J-R curves using the 1987 version of ASTM E 1152-87. The J-R curves for each
specimen were fit from the blunting line to the last point before Aa exceeded 0.35b, using
the three models just described. These fits are well beyond limits set in ASTM E 1152-87
but were used to demonstrate the relative effectiveness of the mathematical models. The
relationships obtained from each of the fit models were then used to extrapolate the J-R
curves to a crack extension value of 127 mm (5.0 in.). Plots of J versus dJ/dAa were used
to evaluate the use of each model for predicting large specimen results from the extrapolation
of results from a small specimen. Both J-deformation (J-def) and J-modified (/-mod) data
from the data sets were examined. The values of J-mod were determined in accordance with
the procedures outlined in Ref 17.

The four coefficient relationship fits the J-R curves very well. Representative examples
are shown in Fig. 8. However, the extrapolation of this equation did not work well with
some of the J-def and J-mod data sets examined in this review. When the J-R curve remains
linear and does not asymptotically approach a maximum, this fit will yield a constant for
dJidAa at large crack extensions. This result is obtained because the four-coefficient rela-
tionship has enough degrees of freedom to fit the J-R curve exactly. It does not force the
fit to asymptotically approach some minimum dJ/dAa value at large crack extensions. Plots
of dJ/dAa using extrapolations of the four-coefficient fits obtained for each specimen are
given in Fig. 9 for both J-def and J-mod. The extrapolation of the fits obtained from the
smaller specimens did not predict those obtained from the larger specimens for either J-def
or J-mod. Even though the model fits the J-R curve well, it does not allow for accurate
prediction of the response of a large specimen using data from a small specimen.

Eason’s equation also fits most of the J-R curves reviewed quite well. Examples are given
in Fig. 10. The extrapolation of the equations obtained from these fits appeared to yield
more consistent results between specimen sizes than the extrapolation of the four-coefficient
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FIG. 8—Fit of the four-coefficient model to the J-R curve for three specimen sizes.

fits. Figure 11 displays J versus dJ/dAa for the six specimens reviewed. The data in this
figure does not order by specimen size, indicating little specimen-size effect. All curves
scatter around a common trend line related to material tearing properties.

The power law fit does not adequately describe many of the J-R curves reviewed when
it is desired to fit the data outside the exclusion lines. Examples are given in Fig. 12. The
form of this relationship does not allow for a good representation of the data throughout
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FIG. 9—Plot of extrapolations of the four-coefficient models for each specimen.

the entire J-R curve. Plots of J versus dJ/dAa obtained from these fits are given in Fig. 13.
The curves order around a common trend line indicating material tearing properties. How-
ever, the results exhibit some ordering with respect to specimen size.

In summary, it appears from the data sets reviewed that Eason’s relationship yields the
best results for fitting J-R curves and predicting the results for large specimens from small
specimens. The relationship fits most J-R curves nearly as well as the four-coefficient type
and better than the power law. When the equation is extrapolated to large crack extensions,
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FIG. 11— Plot of extrapolations of the Eason model for each specimen.

plots of dJ/dAa are most consistent between differing specimen sizes for the Eason fit as
compared to the other fits. This combination of factors makes the Eason relationship the
most promising for modeling J-R curves.

Conclusions

From the resuits of this study a number of conclusions regarding the use of ASTM E 813-
87 for determining values of J;, can be reached. In addition, methods of fitting and extrap-
olating J-R curves were evaluated.
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FIG. 13— Plot of extrapolations of the power law model for each specimen.

The following conclusions can be reached based on the results of the studies reported in
this paper.

1. The revisions made to ASTM E 813 in 1987 result in increasing the measured value
of Ji. by an amount generally of about 10 to 15%. In some specific instances slightly
greater amounts were observed.

2. The changes in the expression used to calculate the value of J made to ASTM E 813
did not substantially change the J-R curve properties measure for a material.
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3. When J-R curves determined from ASTM E 1152-87 are to be used to determine Jy,
a better procedure for determining the initial crack length is needed.

4. The requirements of Section 9.4.1.6 in ASTM E 813-87 should be revised. Section
9.4.1.6 should be revised to allow a set maximum variation in crack length across the
width of the specimen. This could be that the maximum and minimum values of Aa
cannot vary from the average Aa by more than 10% of the average Aa.

5. The requirement of Section 9.4.1.7 should be revised to base the allowable error in
final crack measurements (that is, optical versus compliance) on the final crack length.

6. The fit procedure suggested by Eason appears to be the best of the procedures eval-
uated.
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ABSTRACT: This study investigates the applicability of the J-integral test procedure to test
short crack specimens in the temperature region below the initiation of ductile tearing where
Ji cannot be measured. The current J-integral test procedure is restricted to determining the
initiation of ductile tearing and requires that no specimen demonstrates brittle cleavage frac-
ture. The J test specimen is also limited to crack-depth to specimen-width ratios (a/W) between
0.50 and 0.75. In contrast, the crack tip opening displacement (CTOD) test procedure can be
used for testing throughout the entire temperature-toughness transition region from brittle to
fully ductile behavior. Also, extensive research is being conducted to extend the CTOD test
procedure to the testing of short crack specimens (a/W ratios of approximately 0.15).

The CTOD and J-integral fracture parameters are compared both analytically and experi-
mentally using square (cross-section) three-point bend specimens of A36 steel with a/W ratios
of 0.50 (deep crack) and 0.15 (short crack). Three-dimensional elastic-plastic finite element
analyses are conducted on both the deep crack and the short crack specimens. The measured
J-integral and CTOD results are compared at various levels of linear-elastic and elastic-plastic
behavior. Experimental testing is conducted throughout the lower shelf and lower transition
regions where stable crack growth does not occur. Very good agreement exists between the
analytical and experimental results for both the short crack and deep crack specimens.

Results of this study show that both the J-integral and the CTOD fracture parameters work
well for testing in the lower shelf and lower transition regions where stable crack growth does
not occur. A linear relationship is shown to exist between J-integral and CTOD throughout
these regions for both the short and the deep crack specimens. These observations support
the consideration to extend the J-integral test procedure into the temperature region of brittle
fracture rather than limiting it to J,. at the initiation of ductile tearing. Also, analyzing short
crack three-point bend specimen (/W < 0.15) records using the load versus load-line dis-
placement (LLD) record has great potential as an experimental technique. The problems of
accurately measuring the CMOD of short crack specimens in the laboratory without affecting
the crack tip behavior may be eliminated using the J-integral test procedure.
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Currently, there is no ASTM standard procedure for fracture mechanics testing of three-
point bend specimens with small crack-depth to specimen-width ratios (a/W). However, in
the linear-elastic regime, the plastic zone at the crack tip is so small that the fracture toughness
(K.) obtained from short crack specimens is identical to the fracture toughness (K. of deep
crack specimens (consistent with the single parameter characterization of the fracture event).
The authors have previously shown [1,2] that in the elastic-plastic regime, large plastic zones
are developed prior to brittle fracture. Moreover, three-point bend specimens frequently
develop a full plastic hinge prior to brittle fracture. For short crack specimens, plastic zones
at the crack tip extend to the free surface behind the crack; this response differs considerably
from the ligament confined plasticity of deep crack specimens as shown in Fig. 1. Yielding
to the free surface causes a loss of crack tip ‘“‘constraint.” Consequently, short crack spec-
imens must undergo considerably more crack tip blunting and plastic deformation than deep
crack specimens to develop the same critical stress at the crack tip required to cause brittle
fracture”

The British Standard crack tip opening displacement (CTOD) test procedure (BS5762)
“Methods for Crack Opening Displacement Testing,” can be used for testing throughout
the entire temperature-toughness transition region from brittle to fully ductile behavior (Fig.
2). Critical CTOD results can be obtained in the lower-shelf, lower-transition, upper-
transition, and upper-shelf regions. The British standard allows the testing of specimens
with a/W ratios between 0.15 and 0.70, but considerably more research is needed before
the behavior of short crack specimens is fully understood.

The ASTM draft standard for CTOD testing limits the a/W ratio to the range of 0.45 to
0.55 until the relation between CTOD and laboratory measured crack mouth opening dis-
placement (CMOD) is better developed for short crack specimens. Extensive studies are
underway [I-11] to extend the ASTM CTOD standard to include the testing of short crack
specimens. The relation between CTOD and CMOD appears dependent on both the a/W
ratio and the strain hardening properties of the material. Development of a characteristic
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relationship between CTOD and CMOD for short crack specimens will rely on experimental
{crack infiltration, lasers, etc.) and numerical (finite element analysis) investigations.

A major concern in testing short crack specimens is the ability to measure the CMOD
without physically affecting the behavior of the crack tip region. Measurement of CMOD
becomes much more difficult as the physical size of the crack decreases. Very small and
precise instrumentation is required; the procedure is further complicated by plastic defor-
mation extending from the crack tip to the measuring surface, as shown in Fig. 1. The clip
gage must be contained between the two regions where the plastic zone has extended from
the crack tip to the free tension surface on both sides of the crack mouth. Figure 3 illustrates
warping of the top tension surface that develops as the plastic zone extends to the surface
of the short crack specimen. The CMOD is measured in this region and is potentially affected
by the near surface plasticity. These problems make the laboratory measurement of CMOD
on short crack specimens more complicated than for deep crack specimens.

The ASTM J-integral test procedure (E 813), “Standard Test Method for J,., a Measure
of Fracture Toughness,” is restricted currently to testing for the initiation of ductile tearing.
However, several investigators have extended the J-integral parameter (and test procedure)
to quantify brittle fracture (J.) in the lower shelf and lower transition regions [12—14]. The
J-integral test also is limited to a/W ratios between 0.50 and 0.75. Several investigations
[7-9,12,13] have been conducted using the J-integral procedure to analyze specimens with
a/W ratios between 0.10 and 0.30.

Experimentally, the J-integral procedure offers the advantage of measuring either load
versus load-line displacement (LLD) or load versus CMOD. Although accurately measuring
LLD can be difficult in the laboratory, LLD measurements are less dependent on the effects
of crack depth than are CMOD measurements. The load-line displacement of the specimen
itself must be measured; instrumentation must exclude local deformation at the loading
rollers and deformation of the loading frame. Also, the measurements are generally taken
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a/W = 0.50 o/W = 0.15 o/W = 0.05
CRITICAL CTOD:
0.44 mm (17 mils) 0.74 mm (29 mils) 1.65 mm (65 mils)

FIG, 3— Fracture surfaces of A36 steel specimens (31.8 by 31.8 mm) tested at 21°C (70°F).

at the outside surface of the specimen rather than at the center plane. But, becuase LLD
is measured at a distance away from the crack tip and away from the top tension surface
where short crack specimens plastically deform, LLD measurements have less potential of
affecting the crack tip behavior and therefore may better characterize the elastic-plastic
fracture toughness of short crack specimens.

This study compares the two elastic-plastic fracture parameters (CTOD and J-integral)
for characterizing both short crack and deep crack three-point bend specimens. Square
(cross-section) three-point bend specimens (31.8 by 31.8 by 127 mm (1.25 by 1.25 by 5.00
in.)) are analyzed with crack-depth to specimen-width ratios (a/W) of 0.15 and 0.50. The
study focuses on the response in the lower-transition region where brittle initiation is pre-
ceded by extensive plastic deformation and crack tip blunting. Finite element analyses are
utilized to compare the displacement, strain, and stress distributions of the short crack
specimen (/W = 0.15) to the deep crack specimen (a/W = 0.50) at similar values of J
and CTOD. Finite element values of J-integral and CTOD [I] are combined with load-
displacement records to develop relationships between laboratory measured quantities and
the crack tip parameters. Experimental tests previously conducted using the CTOD pro-
cedure [2] are reanalyzed using the J-integral procedure. Both the analytical and the ex-
perimental results are compared to develop a relationship between J and CTOD.

Material Properties

A 31.8-mm (1.25-in.)-thick, as-rolled plate of A36 steel was used in this study. Tables 1
and 2 provide the chemical analysis and mechanical properties of the material. Table 3
provides the yield strength of the A36 steel plate at various temperatures as determined
previously by Shoemaker and Seeley [15]. The estimated flow strengths at equivalent tem-
peratures are also shown in Table 3. The flow strength (o) was estimated using the equation
on = (0, + 0,)/2. Clausing [16] observed that yield strength and tensile strength of con-
struction steels undergo parallel increases as the temperature is decreased from 21°C (70°F)
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TABLE 1— Chemical analysis, %.

Steel C Mn P S Si

A36 0.20 1.11 0.007 0.023 0.029

TABLE 2— Mechanical properties.

Yield Strength Tensile Elongation Reduction
Steel @ 0.2% Offset Strength in 50.8 mm in Area
A36 248 MPa 460 MPa 38% 67%
36 ksi 66.8 ksi

TABLE 3-—Yield strength adjusted to temperature.

Yield Strength Flow Strength
Temperature,

Steel °C MPa (kst) MPa (ksi)
A36 21to 0 248 (36) 351 (51)
-18 262 (38) 365 (53)

—43 290 (42) 393 (57)

=76 345 (50) 448 (65)

—112 462 (67) 565 (82)

- 195 793 (115) 896 (130)

to —195°C (—320°F). Since the yield strength and ultimate strength undergo parallel in-
creases, the room temperature relation o, = 0., + 206 MPa (30 ksi) should also be applicable
as the temperature decreases. Therefore, the low temperature flow strength of the A36 steel
corresponded to the equivalent temperature yield strength +103 MPa (15 ksi). Figure 4
shows the engineering stress-strain curve obtained from a standard 12.8-mm (0.505-in.)-
diameter-longitudinal tensile test conducted at room temperature and a slow loading rate.
A piecewise linear representation of the uniaxial stress-strain curve was utilized in the finite
element analyses as shown in Fig. 4. A36 steel is a low strength, high strain-hardening
material with an ultimate stress to yield stress ratio of 1.86 and a strain hardening exponent
(n) of 0.23 at room temperature.

Finite Element Analysis

Elastic-plastic finite element analyses were conducted on the short crack and deep crack
three-point bend specimens using the models shown in Fig. 5. Two-dimensional models
were analyzed for both plane-strain and plane-stress conditions. Three-dimensional models
were analyzed to assess the effect of through-thickness constraint. Quadratic, isoparametric
elements were utilized in the meshes with degenerated crack tip elements to model the
singularity. The size of the crack tip elements for the short crack and deep crack specimens
was less than 5% of the corresponding crack depths. Convergence studies demonstrated
that these finite element models were sufficiently detailed to extract values of the J-integral
and CTOD. No simulation of crack growth was attempted in the analyses. The finite element
solutions employed the conventional, linear strain-displacement relations based on small
geometry change assumptions. Plasticity was modeled using incremental theory with a von
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FIG. 4—A36 steel tension test showing modification for finite element analysis.

Mises yield surface, associated flow rule, and isotropic hardening. Numerical computations
were performed with the POLO-FINITE structural mechanics system [/7,18]. Complete
details of the analysis procedure have been described by Sorem et al. [1].

The load versus LLD results from the finite element analyses are compared to the ex-
perimental results in Figs. 6 and 7. LLD is measured at the crack plane midway between

ROLLERS o9 ROLLERS

CENTER
PLANE

AN

LOAD POINT T LOAD POINT
FIG. 5—Three-dimensional finite element analysis mesh for the three-point bend specimens.
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FIG. 6—Load versus LLD for square (31.8 by 31.8 mm) A36 steel specimens with a/'W = 0.50.

the crack tip and the point of load application (loading roller) of the finite element model
and therefore is not affected by local deformations at the load and reaction points. The
load-LLD results for the deep crack specimen are shown in Fig. 6, and the results of the
short crack specimen are shown in Fig. 7. For both a/W ratios, the plane-strain analysis
provides an upper bound load-LLD relation, and the plane-stress analysis provides a lower
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FIG. 7—Load versus LLD for square (31.8 by 31.8 mm) A36 steel specimens with alW = 0.15.
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bound relation. The three-dimensional analyses very closely approximate the load-LLD
records of the laboratory specimens. The LLD is nearly constant through the thickness of
the deep crack specimen with less than 2% variation from center plane to surface. For the
short crack specimen, the LLD is constant through the thickness of the specimen for linear
elastic specimen behavior, but, in the elastic-plastic regime, the surface LLD is up to 5%
greater than the center plane LLD due to distortion of the cross section from the initially
square configuration.

J-Integral Analysis

J-integral values are computed from the finite element results using a domain integral
formulation (line integrals and area integrals) as described by Dodds et al. [/9]. Pointwise
values of the applied J along the crack front are numerically computed with the POLO-
FINITE system.

In three-dimensions, the applied J at each location on the crack front includes contributions
from both line integrals and area integrals.

du; wu;
J(m) = - wen, — Tial ar + fr wPn, dI' — fA 2 0',35 /ox; dA (¢))]
1

The line integral is evaluated over a remote contour that lies in the principal normal plane
of the crack front at location “vn”” and that encloses the crack tip as shown in Fig. 8a. The
area integral is evaluated over the planar area (surface) enclosed by the contour and includes
the crack tip elements. Dodds et al. [19] demonstrated path independence of the J-integral
defined by Eq 1 when the area integral was added to the contour integrals.

CTOD s

a) CONTOUR AND AREA b) INTEGRATIONS PATHS

INTEGRAL EVALUATION THROUGH THE GAUSS POINTS
FIG. 8—Contour J-integral formulation at the crack tip.
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Both the contour and the area integrals are evaluated at each Gauss plane through the
specimen half thickness. A sequence of contours for the line integrals are defined that pass
through Gauss points of elements excluding the ring of crack tip elements as shown in Fig.
8b. Eight such contour paths are evaluated at each Gauss plane. The area integrals are
computed in the Gauss point planes for the concentric rings of elements that enclose the
crack tip.

J-values, J(m), for these paths surrounding the crack tip at the center plane, middle, and
surface elements are shown in Fig. 9 and demonstrate path independence of J. The center-
plane elements and middle elements show less than 3% variation of the J-values over the
paths investigated. The surface elements show an 8% variation in J over the same paths.
This larger variation arises from the steep stress gradients that occur in the boundary layer
at the free surface, that is, o, — 0 combined with the limited mesh refinement in the thickness
direction.

The variation of J through the thickness of the specimen is shown in Fig. 10 at center-
plane J levels of 0.014, 0.057, and 0.140 MPa-m (0.080, 0.326, and 0.805 ksi in.). J remains
nearly constant over the center 60% of the specimen thickness and decreases rapidly as the
outside free surface is approached. CTOD levels through the thickness of the specimen at
identical load levels are shown in Fig. 11. The levels shown correspond to center-plane
CTOD values of 0.028, 0.102, and 0.251 mm (1.1, 4.0, and 9.9 mil). The through-thickness
variations of CTOD are similar to the J variations, but the CTOD values near the outside
surface decrease less rapidly than the J-values. Consequently, the relationship between
CTOD and J will vary at each location through the thickness of the specimen. Since the
maximum values of both J and CTOD occur at the center plane of the specimen, subsequent
development of the relation between CTOD and J is based on the center-plane values.
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0.07 . . v T . . : T . r 0.4
0.06 |  CENTER PLANE ELEMENTS ]
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gl MID—THICKNESS ELEMENTS | T
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lo r - ™
g SURFACE ELEMENTS
< 0.03
- <4
0.02 | 4 o
0.01 I STEP 17 1
0.00 ) | L 1 i 1 L 1 " 1 " 0.0
0.0 0.5 1.0 1.5 2.0 2.5 3.0

RADIUS FROM CRACK TIP (mm)

FIG. 9— Path independence of J-integral for the square (31.8 by 31.8 mm) A36 steel specimens with
alW = 0.15.
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FIG. 10—J-integral values through the thickness of the square (31.8 by 31.8 mm) A36 steel specimens
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FIG. 11—CTOD values through the thickness of the square (31.8 by 31.8 mm) A36 steel specimens
with alW = 0.15.
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J-Integral Computation

Early work in relating the J-integral fracture concept [20] to laboratory measurements
stemmed from LEFM studies by Rice et al. [21] and Turner [22] which related the Griffith
energy release rate to the elastic energy, U,

€

7 M. U

" B(W - a) @)
where
. = dimensionless elastic factor based on specimen compliance,
U, = area beneath the elastic load versus LLD record,
B = specimen thickness,
W = specimen depth, and
a = effective crack depth.

This relation, while applicable for linear-elastic conditions, was extended to include plastic
deformation. Sumpter and Turner [I2] separated the total energy into elastic and plastic
energy contributions which correspond respectively to the elastic area, U,, and plastic area,
U,, beneath the load-LLD record.

_ __nU m, U,
]_JE+]”_B(W—a)+B(W—a) 3)

where

J, = elastic contribution to J,
J, = plastic contribution to J,
m, = dimensionless plastic factor, and

U, = plastic area beneath the load-LLD record.

Both 7, and 7, are dependent on specimen geometry, loading conditions, and a/W ratio;
the two factors generally are not equivalent.

The m, and m, factors of Eq 3 for both the short crack and the deep crack specimens are
determined from the area beneath the finite element load-LLD records and the domain
integral values for J. m, is determined from the first finite element analysis (FEA) load
increment (linear-elastic) where the elastic area equals the total area and the elastic J equals
the total J. For the deep crack specimen, /W = 0.50, n, = 1.95. For the short crack
specimen, a/W = 0.15, n, = 1.25.

To calculate m,, the plastic area (U,) and the plastic component of J-integral (/,) are
calculated at each load increment. To obtain U, the elastic component of the area (based
on the initial slope of the load-LLD record) is subtracted from the total area, U,. In the
elastic-plastic regime, the LLD for the short crack specimen is as much as 5% greater at
the outside surface than at the center plane. The plastic area beneath the curve is thus 5%
greater at the outside surface than at the center plane. Since the LLD is measured exper-
imentally at the outside surface, the plastic area is based on the surface LLD rather than
the center plane LLD to maintain consistency. Therefore, to develop the relation between
LLD and J-integral, the maximum value of J (at the center plane) is compared to the
measured LLD (at the surface). To obtain J,, the elastic component of J (based on m, and
U,) is subtracted from the domain integral value. For the deep crack specimen, a/W = 0.50,
M, = 2.10. For the short crack specimen, /W = 0.15, m, is not constant but rather decreases
with increasing plastic deformation to a low of 1.25 in the final load increment of the finite
element analysis.
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Sumpter [13] describes a relationship between m, and a/W ratio for shallow notch bend
specimens using the limit load estimates of Haigh and Richards [23] for pure bending.

n, = 0.32 + 12(@/W) — 49.5(a/W)> + 99(a/W)? (4)

Using this expression for ¢/W = 0.50, v, = 2.0, and for /W = 0.15, m, = 1.34. Sumpter
[13] argues that the plastic term of Eq 3 is accurate only for a perfectly plastic, homogeneous
material after limit load is reached. He further argues that there is no obvious reason why
the expression should successfully provide the plastic component of J which accrues prior
to limit load or account precisely for work hardening effects. Paris et al. [24] argues that
M, only exists where the dependence on specimen configuration (a/W ratio) and plastic
deformation can be separated.

Srawley [25] returned to the original formulation and supported the substitution of the
total m factor (n,) for m, and the total energy, (U,) for U..

__nU
7= B(W — a) ©)

For the three-point bend specimen with a/W > 0.05:

m=2-1(003-07adW)(1 — &/W) ~ exp (0.5 — 7 a/W) (6)
Therefore, for the deep crack specimen, a/W = 0.50, , = 1.98 and for the short crack
specimen, a/W = 0.15, n, = 1.26. Because m, and n, for the deep crack bend specimen are

both nearly equal to 2, it has become common practice to use Eq 5 with , = 2 for J-integral
testing.
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FIG. 12—1J-integral w factor from the load LLD record for square (31.8 by 31.8 mm) steel specimens.
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The relationship of the area beneath the finite element load-LLD curve to the finite
element J-values is developed for both short crack and deep crack three-point bend specimens
as follows. Using Eq 5, 7, is calculated and plotted as a function of the domain integral J
in Fig. 12. Both the average values of J and the maximum values of J (at the center plane)
are compared. For the deep crack specimen, Eq 2 with v, = 1.95 and v, = 2.1 describes
the relation between area and maximum J better than Eq 5 with m, = 2.0. For the short
crack specimen, v, varies from 1.25 to 1.44 and eventually settles at 1.31. Thus, the energy
separation model to estimate J (Eq 2) for the short crack specimen does not perform as
well: the total energy model (Eq 5) is adopted with v, = 1.34. These results agree with
Turner’s [26] observations that v, is more nearly independent of the degree of plasticity than
M, for a wider range of cases (variety of a/W ratios 0.50 to 0.025 in three-point bend
specimens).

Using these m, values in Eq 5 and the area beneath the finite element load-LLD records,
J is calculated and compared to the FEA J-integral as shown in Fig. 13. Over the entire
loading range, the calculated values of J for the deep crack specimen are within 6% of the
FEA J-values; for the short crack specimen the calculated J-values are within 7% of the
FEA J-values.

Experimental Procedure

Three-point bend specimens were machined from the A36 steel plate in the as-rolled
condition with crack planes oriented perpendicular to the rolling direction of the plate
(L-T orientation). Due to the difficulty in obtaining straight fatigue cracks from a shallow
machined notch, the short crack specimens were originally over-sized and incorporated deep
chevron notches. After the fatigue cracks were grown, the specimens were remachined to
the square cross-section (31.8 by 31.8 by 127 mm (1.25 by 1.25 by 5.00 in.)) with an a/W
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FIG. 13—1J-integral versus area beneath the load LLD record for square (31.8 by 31.8 mm) steel
specimens.
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ratio of 0.15 as shown in Fig. 14. Figure 14 also illustrates the deep crack specimen with
a/lW = 0.50.

A 200 kN universal closed-loop testing machine was used for both fatigue cracking and
the final ramp load to failure. CMOD was measured by a clip-gage mounted on knife edges
machined into the specimen. The dove-tailed slot was approximately 0.051 mm (0.020 in.)
deep with an initial gage length of 4.3 mm (0.170 in.). LLD for the short crack specimens
was measured using a comparator bar attached at the specimen neutral bending axis. LLD
for the deep crack specimens was measured from the loading rollers and the localized
displacement of the loading rollers was later subtracted from the measured LLD. Results
of typical load versus LLD records for the deep crack and short crack specimens tested at
room temperature are shown in Figs. 6 and 7, respectively.

Experimental Results

Both deep crack and short crack specimens were tested throughout the lower-shelf and
lower-transition regions. Results for the deep crack specimen tests (¢/W = 0.50) are shown
in Fig. 15. J-integral values were calculated using the load-LLD measurements and Eq 5
with m, = 2.0. Specimens tested between —195°C (—320°F) and —18°C (0°F) failed by
brittle initiation (J.). Many of the specimens tested at 0, 10, and 21°C (32, 50, and 70°F)
exhibited ductile thumbnails prior to brittle fracture and therefore were in the upper-tran-
sition region. Ductile initiation was determined for the deep crack specimen using crack
growth resistance curves from the previous experimental CTOD analysis [2]. Ductile tearing
(0.2 mm (8 mil) of crack growth) initiated at a CTOD of 0.30 mm (12 mil) which corresponded
to Ji. = 0.18 MPa-m (1.0 ksi-in.).

Results for the short crack specimen tests (a/W = 0.15) are shown in Fig. 16. J-integral
values were calculated using the load-LLD measurements and Eq 5 with n, = 1.34. Spec-
imens tested between —195°C (~ 320°F) and —43°C (—45°F) failed by brittle initiation (/).
Specimens tested at —18°C (0°F) and 21°C (70°F) exhibited ductile thumbnails prior to

/|

a/W = 0.50 a/W = 0.15
FIG. 14—Square cross section (31.8 by 31.8 mm) three-point bend laboratory specimens.
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brittle fracture and therefore were in the upper-transition region. Ductile tearing initiated
at a CTOD of 0.46 mm (18 mil) which corresponded to J;, = 0.26 MPa-m (1.5 ksi-in.).

Critical J-values for the short crack specimen and the lower bound estimate of the deep
crack specimen are compared in Fig. 16. In the lower-shelf region (—195°C (—320°F)), no
significant effect of crack depth was observed in the J.-values. In the lower-transition region,
the short crack specimens exhibited significantly larger J -values than the deep crack spec-
imens. At —107°C (— 160°F), the lower bound J -values of the short crack specimen (a/W
= 0.15) were approximately two times higher than the lower bound J -values of the deep
crack specimen (a/W = 0.50). As the temperature increased, the difference between the
short crack and deep crack J, results increased until at — 18°C (0°F) the short crack specimen
J.-values were about three times greater than the deep crack specimen J -values.

CTOD Analysis

The CTOD from the finite element analysis is directly measured from the displaced mesh
using the 90° intercept method [20] as shown in Fig. 8b. A line is constructed from the crack
tip at an angle of 45° from the crack plane; the intersection of this line with the crack profile
defines the CTOD.

Experimentally, CTOD is calculated using the load-CMOD record and the British standard
equation

5 _ K¥1 —v) REW-a)V,
20, E RF(W — a) + a

9

The first term of this equation is the small-scale yielding (SSY) contribution which is often
referred to as the elastic contribution. The second term is the large-scale yielding (LSY) or
plastic contribution which is based on the assumed rigid body rotation of the specimen about
a point ahead of the crack tip. The plastic rotation factor (RF) is dependent on both crack-
depth to specimen-width ratio (a/W) and material strain hardening [/-1I]. The rotation
factors for the A36 steel specimens were determined from the corresponding FEA [I]. The
adjusted rotation factor was .37 for the deep crack specimen and 0.20 for the short crack
specimen. Using the finite element load-CMOD record and Eq 7 with the adjusted rotation
factors, the CTOD was calculated for the deep crack and the short crack specimen. A
comparison of the calculated CTOD and the measured CTOD (using the 90° intercept
method) is shown in Fig. 17. The maximum error in the elastic-plastic regime was a 24%
over-estimate of CTOD (at CTOD = 0.032 mm (1.26 mil)) for the deep crack specimen
and a 20% over-estimate of CTOD (at CTOD = 0.034 mm (1.35 mil)) for the short crack
specimen.

An alternative method of calculating CTOD from the load-CMOD record is being studied
by the authors [27]. The SSY contribution of CTOD remains the same, but the LSY con-
tribution is based on the strain-energy or plastic area beneath the load-CMOD record.

5 = K*(1 - v) M Us
~ 20,E B(W — a) o,

(8)
where

U, = plastic area beneath the load-CMOD record,
m, = dimensionless factor based on a/W ratio and material properties, and
oy = flow stress = o, + 0,/2.
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FIG. 17—CTOD versus CMOD for square (31.8 by 31.8 mm) A36 steel specimens with a/W = 0.15
and 0.50.

The m, factors are determined from the finite element analyses and are dependent on the
material properties and specimen a/W ratio. Throughout the elastic-plastic finite element
analyses of the A36 steel, m, is 1.76 for the deep crack specimen and 2.26 for the short crack
specimen. The CTOD calculated using the load-CMOD record and Eq 8 very closely ap-
proximates the 90° intercept CTOD as shown in Fig. 17. Throughout the elastic-plastic
regime, the calculated CTOD is within 3% of the measured CTOD for both the short crack
and the deep crack specimens.

J-CTOD Relation

The relationship between the J and CTOD fracture parameters for the deep crack specimen
is shown in Fig. 18. Throughout the elastic-plastic regime, the finite element J and the 90°
intercept CTOD are linearly related. A linear relationship between J and CTOD was pre-
viously described by Dawes [14] using yield stress and by Wellman et al. [28] using flow
stress.

J=moyd )

where m = constraint factor dependent on loading conditions and stress state.

For the deep crack specimen, the constraint factor equals 1.7, as shown in Fig. 18. The
calculated CTOD (from the load-CMOD results and Eq 8) and the calculated J-integral
(from the load-LLD results and Eq 5) also are compared in Fig. 18. Both the correlated
finite element results and the experimental results exhibit a nearly linear relationship between
J and CTOD and closely match the finite element results.

Comparisons of the J-integral and the CTOD fracture parameters for the short crack
specimen are shown in Fig. 19. A linear relationship exists between the finite element J-
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FIG. 18—J-integral versus CTOD for square (31.8 by 31.8 mm) A36 steel specimens with alW =
0.50.
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integral and the 90° intercept CTOD. For the short crack specimen the constraint factor
(rm) equals 1.6. A similar relationship is exhibited between J calculated from the load-LLD
records and CTOD calculated from the load-CMOD records. From the results of the ex-
perimental load-LLD records and load-CMOD records, the same linear relationship exists
between the J and CTOD fracture parameters throughout the elastic-plastic regime.

The relationship between J and CTOD in Eq 9 is shown to work very well for the room
temperature material properties of the A36 steel. Because the material properties deviate
as the temperature decreases, the J and CTOD results experimentally determined throughout
the lower-shelf and lower-transition regions are compared and shown in Fig. 20. Critical J-
integral values are calculated for each specimen using Eq 5 and m, = 1.34. Critical CTOD
values are calculated for the same specimens using Eq 8 and n, = 2.26. Throughout the
lower-shelf and lower-transition regions, the experimental results show a linear relationship
of J = 1.7 0 8. Since oy increases with decreasing temperature, the slope of the relationship,
1.7 @4, also increases with decreasing temperature. Experimentally the same linear rela-
tionship exists between the J and CTOD fracture parameters in the upper transition region
after the initiation of stable crack growth. This is not analytically verified since crack growth
is not simulated in the finite element models.

Discussion

Many problems exist in accurately measuring fracture toughness using short crack spec-
imens in the laboratory. The J-integral fracture parameter can be measured using load-line
displacement which may be a more accurate laboratory measurement for estimating the
fracture toughness of short crack specimens. LLD is measured at some distance away from
the crack tip, and the measurement is not affected by the plastic zone extending to the
outside surface of the short crack specimens. Because the LLD is measured away from the
crack tip, it does not affect the crack tip behavior. In contrast, CMOD is measured in a
critical location near the crack tip, particularly for very small a/W ratios. Displacement of
the load-line is relatively consistent for both the short and the deep crack specimen at the
same J-values where as the displacement of the crack mouth is much less for the short crack
specimen than for the deep crack specimen at the same CTOD values.

The relationship between specimen energy (area beneath the load-LLD record) and J-
integral is greatly affected by the a/W ratio. The strain hardening properties of the material
also affect this relationship but to a lesser extent. Finite element analyses were previously
conducted by the authors on similar three-point bend specimens with a/W ratios of 0.10
using stress-strain properties of the A36 steel and an elastic-perfectly plastic (E-PP) material
(0, = 0, = 344 MPa (50 ksi)). The m, versus J relations for the a/W = 0.10 specimens are
shown in Fig. 21. m, from Eq 2 was equal to 0.93 for both materials. For the E-PP analysis,
M, Was a constant 1.15 which agreed quite closely to Eq 4 where n, = 1.12 for a/W = 0.10.
For the A36 steel analysis, m, was not constant but rather decreased with greater plastic
zone development to a low of 0.88. Therefore n, does appear to be both specimen geometry
dependent and material dependent.

The results of this study show a linear relation of the J and CTOD fracture parameters
(J = m oy ) for both the short and the deep crack specimens. The a/W ratio appears to
have very little affect on the constraint factor (m) in this relation. The J versus CTOD
relations of the previously described FEA of the /W = 0.10 specimens are shown in Fig.
22. The J-CTOD relation is linear for both materials, but the constraint factor (m) for the
A36 steel is 1.6 and for the E-PP material is 1.4. This implies the stress parameter possibly
should be based on something other than flow stress or yield stress in order for the rela-
tionship to be material independent. The linear relationship is encouraging because CTOD



38 ELASTIC-PLASTIC FRACTURE TEST METHODS

0.0 5.0 CTOD (mils) 45.0
070 ———F——7——T—— 17— T T 77— 40
0.60 | % BRITTLE Q ]
O FIBROUS THUMBNAIL
0.50 | 12
|
,E\ 0.40 "9”0 ] g
o 0.9~ -
S ] o P )
2 o030 |
- - ]
I ,
| e
0.20 }’U 110
b —76°C %"
| 1 % |
0.10 | 3P . | . B
*,{ 1 —43°C | -18°C and above
0.00 ', PR A 1 L 1 ) 1 \ 0.0
0.0 0.2 0.4 0.6 0.8 1.0 1.2
CTOD (mm)

FIG. 20—1J-integral versus CTOD for square (31.8 by 31.8 mm) A36 steel specimens with alW =
0.15.

or J can be determined in the laboratory using either load versus CMOD or load versus
LLD and the preferred fracture parameter (CTOD or J ) can be used for structural assessment
studies.

Summary and Conclusions

Three-dimensional finite element analyses and experimental tests were conducted on a
low-strength structural steel (A36) to determine the effect of crack depth on J-integral
fracture toughness of square three-point bend specimens. Specimens with crack-depth to
specimen-width ratios (a/W) of 0.50 (deep crack) and 0.15 (short crack) were compared in
the linear-elastic regime and the elastic-plastic regime where considerable crack tip blunting
and plastic zone development precedes brittle fracture. The J-integral results were compared
to the CTOD results of both the short crack and deep crack specimens previously reported
by Sorem et al. [/,2]. The results of this study may be summarized as follows:

1. J-integral values can be determined from the load versus load-line displacement records
of three-point bend specimens with the relation

j-_nU
~ B(W - a)

Using v, = 2.0 for the deep crack specimen, the calculated J-values are within 6% of the
FEA J-integral values over the entire loading range. Using m, = 1.34 for the short crack
specimen, the calculated J-values are within 7% of the FEA J-integral values over the entire
loading range.

2. The J-integral and CTOD fracture parameters are linearly related throughout the
elastic-plastic FEA for both the short crack and the deep crack specimens. Using the relation
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J = m &, 3, the constraint factor (im) is equal to 1.7 for the deep crack specimen and 1.6
for the short crack specimen.

3. In the lower-shelf region, the J, results of the short crack specimens are similar to the
J. results of the deep crack specimens. This implies the fracture toughness can be expressed
as a single parameter characterization of the stress field which is independent of specimen
size and crack depth in the lower shelf region.

4. In the lower-transition region, the J-values of the short crack specimen were two to
three times larger than the J, results of the deep crack specimens at identical temperatures.
Thus the fracture toughness of the three-point bend specimen in the lower-transition region
increases significantly as the a/W ratio decreases. '

5. The critical CTOD results and critical J-integral results of the short crack experlmental
tests are linearly related throughout the lower-shelf and lower-transition regions and into
the upper-transition region. The constraint factor (m) is equal to 1.7 for the short crack
specimen.

In summary, the results of this study show that both the J-integral and the CTOD fracture
parameters are equally applicable for testing in the lower-shelf and lower-transition regions
where brittle fracture occurs prior to stable crack growth. The results support proposals to
extend the current ASTM E 813 J-integral test procedure into the region of brittle fracture
rather than limiting it to J;_ at the initiation of ductile tearing. Testing short crack specimens
(a/W < 0.15) using the load versus LLD record has potential experimental advantages. The
laboratory measurement can be taken at a significant distance from the crack tip in order
to facilitate easier measurement, yet characterize the fracture behavior of the crack tip
region.
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ABSTRACT: The method of normalization has been used to develop J-R curves for metallic
materials based only on analysis of load and displacement pairs in a ductile fracture test record.
This method eliminates the need for crack length monitoring equipment. It not only provides
a method for more easily conducting and evaluating J-R curve tests; but it could be useful for
tests conducted under special conditions such as under dynamic loading, in restructive facilities
such as a hot cell, or even in a facility with limited instrumentation.

The method uses a normalized deformation curve which has a functional relationship re-
sembling a power law in the beginning and a straight line later. A functional form is proposed
to fit this material deformation pattern. This form was used along with the load versus dis-
placement records to evaluate J-R curves for many materials. The results showed that the new
method was a more accurate and versatile one for the assessment of the J-R curve. Compared
with previous application of this method, the accuracy is remarkably improved in the beginning
stages of the J-R curve where a J,. point is determined. The J,. point was analyzed on more
than 60 specimens and found to be consistent with methods used in the ASTM test standards.

KEY WORDS: fracture testing, J-R curve, elastic compliance, normalization, J,., test methods

J\ fracture toughness values from ASTM Standard Test Method for J., a Measure of
Fracture Toughness, (E 813) have traditionally been developed using two techniques. The
first, called the multiple specimen method, uses a series of specimens, each developing a
single point of J versus crack extension. The second, called the single specimen method,
uses instrumentation to develop values of J versus crack extension from one specimen. The
single specimen method can also be used to develop the full J-R curves in accordance with
ASTM Standard Test Method for Determining J-R Curves (E 1152).

Obviously the single specimen technique has advantages. It develops more information,
namely the full J-R curve, requires fewer specimens, and gives a more satisfactory result.
The instrumentation required to measure crack extension for the single specimen technique
however is sometimes a problem. Most often the elastic unloading compliance is used [/,2],
but this requires sophisticated equipment and an advanced testing technique that may not
be available to some laboratories. Other methods for single specimen testing such as d-c
potential drop [3] can equally cause experimental difficulties.

Recently a method of normalization has been introduced [4,5] to evaluate the J-R curve
from load-displacement records with no crack extension monitoring equipment. This method
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Del Plata, Argentina.
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was based on the key curve approach [6] but uses the results from a single test record to
develop all needed information to get a J versus crack extension analysis. This method gives
the information needed to develop both the J;. values of E 813 and the J-R curves of
E 1152.

This paper will show how the method of normalization can be used with the standard
ASTM ductile fracture test methods, first giving some background on the method. The
latest approach uses a new functional form to relate normalized load and plastic displace-
ment. This new approach will be explained and examples will be presented of both J,. and
J-R curves analyzed by this method as well as by the elastic compliance method.

Normalization— Background

The method of normalization was derived from the early key curve analysis [6]. It assumes
that the load carried by a test specimen can be represented by separable multiplicative
functions of crack length (a/W) and material deformation (v,/W) [7,8]

a Vol
P-c(g)u(z) )
If both of these functions are known the load, displacement and crack length have a unique
relationship. Hence if load and displacement pairs are taken, for example, from a test record,
the crack length can be determined [4,5].
The function G(a/W) is dependent on the particular specimen geometry and can be
determined for a specimen type if the J calibration is known. This was demonstrated by the

analyses of Ernst et al. [8] and Sharobeam and Landes [9,10] in which the plastic eta factor,
Mp> Was used to determine G(a/W) using the relationship

. g) G'(a/W) @
" = AW/ | Gaw)

The deformation function H(v,/W) is material dependent and varies from one material
to another. It depends on flow strength, hardening character and other material features.
The approach assumes that a functional form could be inferred for H(v, /W) that is general
for metals. This functional form would have unknown constants that could be determined
from details of the test.

The first suggestion for this function was a power law [4,5,11] with unknown fitting
constants which could be determined from test details at the original and final crack length.
This function worked satisfactorily for materials that did not have extensive deformation
during the fracture process. For materials with extensive deformation the function
H(v,/W) appeared to approach a straight line. Therefore, to generalize H(v, /W), a func-
tional form that started as a power law but later changed to a straight line was suggested
[12]. The power law plus straight line function gave better results than the pure power law
method because it more generally described the deformation character observed in a test
specimen. However, the function was awkward to use because a point of transition from
power law to straight line was needed. This point had to be chosen and fitting constants
determined from points in the test record where crack length was not known.

Figures 1 and 2 show results from the normalization method using both the power law
assumption and the power law plus straight line (labeled combination). In both cases the
J-R curve agreement between normalization and compliance is reasonable, especially at
larger crack extension. However, the agreement at the early range of crack extension is not
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FIG. 1—J-R curve from previous analysis for a pressure vessel steel.

so good. Since this is the region where Jy. is determined for the cases analyzed in Figs. 1
and 2, the J, consistency would not be good.

To try to improve the normalization analysis a new fitting function called the LMN function
was taken from the work of Orange [13]. This function has the general form

[ w(3)] ()

N + v /W )

H(y, /W) =

where L, M, and N are fitting constants. This function has the character of resembling a
power law (or polynomial) for small v,,/W and a straight line for large v,/W. The transition
between the two behaviors is smooth. This new function is used along with a different
analysis procedure to introduce a new method for normalization analysis of J-R curves from



ZHOU ET AL. ON DEVELOPING J-R CURVES 45

600
+
o+
. 4
A106 STEEL q. . ¢
1 Vpi/W RANGE = 0.11 o 9.
] ‘o
B .
-
600 o q.
‘.
.B
0 ¢
¢ O +
e B ¢
¢ D +
N e B,
| v oo
2 * 8,
=5 I
L (5] .
* o] .
* B .
* b
) + 8 COMPLIANCE
200 ¢ COMBINATION
0, + POWER LAW
8
Lo
o
O;AJ; v T v
0 2 4 6 8

Aa, mm
FIG. 2—1IJ-R curve from previous analysis for A106 steel.

load versus displacement records. It will be demonstrated that this new method gives more
accurate results, especially for determining J,..

New Features of the Method

The new normalization method has some additional features which makes it more generally
applicable to metallic materials. The two new features which will be discussed here are an
assumed artificial blunting behavior and an intermediate calibration point.

The original normalization using either the power law or power law plus straight line did
not reproduce the blunting behavior observed in the J-R curve results from either multiple
specimen or single specimen techniques. The point of crack initiation tended to be somewhat
artificially established; hence, the J. values were not very reliable. As illustrated in Figs. 1
and 2, results showed excellent agreement between normalization and other methods like
elastic compliance for larger crack extensions but did not agree well at the very beginning
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of crack extension [12]. In order to get better agreement over this initial part of the J-R
curve where J is determined and to give more realistic looking results, an artifically produced
blunting was given to this new normalization method. Details of artificial blunting are given
later.

The second new feature of the new method is the introduction of a new intermediate
calibration point in the normalized load versus plastic displacement curve. The power law
fit had two constants which were determined from load and displacement values at the initial
and final crack lengths [4]. The power law plus straight line fits required an additional
constant which was somewhat arbitrarily taken only from the load versus displacement record
[12]. The LMN function has three constants and therefore also needs a third calibration
point. The definition of this point was selected based on a careful study of the deformation
character of metals [/4] and was taken over an intermediate range of the deformation. The
use of this point along with enforced blunting and a final calibration at the final value of
crack length determines the LMN function which specifies the deformation behavior of the
test specimen.

Summary of the Method

A detailed description of how to use the new normalization method is given elsewhere
[Z5]. Here a summary of important steps will be presented. The first part of the method
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involves the determination of the LMN function from the test record. The calibration requires
a physically measured initial and final crack size. The methods in ASTM E 813 and E 1152
for measuring crack length are recommended. These values of crack length along with the
appropriate load versus load line displacement points are required. Some additional infor-
mation about the material tensile properties are also needed.

The first part of the analysis requires putting in an assumed blunting behavior. The ASTM
E 813 blunting equation has been used although an alternate form may also work. This is

Aa = J)20, Q)
where

oy = yield stress or effective yield stress, and
Aa = crack extension.

The construction is schematically shown in Fig. 3. Here the measured load versus displace-
ment is first normalized based on the initial crack length a,. Normalization of the load by
crack lengths between a, and a, produces values of normalized load for a given plastic
displacement. Hence the enforced blunting line gives calibration points above the a, nor-
malized curve.

The second part of the construction requires an intermediate calibration point which cannot
be determined for a known crack length. The idea for this point came from a study of
normalized deformation behavior of many different steel specimens. It was observed that
by dividing the normalized load, Py, by flow stress, ay and dividing v,/W by ag, where «
is the coefficient of the nonlinear term in a Ramberg-Osgood power hardening stress-strain
description and &, is ,/E, where E is the elastic modulus, gives a fairly consistent normalized
deformation curve for all materials. This is illustrated in Fig. 4. In particular there was a
point near the transition between the power law curve and the straight line behavior where
all of the curves appeared to converge [/4]. This point is approximately at Py = 0.32 o,
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and v, /W = 4o, This was first adopted as a fixed point. However in using this point,
slight material variations caused scatter in results, because it was in a sensitive region for
J-R curve analysis. The new method then picks this as an intermediate calibration point
which can vary slightly. To choose the correct intermediate point a range of P, values at
v/ W = 4dag, is chosen.

The third calibration point is the final load, normalized by a,, versus the final normalized
plastic displacement. Figure 5 shows schematically all of the experimental calibration points
and the variation of the intermediate calibration point.

The fitting of the LMN function then proceeds using the three types of calibration points
described; the assumed blunting points, the intermediate point, and the final calibration
point. The intermediate calibration point is varied and fits of the function in Eq 3 are made.
The selection of the intermediate point is one that minimizes fitting error. A full description
of this procedure is given in Ref 75.

Once the LMN function is determined, the crack length values can be determined con-
tinuously or at discrete points. The LMN function uniquely relates load, plastic load line
displacement, and crack length. This taken with a compliance calibration function for elastic
displacement uniquely determines the crack length for given pairs of load and displacement.

Once the crack length values are determined, the value of J can be evaluated from load,
displacement, and crack length. This can be done by directly integrating the deformation
function [16] or from the E 1152 formula. The calculations in this paper used the latter.

2.2
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FIG. 5—Schematic of points for LMN function fit.
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Results

The results of the normalization analysis are presented for five different materials. The
emphasis is on how the method works along with the ASTM Standards for J;. determination
(E 813) and for J-R curve evaluation (E 1152). For J-R curves the method works extremely
well. This is illustrated in Figs. 6 through 12. Figure 6 shows results for an A508 pressure
vessel steel [17]. The elastic compliance crack lengths measured in this test agreed very well
with physical crack length measurement. Both compliance and the new method of normal-
ization agree well throughout the range of Aa including the short Aa region. Figure 7 is the
same material but for an 10T-CT specimen. Previous attempts to analyze this with nor-
malization did not work well [72]. The new method works well, especially for the smaller
crack extensions. The disagreement for larger crack extension represents a region where
elastic compliance did not agree with physical crack measurements, whereas the normali-
zation result must fit the final physical crack length exactly.

Figure 8 shows results for a weld metal. This was a difficult case to analyze because of
the disruption caused on the deformation pattern by the composite weld metal/base metal
structure. However, here the results look good.

Figures 9 and 10 are for an A106 steel [18]. Figure 9 is the same specimen shown in Fig.
2 but with the new normalization method. The agreement between compliance and nor-
malization is much improved. Figure 10 shows a case where elastic compliance causes a
short negative slope at the end of the J-R curve. This is removed by the normalization
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FIG. 6—J-R curve for A508 steel, 1T-CT.
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analysis. Most cases of negative J-R slope were found to be caused by artifacts of the analysis
and could be removed by the normalization analysis [19].

Figures 11 and 12 show results for an HY80 steel and HSLA steel [/8]. These represent
the low and high toughness range for the materials analyzed. The HSLA material shows
the most plastic deformation of all materials and had the most scatter. This represents the
worst agreement between elastic compliance and normalization of all cases analyzed for this
paper.

The new method of normalization was used also to analyze J, for various cases. Six
materials were included, the five analyzed for J-R curves and an AS533B steel [18]. A total
of 67 specimens of the compact geometry were evaluated ranging from 1/2 T-CT to 10 T-
CT. The results of the J;. analysis are given in Table 1. As would be expected from the
good agreement throughout the range of the J-R curve, the J;. values were consistent. For
each material a mean value of J;, and the standard deviation were determined. The absolute
minimum and maximum in the group were also included. Figure 13 shows the mean value
of Ji. along with standard deviation range for all materials and both methods of analysis.
Figure 14 shows the mean values of J;, with minimum and maximum values. For every
material the mean value is consistent between the two methods of analysis. The scatter of
results is sometimes greater for the normalization analysis and sometimes for elastic com-
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pliance. In the cases where there were many specimens, the A508 and HSLA steels, the
elastic compliance showed more scatter.

Table 2 gives a summary of J, differences. It is important to note that the elastic compliance
method of analysis is subject to results not fitting into the standard deviation range at least
as often as the normalization method. Based on this the normalization is judged to work
as well as elastic compliance for J;, evaluation on these materials. It would be interesting
to look at more materials.

Discussion and Summary

The new method of normalization has many advantages. First it does not require automatic
crack length monitoring equipment. This can be a great advantage for laboratories which
do not have this equipment or have not developed sufficient technique. Essentially tests can
be conducted following the multiple specimen J,, technique. When multiple specimen tests
are conducted an R curve can be developed for each specimen. Tests conducted by the
multiple specimen method before crack length monitoring equipment was available can now
be reanalyzed to develop full J-R curves [20]. The method can even be used as a backup
technique for single specimen tests which have crack length monitoring equipment.

In terms of the accuracy of the method the following observations can be made. When a
single specimen crack monitoring system is working well, that is accurately predicting final
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TABLE 1—1J,_ Statistical analysis.

Standard
Curves Jic Mean, Dewiation, Max J ., Min J,,
Material Analyzed kJ/m? kJ/m? kJ/m? kJ/m?
NORMALIZATION ANALYSIS
AS508 34 188.8 49.9 175 98.6
HYS80 3 123.8 11.73 138.2 109.6
A106 3 164.1 26.6 183.9 126.3
AS533 3 226 25.0 261 205
HSLA 16 286 132.7 531 103.3
Weld 8’ 52.0 7.88 67.2 40.5
ErasTIC COMPLIANCE ANALYSIS
AS08 34 171.1 67.9 454 57.8
HY80 3 105.1 21.7 131.5 78.1
A106 3 159.9 20.5 165.5 142.1
AS533 3 227 14.0 240 108
HSLA 16 288 186.0 707 22.4
Weld 8 45.9 5.25 55.7 36.9
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crack length, the new method of normalization gives nearly identical results. In cases where
the crack monitoring system failed to predict final crack length accurately, the new method
appeared to give better results. Based on these observations, the new method could be
judged to give overall more satisfactory results. The least success for the materials analyzed
in this paper was for the HSLA steel which had the most plastic deformation as well as the
most scatter in J,..

TABLE 2—Comparison of 1. difference normalization versus compliance.

Percent Difference No. of Cases Percent of Total
Greater than 50% 7 10
25 to 50% 15 22
Less than 25% 45 67

For Cases Greater than 50%
Method out of Standard Deviation Range

Compliance 3
Normalization 2
Neither 2
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As an overall assessment of the new method of normalization, it appears satisfactory for
use with the ASTM standards and is offered as a candidate to incorporate into the standards.
However, before it could be adopted by consensus, experience is needed by a larger number
of laboratories. Therefore it is recommended now as a second method to use along with
the other primary methods of J-R curve analysis.
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ABSTRACT: The J-integral has been developed as a ductile fracture parameter over the past
15 years and has been applied to an ever-expanding range of applications and materials. Limits
originally placed on the application of J by analytical considerations have, in most cases,
proven too stringent—and in some cases the analytical limits have even seemed to be in-
applicable or irrelevant. This has been particularly true of the omega (w) criterion introduced
by Hutchinson and Paris. Experimental work has seemed to show little correspondence between
the limits predicted by this criterion and the experimentally measured size limitations.

Recent experimental work by Joyce et al. has shown that the J-integral is applicable to much
larger crack extensions than previously proposed. Using these experiments Joyce and Hackett
have proposed an experimental method to define the limit to J-integral controlled crack growth.

This paper now shows that the w criterion is consistent with the collected data set, except
that the limiting value for w is on the order of one, not the value of 5 to 10 originally proposed.
Three simple analyses are presented using the w criterion to develop proposed limits on J and
crack extension that can be used in a predictive manner for fracture analysis.

KEY WORDS: elastic-plastic fracture, test methods, crack growth, J-integral, crack initiation

The J-integral has been developed as a ductile fracture parameter over the past 15 years
and has been applied to an ever-expanding range of applications and materials. Initially,
because of the deformation plasticity assumptions utilized in its mathematical derivation,
the J-integral was applied only to crack initiation. It was clear that crack growth causes
some material to be unloaded, and that this possibly eliminates the J-integral singularity.
J-resistance curves were originally developed not as a measure of material toughness but
only as a means of evaluating the J;_ initiation parameter. The development of single-
specimen J-resistance curve techniques [/] allowed high-quality J-resistance curves to be
evaluated from each test sample, and the amount of J-resistance curve data available grew
rapidly. It soon became apparent that small amounts of crack extension did not immediately
eliminate the J-integral singularity or at least J control of crack growth but also that a
considerable degree of size independence was present in J-resistance curves as well as J;
values.

In many structural applications, little crack growth is expected during normal operation,
but considerable growth could occur during accident conditions. To assess the residual
toughness of a structure during accident conditions, J-resistance curves have been developed
and incorporated into engineering safety analyses [2]. Work has continued on the definition
of both experimental and analytical limits to the utilization of the J-integral in terms of
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specimen size, toughness, and crack extension. An experimental limit has been recently
proposed by Joyce and Hackett [3] utilizing a plot of plastic crack mouth opening displace-
ment, normalized by specimen width, versus crack extension, normalized by specimen width.
A region of “J-controlled growth” is defined on this plot and its limit is evaluated and used
as a definition of “J-controlled crack growth.” The basic point of view is taken that the
initial crack extension occurred due to singularity-controlled conditions, and if subsequent
growth occurs at an equivalent rate, it can be used in an engineering sense as being at least
nearly equivalent to what would occur if the singularity had somehow been maintained.
This limit is applied in this work to seek an analytical quantity that defines the limit of J-
controlled growth and is independent of specimen type, size, and material.

Analytical Limits to J-Controlled Growth

The work of Hutchinson [4] and Rice and Rosengren [5] showed that the J-integral defines
the intensity of the stress and strain fields near a stationary crack. This gives a strong
analytical basis for a stationary crack problem but a weak basis for cases where crack growth
is present. As just described, however, expertimental and engineering expendiency caused
a large effort to be expended on development of J-integral-based crack growth resistance
curves. Hutchinson and Paris [6] gave some analytical legitimacy to this application when
they showed that, for small amounts of crack extension, nearly proportional plastic defor-
mation and strains occur in an annular region completely surrounding the crack tip. They
showed that a zone of nonproportional strain occurs at the crack tip, and they proposed
that, when this nonproportional strain zone was small compared to the size of the plastic
annular region, and hence specimen dimensions, crack growth could occur under J-integral
control.

In the Hutchinson and Paris analysis, plastic strain is related to stress according to

€. = Ag” ey
and then using the singularity solution of Refs (4) and (5) gives (Ref 6, Eq 1)
eij —- knjn/(n+ l)r~n/(n1L l)éi/_(eﬁn) (2)

Strain increments can be calculated as (Ref 6, Eq 4)

n d] da -
- nin+ D= n(n+ Dz = e 4+ =3 3
delj kn‘] r elj(e?n) |:n + 1 .] el/ + r BU:I ( )
where (Ref 6, Eq 4a)
3, (0) =~ — B, + sin 0 ¢ 4)
B, (0) S 0s B& +sinb g,

Comparing Eqs 2 and 3 shows that the first term in the brackets in Eq 3 gives strain
increments proportional to strain components, while the second term Is not proportional.
Recognizing that €, = ,, then in a zone near the crack tip if

da dJ
— == 5
= (5)
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it follows that in this region nonproportional strain increments will predominate and the J-
integral singularity may be eliminated. Referring to Fig. 1, a parameter, w, is defined as
the ratio of the J-integral controlled outer annular radius, R, to the inner nonproportional
radius, D, that is

w=1 (6)

Combining Eqs 5 and 6 and assuming r = D gives

1 ®
—_2_ Y 7
D R dal )

A practical upper limit for R is the specimen uncracked ligament, b, where in the usual
notation

b=W-a (8)

giving
©)

This is the omega (w) parameter defined by Hutchinson and Paris, who expected that,
for J-controlled growth to exist, it would be necessary that o >> 1. However, Hutchinson
and Paris [6] were not more specific—nor did they look at the practical limits proposed by
this condition on the applicability of the J-integral resistance curve method.

FIG. 1—Zones of proportional and nonproportional strain increments near a crack tip.
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Other J-Integral Limits

Two other limits are generally applied to J-resistance curves and these need to be explored
here as well. The first size requirement was proposed by Paris [7] in reference to the first
application by Landes and Begley [8] of the J-integral as an elastic-plastic fracture criterion.
This requirement was that

bor

M= T >> 1 (zZS to 40) (10)

and is essentially a requirement that the crack tip opening displacement be small in com-
parison with the ligament dimension, b. This requirement is generally applied to both crack
initiation and growth. The values of M have been discussed by many researchers including
McMeeking and Parks [9], Joyce and Gudas [I], Davis et al. [10], and McCabe et al. [11],
and the range 25 to 40 is generally used for initiation, while 20 is used by ASTM Test
Method for Determining J-R Curves (E 1152-87) for crack growth. No consistent value of
M has been obtained by these researchers.

A third limit has been proposed by Shih and German [12] limiting the amount of crack
extension to 6% of the initial uncracked ligament, that is, that

Aa = 0.06 b, = b, 11
This result is generally felt to be too stringent and was modified in ASTM E 1152-87 to
Aa=0.1b, (12)

based on more recent computational results of Booth [13].

Experimental Verification

Experimental verification of these results, as for example in Ref [14], has been attempted
and generally shows that Eqs 10 and 12 are overly stringent for bend-type specimens, though
the amount of conservatism is not consistent across the range of materials and specimen
geometries tested.

Of the three parameters (v, M, v), experimental work has been least favorable to w, with
work showing that no effect is present on the J-R curve as o falls below, say, 10 or 5 or
even, in some cases, 1. This result has generally caused w to be omitted when limits to valid
J-resistance curves are set, as is the case in both ASTM Test Method for J,., a Measure of
Fracture Toughness (E 813-87) and ASTM E 1152-87. Problems have arisen, especially in
the nuclear power area, which would be much more tractable if the J-integral limits could
be clearly defined from both an analytical and an experimental viewpoint. To this end, much
recent work has again been directed.

Recent work by the present author and coworkers [11] has proposed that it is possible to
greatly expand the limits of applicability of the J-integral, at least in terms of the amount
of crack extension allowed. Typical data from this study are shown in Fig. 2 that shows
consistency of J-resistance curves between specimen sizes to large crack extension. Data
presented in Ref /4, over a range of material toughnesses, and for geometries from 1/2T
to 2T compact tension (CT) specimens and 1/2T to 2T three-point bend (3PB) specimens,
have been very consistent in showing that the limits defined previously need considerable
modification.
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FIG. 2—I-resistance curve data showing the insensitivity to specimen size to large crack extensions for
an HYS80 structural steel [1].

Another step was the development of an experimentally determinable limit to J-controlled
crack growth in Ref 3 using data plotted as shown in Fig. 3. The J-control limit is evaluated
by fitting a straight line to the initial data in the J-control region, and then locating the first
data point that deviates by 5% or more above this straight line. Repeating this process
iteratively until the region of fit exceeds two-thirds of the J-control zone, as shown in Fig.
3, seems to give a well-defined limit.

Results obtained by the application of this method to three sets of data are presented in
Tables 1 to 6. The material codes FYB and FYD correspond to 3% nickel alloy structural
steels, while the FGN material is a CS19 structural aluminum alloy. Tensile mechanical
properties of these materials are shown in Table 7. These materials codes are used in the
remainder of this report. Tables 1 to 3 are calculated using the standard deformation J as
defined by ASTM E 1152-87, and Tables 4 to 6 are calculated using the modified J (denoted
usually as J,,) introduced by Ernst [15].

These tables contain fractional crack growth parameters, v,, based on initial remaining
ligament, and v;, based on the uncracked ligament when the singularity limit was reached.
Likewise, the tables contain crack-tip opening displacement (CTOD) parameters, M,, based
on the initial remaining ligament and M;, based on the uncracked ligament when the sin-
gularity limit was reached. In both cases, the J used was the total J at the J-control limit.
Also present in the tables are two CTOD parameters based on the plastic / component and
again on both the initial and singularity limit values of the uncracked ligament.

Four w quantities have likewise been evaluated for each specimen. To obtain these, a
power law form of the J-resistance curve was assumed and fit to the measured J-resistance
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FIG. 3— Definition of an engineering limit to J-controlled crack growth.

curve using all data beyond initiation and before the predicted J-control limit. This equation
was taken in the form

J=4A [A—u‘j} (13)

This form fits the J-R curves of most materials very well as long as the R curve is rising,
which is certainly the case if w > 0.
Differentiation then gives

d] NA N1
— = — - 14
da =W [Aa/W] (14)
and o can be obtained from
b dJ
=% 15
© =7 Ni[Aa/b] (15)

Using Eq 15, four cases were again evaluated using the total J with b, and b,, and the J,_
component with b, and b;.

All four are presented in the results tables referenced earlier. The simple interdependency
of Aa/b and w for materials whose J-R curves are of a power law form is consistent with the
observations in Tables 1 through 6 that both of these quantities give consistent definitions
of the region J-controlled crack growth.
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TABLE 7— Tensile properties of materials.

Material Yield Strength, Ultimate Strength, Elongation,
Code MPa MPa %
FYB 614 731 23
FGN 251 408 24
FYO 753 836 22

Discussion of the Tabulated Results

The desired quantity is one that defines the limit to J-controlled crack growth and is
independent of specimen type, specimen size, initial crack length, and material. The results
shown in Tables 1 to 6 encompass, at least in a limited way, all of these variations. Given
the small number of data and wide range of variations present, it is not possible to make
statements strongly supported by statistical theory, but the following observations seem to
be supported by trends in the data.

There appears to be little effect of specimen type, that is, CT or 3PB, on any of the
parameters presented in the tables. Likewise, little effect of initial crack length is present
in this data set. There also seems to be no difference between quantities evaluated in terms
of deformation, J or J,,. In all of the following work, comparisons will be made in terms
of deformation, J, but identical conclusions would follow if J,, was used. The M parameters
do appear to be dependent on specimen scale, being larger for specimens of larger scale.
This is shown graphically in terms of M, in Fig. 4. The vy and w factors appear to be much
less dependent on specimen scale, a plot of w, versus specimen size is shown in Fig. 5.
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FIG. 4— Demonstration of the dependence of an M,, parameter on specimen scale.
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FIG. 5— Demonstration of the independence of an w, parameter on specimen scale.

A strong material effect is also demonstrated by the M parameters. This can be observed
by comparing the average values of each parameter calculated for a given material with the
averages calculated for all the materials combined. This comparison is done in a systematic
fashion in Table 8. The number in the first column corresponds to the column number in
Tables 4, 5, and 6. The third column is the mean value of each column taken over all three
materials. The next three columns are means taken for each material separately. The seventh
column gives a measure of the difference of the individual mean values and the mean value
of the full set of data in each column.

If this value is low, it is felt that the mean value of that column is consistent across material
type and hence that this parameter is a relatively material independent measure of the limit
of J-controlled crack growth. The last column in Table 8 ranks the columns on this basis,
with a low number implying the preferred behavior. The rank column clearly shows that
material dependence is smallest for the v,, v, and wg, quantities, that is, Columns 1, 2,
and 11.

Histograms are presented in Fig. 6 showing v, (a good case) and M,, (a bad case). Separate
histograms for each material are present along with a histogram combining the three ma-
terials. For the v, case the independence of the parameters distribution over the three
materials is clearly observable, while the M, parameter histograms show a much more nearly
uniform distribution with each material defining a separate distribution. Similar histograms
for v, and M, are presented in Fig. 7, again comparing good and bad cases, and finally the
two plastic @ quantities are shown in histograms in Fig. 8.

These results show that the best parameters to define the extent of J-controlled growth
appear to be v, vy, and wp,,, at least based on the data presented here. The initial v, values,
based on the experimental limit to J control presented in the previous section, falls between
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0.3 and 0.5, which is much larger than the value of 0.1 presently allowed in ASTM E 1152-
87. The major shortcoming of Parameters <y, and v,, is that they would be difficult to define
in applications where relatively short cracks were present in thick walls, or where irregular
crack shapes were present. The M or w parameters are much more applicable to structural
integrity and tearing instability analyses, but as shown earlier, the M parameters and the w
parameters based on total J appear to be material or specimen size dependent, or both.

The remaining parameter appears to be w;,,, which ranked third in material insensitivity,
and is shown in the histograms of Fig. 8. This quantity is used in the next section to establish
an w criterion to define the expected region of J control with respect to both the applied J
and the amount of crack extension.

Development of an w Criterion

The size limits set on J and J-R curves by ASTM standards are often used by engineers
to set limits for the use of J for engineering applications. As just described, recent exper-
imental work has shown that the limits presently in these ASTM standards seem to have
little experimental justification. Extension of this work has led to the definition of an
experimental J-control limit that has the positive feature that a meaningful and clearly
definable limit.can be observed by direct experimental methodology. The object here is to
reestablish an analytical relationship for the limit to J control that is based on these new
results and can be applied to engineering applications.

The observation made in the previous section, that an w quantity based on the plastic J
component seems to be the parameter most directly related to the limit of J-controlled crack
growth, gives a way to define an analytic definition of the regime of J-controlled growth.

As presented earlier, the definition of w based on the plastic J component is

b dlp
= — 16
WpL o, da (16)
Starting with a key-curve load displacement relationship of the form
PW
EQ = F, = k[Ap /W] (17)
where
P = load,
W = specimen width,
Ap. = plastic component of the load line displacement,
B = specimen thickness,
b = the uncracked ligament, and
k and n = material parameters.
Using the basic definition of J that
ApL g P
Jpo = _L EEdAPL (18)
gives
2.k [Ap "7
J, = 2ot |ZPL
n+ 1 [ W] (19)

with b, = the initial uncracked ligament.
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Using a linear form to relate A,; and Aa in the J-control zone of Fig. 3, that is

A Aa
# = k, W ks (20)
gives an equation for J;; that
2kW [b, Aa Aa m
=T [v_v - w] ["4 w "3] @)

Finally, wp, can be calculated from Egs 16 and 21 as

n n+1
kb Aa 1 Aa
W{k4w+k3]—n+1[k4w+k3]

Wpp = 7 (22)
JrL

2bk

Fits of the key-curve form of Eq 18 to data for structural steels has shown that

+
% ~g, = 52—“ (23)
and also using
b _b, Aa
W w

gives

= (24)

Determination of wp; using the J-control limit analysis presented earlier allows evaluation
of Eq 24 and the development of a combined J,; , Aa/W criterion for the applicability of
the J-integral method as shown in Fig. 9 for an FYB alloy specimen. The fitting coefficients
used for this case and several others are presented in Table 9. A normalized Jp; resistance
curve is also shown in Fig. 9 and the singularity limit point is marked by the change from
hollow to solid data symbols.

Similar w criteria boundaries can be developed in other ways. For example, starting with
a power law model of a J;,; resistance curve of the form

Aa|”
Jpp = A [W] (25)

gives

(26)
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and
m-—1
mA [b, — Ad] | Aa
Wp = T [ @7
JoL w w
or, if wp, is taken as 1.0
i m—1
J mA | b Aa| | Aa
PL — Yo =7 == (28)
bgo, bo,|W W]I|W
Alternatively, starting with an exponential model of a J, resistance curve of the form
[ C,Aa
Joo = Jr — C,exp —3—] (29)
| W
TABLE 9—FYB alloy fit coefficients—analysis model.
Specimen W, a,, k, a;,
Identification mm mm n MPa ks k, MPa
FYB Al 50.8 30.7 0.064 383 0.005 0.263 630
FYB A2 50.8 30.9 0.061 377 0.002 0.255 630
FYB S1 25.4 15.4 0.056 362 0.010 0.328 630
FYB S2 25.4 15.4 0.059 364 0.003 0.423 630
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gives
dly,  —CGC, C,Aa
- 2 30
da w Pl ™w (30)
and
-CGC, | b Aa C,Aa
=——|2 - — 2 31
o= e [5) &
Taking wp, = 1 gives
JeL -C G| b, Aa Aa
Jer _ Zo 22 L — 32
b.oy b0y [W W] P [Ch w 2

Equations 28 and 32 are compared with the previous form, Eq 24, in Fig. 10 and, except
for the extreme limits of Aa/W, the comparison is good. Coefficients used to evaluate Eqs
28 and 32 were fitted to the FYB data using applicable techniques and are shown in Ta-
ble 10.

For completeness, the full set of FYB J-control limits based on J deformation, is plotted
in Fig. 11 and compared with the analysis model limit of Eq 24 with wp. = 1.0. Clearly,
smaller wp, values could be used, shifting the J-control boundary outward, except for one
specimen. The exact value of wy to use for a general form of Eq 24, which would be

0.09
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FIG. 10— Region of J-controlled growth compared with measured data for the FYB code material.
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TABLE 10— FYB alloy fit coefficients.

. Power Law Model Exponential Model
Specimen
Identification A, kJ/m? m Jr, kJ/m? C,, kJ/m? c,
FYB A1l 883 0.509 408 347 -10.8
FYB A2 922 0.579 628 547 -3.70
FYB S1 532 0.436 236 178 -17.78
FYB S2 746 0.574 393 340 —6.45

applicable to a wide range of materials, is presently the object of study, but seems to be
very close to 1.0.

Conclusions

This work proposes that the w criterion of Hutchinson and Paris provides a useful limit
to the applicability of the J-integral. A further result is that the w criterion provides a
combined limit on crack extension and the J value reached during the fracture process.
Tabulated results on a considerable set of data show that valid J-controlled crack growth
can exist with w as low as 1, far smaller than the 5 to 10 suggested in the original work by
Hutchinson and Paris.

Other criteria proposed on J/(b,o,) and Aa/b, were also investigated. Setting a multiple
on J/(b,o,) does not seem to have any support in the data set analyzed, with critical values
varying according to specimen size*and material type. The use of the plastic J component
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FIG. 11— Comparison of alternative methods used to define a region of I-controlled crack growth.
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did not change this conclusion, nor did the use of the Ernst modified J or even the plastic
component of modified J.

A criterion on Aa/b,, finds good support in the data set with critical values being between
0.3 and 0.5. The o criterion was preferred here, however, since it is felt that limits on a J-
integral value are essential and should not be eliminated. While the criterion shows more
variability than one based on Aa/b,,, it is felt that the variability of  results from the need
to fit and evaluate dJ/da, and it is not necessarily a sign that the w criterion is not applicable.
Indeed the simple models presented show how an w criterion represents a limit on both
Aalb, and on the plastic J level generating a zone of J-controlled growth. The w parameter
based on the plastic component of J is distinctly better than an o parameter based on the
total /, and a limiting value of 1.0 appears applicable. However, this value should be checked
with data from additional materials and specimen geometries before incorporation in test
standards.
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ABSTRACT: This paper presents the results of an experimental program to study size and
geometry effects in CTOD R-curves. The results were obtained from room temperature un-
loading compliance R-curve tests on different sized single-edge-notch bend (SENB) specimens
made from HY100 steel. The crack growth resistance was measured in terms of conventional
CTOD, 3, (that is, as defined in BS 5762), CTOD corrected for crack growth, 8, and CTOD
derived using a double clip gage arrangement 3. It was found that all the CTOD R-curves
exhibited upswings after crack extensions corresponding to approximately 17% of the initial
uncracked ligament. Moreover, the slope of the CTOD R-curve increased dramatically after
crack extensions corresponding to approximately 45% of the initial ligament. Apart from the
R-curves obtained from the smaller specimens, normalizing the crack growth axis by dividing
the crack extension by the initial ligament resulted in normalized CTOD R-curves which were
in reasonable agreement over the entire crack growth range studied (that is, 60% of the initial
uncracked ligament).

KEY WORDS: fracture mechanics, fracture toughness, ductile fracture, CTOD, R-curves,
J-controlled crack growth, HY 100 steel, normalized R-curves

Nomenclature
a = Crack length
a, = Initial crack length

Crack extension

Specimen thickness

Net thickness
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Crack mouth opening displacement
Elastic component of V
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V, = Plastic component of V
z = Knife edge height
J = Fracture resistance J
3, = Conventional crack tip opening displacement (CTOD)
8z = CTOD corrected for crack growth
8, = CTOD calculated using double clip gage arrangement

v = Poisson’s ratio
p, a, and w = Parameters for specifying the limits of J or CTOD controlted crack growth
a Yield strength

ys
Ohow = Flow strength

Subscripts

k, k — 1 = unloading number

o = initial
u = upper
| = lower

e, el = elastic
p, pl = plastic

When a material exhibits fully ductile behavior its resistance to crack extension is usually
presented in the form of an elastic-plastic crack growth resistance curve (R-curve). In essence
the R-curve is a plot of the variation in crack growth resistance, generally expressed in terms
of CTOD or J, during the process of stable crack extension.

Over the last few years recommended test procedures have been published [7-5] which
cover the measurement of J and CTOD R-curves using the multiple specimen method or
the single specimen unloading compliance technique. Provided certain restrictions are sat-
isfied the resulting R-curves can be regarded as material properties. The purpose of the
limitations is to ensure that J and CTOD remain valid characterizing parameters during the
process of stable crack extension. If these conditions are satisfied the crack growth process
if frequently referred to as being either J or CTOD controlled, whichever is applicable.

It is generally accepted that the following conditions must be satisfied to ensure
J-controlled crack growth [6-8]

Bb > p > 20-25 for bend specimens (0]
flow
Aa = a(W - a,) a = 0.06-0.1 for bend specimens 2
® = bd ® > 2.5-10.0 for bend specimens 3)
J da
where
b, b, = current and initial uncracked ligaments,
a, a, = current and initial crack length,
a = crack growth, and

Ohow = mMaterial flow strength.

Work conducted by Hellman and Schwalbe [9] on thin sheet material indicates that similar
limits exist for CTOD but that the restrictions are less severe than those for J. It should be
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stressed, however, that this program was primarily concerned with establishing plane stress
R-curve limits rather than plane strain limits.

Nevertheless, based on the work by Hellman and Schwalbe, the following restrictions
have been included in the draft European Group on Fracture (EGF) ductile fracture test
procedure [4] for CTOD controlled crack growth under plane strain conditions

B, b > pd p = 50 for bend and compact specimens 4)
Aa = a(W - a,) a = 0.1 for bend and compact specimens (5)

where 8 = CTOD.

This paper presents results from a large experimental program to study geometry and size
effects in elastic-plastic crack growth resistance curves and in particular the limits of CTOD
controlled crack growth. The proposed test program includes low, medium, and high tough-
ness materials. The results obtained from the low toughness material (Ti-3Al1-2V alloy) have
been published previously [10,11]. This paper presents the results for the medium toughness
material (HY 100 steel).

The crack growth resistance of the HY 100 steel was measured in terms of the following
fracture parameters:

1. Standard CTOD (3,) based on the original crack tip location, that is, as defined in BS
5762.

2. CTOD corrected for crack growth (3z).

3. CTOD derived from double clip gage measurements (3,,).

Material

The material selected for this investigation was HY 100 grade steel supplied in the form
of a 75-mm-thick plate. This medium tearing resistance alloy has a nominal yield strength
of 875 N/mm? and a tensile strength of 910 N/mm?.

Test Program
General

The test program consisted of 27 room temperature unloading compliance R-curve tests
on single-edge-notch bend (SENB) specimens of different sizes. The SENB specimens, which
were all L-T orientation with respect to the rolling direction of the plate, were sidegrooved
by 20% after being fatigue precracked to provide initial crack length to specimen width
ratios (a,/W) of approximately 0.6. All the SENB specimens were tested with a loading
span to specimen width ratio (S/W) of 4.0.

The fracture toughness test program was developed to enable independent studies of size
and geometry effects. Details of the overall test matrix are given in Table 1.

Size Effects Program

Five SENB specimen sizes were studied in this program corresponding to nominal thick-
nesses of 15, 30, 45, 60, and 90 mm. All the specimens had a width equal to twice the
thickness (B by 2B). For each specimen size, three room temperature unloading compliance
tests were performed.
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TABLE 1— Details of SENB specimens.

Specimen Dimensions

Specimen Thickness, B Width, W Net Thickness, B,
Numbers (mm) (mm) (mm)

(a) S1ZE EFFECTS PROGRAM

1to 3 15 30 12
4to0 6 30 60 24
7to 9 45 90 36
10 to 12 60 120 48
13 to 15 75 150 60
(b) GEOMETRY EFFECTS PROGRAM
16 to 18 30 15 24
19 to 21 30 30 24
4t0 6 30 60 24
22to 24 30 90 24
25 to 27 30 120 24

Geometry Effects Program

Five SENB specimen geometries were studied in this program corresponding to B by
122B, B by B, B by 2B, B by 3B, and B by 4B. All the specimens had a nominal thickness
(B) of 30 mm. For each specimen geometry three room temperature unloading compliance
tests were performed.

Test Details

The unloading compliance tests were conducted in broad agreement with the draft EGF
R-curve test procedure [4]. Each test was terminated after the crack had grown by approx-
imately 60% of the original uncracked ligament. At each unloading the appropriate values
of 8,, 8g, and B, were calculated. All the SENB specimens were fitted with double clip
gage arrangements to permit the calculation of §,,..

Standard CTOD (8,)—The standard formula in BS 5762 [12] for calculating CTOD from
an SENB specimen is given by

K*(1 —v¥) 0.4(W - a,)
8 = 2 Vv 6
2Ec,,  04W + 06a, + z 7 ©)
where
K = stress intensity factor,
o, = yield strength,
v = Poisson’s ratio,
z = knife edge height,
V = mouth opening displacement, and
V, = plastic component of mouth opening displacement (V — V,) where the elastic

component (V,), is based on the initial slope of the load displacement record.

The first term in Eq 6 represents the small scale yielding component of CTOD, which is
expressed as a function of the stress intensity factor. As the fracture toughness specimens
tested in this investigation were sidegrooved, the stress intensity factors were determined
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using the following expression

P

K = (BB )1/2 Wl/2

F(a/W) ™)

where F(a, /W) = the stress intensity function given in BS 5762.

The second term in Eq 6 is the plastic component of CTOD, which is calculated from the
plastic component of mouth opening displacement (V). This calculation assumes that a
plastic hinge forms at a point of 0.4 (W — a,) ahead of the initial crack tip. No account,
therefore, is taken of the fact that the center of rotation of the plastic hinge may move as
the crack extends. The general method of determining V, involves measuring the slope of
the load versus mouth opening displacement test record in the elastic regime, so that the
elastic component of the mouth opening displacement at the point of interest can be sub-
tracted from the total displacement. Note, since the construction procedure uses the slope
of the initial elastic portion of the test record, which is a function of a,, the calculation of
V, does not take crack growth into consideration.

CTOD Corrected for Crack Growth (8z)—The draft EGF ductile fracture test procedure
[4] includes an expression for calculating CTOD which takes crack growth into account.
The formula, which is applicable to both compact and SENB specimens, was originally
proposed by Hellman and Schwalbe [8] and is given by

s _ K0 - [0.6Aa + 0.4(W — a))] (8)
R~ "oF Oy [0.6(a, + Aa) + 0.4W + 2] 7

where Aa = ductile crack extension.

Hellman and Schwalbe have shown that this correction for crack growth has to be applied
to ensure agreement with the CTOD measured at the original crack tip. The principle behind
this correction is that the plastic hinge forms 0.4[W — (a, + Aa)] ahead of the final crack
tip. Equation 8, therefore, does not take into account the fact that the plastic hinge position
changes with increasing crack growth. This problem, however, can be overcome if the plastic
component of dy is rewritten in an incremental form. The resulting expression is given by

Ki(1 —?)
dpy = —"25—% + B )

where

_ 0.6(a, — a,) + 0.4(W — a,)
Boic = oy + [ 0.6a, + 0.4W + z (

Vpk - Vpkf 1)

dg, = Og evaluated at crack length a,,
[Sp,j plastic component of 8, evaluated at crack length a,, and
a, = crack length at kth unloading.

In this incremental equation it is assumed that the instantaneous center of rotation of the
plastic hinge is located 40% of the remaining ligament ahead of the current crack. In addition,
the stress intensity factor and the plastic component of mouth opening displacement are
based on the current crack length, that is, the slope of the unloading line at the kth unloading
is used to evaluate V.
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CTOD Derived from Double Clip Gage (8,.)—The calculation of 8; assumes that the
instantaneous plastic hinge is located 40% of the remaining ligament ahead of the current
crack. Previous work on a titanium alloy [7]] has shown that this assumption is not always
valid. In the case of the titanium alloy it was found that the instantaneous plastic rotational
factor increased from approximately 0.3 to 0.7 over 10 mm of crack growth in a 20 by
40-mm SENB specimen.

The problems associated with the assumption of a constant plastic rotational factor can,
to some extent, be avoided by fitting a double clip gage arrangement to the fracture toughness
specimens. In such cases an estimate of the total CTOD (8,.) can be obtained using the
following relationship

K1 — 1?)
dge = ————= 10
de 2E O_ys + Sp\ ( )

where

(Vi - V) (2. + a,)
(zu — 2)

SPIZV:_[

V¢ = plastic mouth opening displacement associated with lower clip gage,
Ve = plastic mouth opening displacement associated with upper clip gage,
z, = lower knife edge height, and

. = upper knife edge height.

N
I

In this expression the plastic component of 8, is calculated directly from the measured V,’s
obtained from the two clip gages. The calculation assumes that 8, is given by a linear
extrapolation of the upper and lower Vs as illustrated in Fig. 1.

If necesssary, Eq 10 can be reformulated to give the following incremental expression

K1 — v?
6dck = %_) + 6plk (11)
where
Ve, = Ve )y -V, =V, D(z, + a,)
8Plk = 6plk—l + (V;k - VPk«l) - [ - e (Z p_k ZI) P 1
Results
General

All the unloading compliance CTOD R-curves satisfied the requirement that the difference
between the measured and predicted crack growth should not exceed 10% [I]. Indeed, in
the majority of tests the difference was less than 5%.

To give an indication of the variability of the CTOD R-curve data the 8, R-curves obtained
for the 15 by 30-mm SENB specimens are compared in Fig. 2.

The unloading compliance test data were also analyzed to determine the amount of stable
crack growth that preceded the maximum applied load in each test. The average values of
crack extension up to maximum load, Aa,,, are presented in Table 2 for each specimen size
studied.



FIG. 1—Measurement of plastic component of CTOD using double clip gage arrangement.
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FIG. 2—Comparison of 3, R-curves obtained from 15 by 30 mm SENB specimens.
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TABLE 2— Average amount of stable crack extension (Aa,)
which occurred prior to maximum load.

Specimen

Size, mm Aa,,,
(B by W) mm

(a) S1ze EFFECTS PROGRAM
15Sby 30 0.53
30 by 60 1.03
45 by 90 1.63
60 by 120 2.25
75 by 150 3.33
(b) GEOMETRY EFFECTS PROGRAM

30by 15 0.28
30 by 30 0.40
30 by 60 1.03
30 by 90 1.84
30 by 120 2.21

Size Effects Program

The CTOD R-curves obtained in the size effects program are presented in Figs. 3 to 5.
In each case the CTOD R-curve presented for each specimen size represents the mean
CTOD R-curve behavior obtained from a set of three specimens.

It is evident from Figs. 3 to 5 that all three sets of R-curves (3,, d, and 3,) display
broadly similar trends. Initially the R-curves obtained from the small specimens exhibit

2.0 | — T T T T T
| Aamax=10%b, 60 x 120mm
I | 45 x 90mm
1.5 | 30 x 60mm e
|
E 10 } | T
: |
|
0.5 L Size effects ]
|
|
0 1 1 1 N 1 1
0 5 10 15 20 25 30 35

Crack growth, mm
FIG. 3— Comparison of 8, R-curves (size effects program).
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FIG. 5—Comparison of 8, R-curves (size effects program).
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nominally identical behavior to the large specimen R-curves, but as crack growth continues
the small specimen R-curves exhibit upswings. Moreover the points at which the R-curves
exhibit the upswings appears to be dependent on specimen size; the smaller specimens
displaying upswings at smaller values of crack extension.

Geometry Effects Program

The mean CTOD R-curves obtained in the geometry effects program are presented in
Figs. 6 to 8. Also included in Figs. 6 to 8 are the corresponding CTOD R-curves obtained
from the 75 by 150-mm SENB specimens as these were the largest specimens tested in this
project and hence should exhibit the largest amount of stable-crack growth under which
CTOD controlled crack growth occurred.

The CTOD R-curve trends presented in Figs. 6 to 8 are similar to those obtained in the
size effects program, that is, initially the small specimen R-curves are in excellent agreement
with the R-curves obtained from the larger specimens but as crack growth continues the
small specimen R-curves exhibit upswings. It is also evident from Figs. 6 to 8 that although
the R-curves obtained from the specimens of constant thickness (that is, 30 mm) all tend
to follow a standard R-curve up to the point of separation, the corresponding CTOD R-
curves obtained from the 75 by 150-mm specimens exhibit significantly different behavior

separating from the 30-mm-thick specimen R-curves at relatively small values of crack
extension.

Discussion of Results

At the outset of this project it was hoped that it would be possible to estimate the limits
of CTOD controlled crack growth from the CTOD R-curves by identifying the point at

2.0 T | T T T T T
30 x 120mm
Admax=10%Db,
|~ ° 30 x90mm
| 50 x 60mm
1.5 F I ..
g 50 x I5mm|
£10} 4
N 75 x 150mm
g 30 x 50mm (reference
curve)
0.5 Geometry effects
~+——Crack growth limit for
| 75 x 150mm SENB specimens
0 L I 1 1 1 I
0 5 10 15 20 25 30 35

Crack growth, mm
FIG. 6—Comparison of 8, R-curves (geomeiry effects program).
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which the small specimen R-curves separate from the large specimen R-curves and evaluating
the limiting values of p, o, and w using the following expressions

Aa
== 12
@=3 (12)
B b
=2 2 13
P35 (13)
b dd
© =3 da (14)
where
Aa, = crack growth at separation, and

O

CTOD at separation.

However, as demonstrated from the previous work on a titanium alloy the breakdown of
J and CTOD controlled crack growth is a gradual process and consequently the R-curves
do not always exhibit well defined separation points. Nevertheless, in order to provide
information on the limits of CTOD controlled crack growth values of p, o, and © were
estimated directly from the CTOD R-curves presented in Figs. 3 to 8. The limiting values
of p, a, and w were calculated based on the conditions corresponding to the commencement
of the upswing in the CTOD R-curves. The limiting values of p, a, and o are presented in
Tables 3 and 4 for the size and geometry effects programs, respectively. Note in the case
of the geometry effects program the limiting values of p, a, and w presented in Table 4,
were determined for the conditions corresponding to the separation of the small specimen
R-curves from the CTOD R-curves obtained from the 30 by 120-mm specimens. Also since
the p criterion is related to both ligament and specimen thickness and p results have been

TABLE 3— Estimated values of p, a, and w for CTOD R-curves in size effects program.

Specimen
size,
mm 3, Aa,,

(B by W) mm mm a Pr Py Poo ®
8, R-CURVES

15 by 30 0.28 2.0 0.17 53.6 35.7 4.9 2.81

30 by 60 0.32 2.4 0.10 93.7 67.5 75.0 6.18

45 by 90 0.56 8.5 0.24 80.4 49.1 64.3 2.21

60 by 120 0.82 16.5 0.34 73.2 38.4 384 1.38
8z R-CURVES

15by 30 0.19 1.16 0.097 78.9 571 63.2 5.32

30 by 60 0.25 2.24 0.094 120.0 87.0 96.0 11.06

45 by 90 0.47 8.0 0.22 95.7 59.6 95.7 2.38

60 by 120 0.59 12.5 0.26 101.6 60.5 81.4 2.02
84, R-CURVES

15 by 30 0.33 2.2 0.18 45.5 29.7 36.4 3.30

30 by 60 0.40 2.9 0.12 75.0 52.8 60.0 5.09

45 by 90 0.56 7.1 0.20 80.4 51.6 64.3 2.72

60 by 120 0.81 14.1 0.29 74.1 41.9 59.3 1.80

NoTEs—98, = value of CTOD at point of separation.

Aa, = amount of crack growth before separation.
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TABLE 4-— Estimated values of p, a, and o for CTOD R-curves in geometry effects program.

Specimen
size
(B by W) 3, Aa,,
mm mm mm a Ps Py Pso ®

8, R-CURVES

30 by 15 0.123 0.31 0.052 244.0 46.3 48.7 7.82

30 by 30 0.307 2.26 0.19 97.7 31.7 39.1 2.60

30 by 60 0.54 5.36 0.22 55.6 34.5 44.4 1.89

30 by 90 1.15 17.3 0.48 26.1 16.3 313 0.87
8 R-CURVES

30 by 15 0.154 0.31 0.052 195.0 36.9 39.0 4.69

30 by 30 0.246 1.28 0.11 122.0 48.8 48.8 3.89

30 by 60 0.408 3.7 0.15 73.5 49.8 58.8 2.92

30 by 90 1.05 15.5 0.43 28.7 20.0 343 1.03
8, R-CURVES

30 by 15 0.254 0.82 0.14 118.0 20.5 23.6 3.59

30 by 30 0.43 2.80 0.23 69.6 21.6 27.8 2.06

30 by 60 0.66 6.1 0.25 45.8 217 36.7 1.69

30 by 90 1.14 13.5 0.37 26.3 20.1 31.6 1.04

NoOTES—3, = value of CTOD at point of separation.

Aa, = amount of crack growth before separation.

further broken down to denote the specimen dimension used in the calculation (that is,
p, = p based on current ligament, p,, = p based on initial ligament, etc.).

" As mentioned previously although the CTOD R-curves obtained from the specimens of
constant thickness follow a standard R-curve up to the point of separation the corresponding
CTOD R-curves obtained from the 75 by 150-mm specimens exhibited significantly different
behavior. The limiting values of p, o, and w corresponding to the point of separation between
the geometry effects CTOD R-curves and the corresponding CTOD R-curves obtained from
the 75 by 150-mm specimens are presented in Table 5.

It is evident from Tables 3, 4, and 5 that the limiting values of p, a, and  obtained from
the various CTOD R-curves do not exhibit a consistent trend. This is perhaps indicative of
the problems associated with identifying the separation points. Nevertheless, based on the
information presented in Tables 3, 4, and 5 it is possible to draw the following conclusions:

1. The & and 8 R-curves exhibited size and geometry independence over approximately
the same ranges of crack extension.

2. In general the 3, R-curves exhibited size and geometry independence over slightly
larger ranges of crack extension than the corresponding 3, or 85 R-curves.

3. For specimens of a given thickness, increasing the specimen width appears to increase
the crack growth range over which the CTOD R-curves are in agreement.

In order to produce more accurate estimates of the limiting values of p, a, and o, fifth
order polynomials were fitted to the various CTOD R-curves by the method of least squares.
For each specimen size three fifth order polynomial fits were determined corresponding to
3,, dg, and 8, R-curve behavior. In all cases the fifth order polynomial expressions produced
excellent fits. The subsequent polynomial expressions were then differentiated to produce
plots of dd/da versus Aa. A typical plot is presented in Fig. 9. It is clear that there are two
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TABLE 5— Estimated values of p, «, and o for CTOD R-curves in geometry effects program based
on the separation from the CTOD R-curve obtained from the 75 by 150 mm SENB specimen.

Specimen
size
(B by W) 3, Aa,,
mm mm mm o Ps Ps Pso ®

8, R-CURVES

30 by 15 0.123 0.31 0.052 244 46.3 48.7 7.82

30 by 30 0.307 2.26 0.19 97.7 31.7 39.1 2.60

30 by 60 0.32 2.40 0.10 93.7 67.5 75.0 6.18

30 by 90 0.32 2.40 0.047 93.7 105.0 112.5 9.27

30 by 120 0.32 2.40 0.05 93.7 142.5 150.0 12.36
8x R-CURVES

30 by 15 0.154 0.31 0.052 195 36.9 39.0 4.69

30 by 30 0.246 1.28 0.11 122 43.6 48.8 3.89

30 by 60 0.25 2.24 0.094 120 87.0 96.0 11.06

30 by 90 0.25 2.24 0.062 120 135.0 144.0 16.6

30 by 120 0.25 2.24 0.047 120 183.0 192.0 221
8, R-CURVES

30 by 15 0.254 0.82 0.14 118 20.5 23.6 3.59

30 by 30 0.43 2.80 0.23 69.6 21.6 27.8 2.06

30 by 60 0.40 2.90 0.12 75.0 52.8 60.0 5.09

30 by 90 0.40 2.90 0.08 75.0 82.8 90.0 7.64

30 by 120 0.40 2.90 0.06 75.0 112.8 120.0 10.2

NOTES—8, = value of CTOD at point of separation.

Aa, = amount of crack growth before separation.

critical points in the plot of dd/da versus Aa either of which could possibly be used to define
the point of separation. The first critical point (Point A) is the point of minimum gradient
whereas the second critical point (Point B) corresponds to the position where the slope of
the CTOD R-curve rises dramatically.

To study this behavior in more detail, graphs of dd/da versus Aa/b, were produced for all
the CTOD R-curves obtained in both the geometry and size effects programs. The results
obtained from the §,. R-curves in the size and geometry effects programs are presented in
Fig. 10.

The CTOD and Aa values corresponding to Points A and B together with the associated
values of p, a, and w are presented in Tables 6 and 7 for the 8, R-curves obtained in the
size and geometry effects program, respectively. The corresponding information for the 3,
R-curves is presented in Tables 8 and 9. It is clear from Tables 6 to 9 that in general the
mean a values corresponding to Points A and B remain fixed at 0.17 and 0.44 regardless
of specimen size or CTOD parameter. This trend was also exhibited by the 8, R-curves.

Based on the previously aforementioned trends it is postulated that the limiting value of
o for HY 100 steet CTOD R-curve data is 0.17. Beyond this limit the CTOD R-curves exhibit
upswings which in the opinion of the authors is due to loss of crack tip constraint. Indeed,
since a reduction in constraint is likely to result in large amounts of additional information
being required to produce small amounts of crack extension, it is not unreasonable to expect
an upswing in CTOD R-curves. Although a limiting o value of 0.17 appears to apply to all
the CTOD R-curves obtained in this project it does not necessarily guarantee size inde-
pendent R-curve behavior. Indeed, if the CTOD R-curves obtained in the geometry effects
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TABLE 6— Estimated values of p, a, and o for d,. R-curve data in size effects program calculated

for polynomial fits.
B4c Aa at
Specimen Separation, Separation,
size, mm mm mm Ps Py o ®

POINT A DATA

15 by 30 0.26 1.7 57.7 39.62 0.142 2.294
30 by 60 0.58 43 51.7 33.97 0.179 2.955
45 by 90 0.58 6.6 77.6 50.69 0.183 2.129
60 by 120 0.57 8.0 105.2 70.18 0.167 1.263
75 by 150 0.68 10.2 110.3 73.24 0.170 1.831
POINT B DATA
15 by 30 0.75 5.5 20.0 8.7 0.458 1.621
60 by 60 1.11 9.3 27.0 13.2 0.388 1.748
45 by 90 1.23 16.1 36.6 16.2 0.447 1.796
60 by 120 1.45 23.3 414 17.0 0.485 1.703
75 by 150 1.50 27.7 50.0 21.3 0.462 1.507

TABLE 7— Estimated values of p, o, and o for ;. R-curve data in geometry effects program
calculated for polynomial fits.

dac Aa at
Specimen Separation, Separation,
size, mm mm mm Pe Ps a ®

POINT A DATA

30 by 15 0.37 1.11 81.1 13.2 0.185 2.855
30 by 30 0.34 1.68 88.2 30.4 0.140 4.310
30 by 60 0.58 43 51.7 30.0 0.179 2.955
30 by 90 0.58 5.6 51.7 52.4 0.156 2.621
30 by 120 0.79 8.5 38.0 50.0 0.177 2.500
POINT B DATA
30 by 15 0.87 2.92 34.5 35 0.487 1.257
30 by 30 0.73 4.06 41.1 10.9 0.338 2.121
30 by 60 1.11 9.3 27.0 13.2 0.388 1.748
30 by 90 1.39 16.4 21.6 14.1 0.456 1.227
30 by 120 1.69 22.0 17.8 15.4 0.458 1.215

TABLE 8— Estimated values of p, o, and w for 8, R-curve data in size effects program calculated for

polynomial fits.
5, at Aa
Specimen Separation, Separation,
Size, mm kJ/m? mm Ps Py o ®

POINT A DATA

15 by 30 0.27 1.9 55.6 37.4 0.158 2.469
30 by 60 0.46 4.0 65.2 43.5 0.167 2.517
45 by 90 0.47 6.4 95.7 63.0 0.178 2.015
60 by 120 0.52 8.0 115.4 76.92 0.167 1.462
75 by 150 0.62 10.2 121.0 80.32 0.170 1.687
POINT B DATA
15 by 30 0.71 5.9 21.1 8.6 0.492 1.220
30 by 60 0.99 11.0 30.3 13.1 0.458 1.379
45 by 90 1.17 18.3 38.5 15.1 0.508 1.316
60 by 120 1.34 24.6 44 8 17.5 0.513 1.292

75 by 150 1.37 29.5 54.7 23 0.492 1.224
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TABLE 9— Estimated values of p, o, and w for 8, R-curve data in geometry effects program
calculated for polynomial fits.

d, at Aa
Specimen Separation, Separation,
Size, mm mm mm Pp Py a ®

POINT A DATA

30 by 15 0.33 1.14 90.9 14.7 0.190 2.563
30 by 30 0.31 1.78 96.8 33.0 0.148 3.396
30 by 60 0.46 4.0 65.2 43.5 0.167 2.517
30 by 90 0.54 5.8 55.5 55.9 0.161 2.181
30 by 120 0.65 8.2 46.2 61.2 0.171 2.021
PoINT B DATA
30 by 15 0.75 3.06 40.0 39 0.510 1.043
30 by 30 0.65 4.55 46.2 11.5 0.379 1.661
30 by 60 0.99 11.00 30.3 13.1 0.458 1.379
30 by 90 1.20 17.40 25.0 15.5 0.483 1.054
30 by 120 1.36 23.30 22.1 18.2 0.485 1.017

program are compared to the corresponding CTOD R-curves obtained from the 75 by 150-
mm SENB specimen it is clear that most of the large specimen CTOD R-curves in the
geometry effects program separate from the 75 by 150-mm SENB CTOD R-curve long
before the o = 0.17 limit. This implies that the 30-mm-thick specimens used in the geometry
effects program are not sufficiently thick to produce plane strain conditions beyond CTOD
levels of approximately 0.3 mm and crack extensions of 2.5 mm. This corresponds to a
limiting pj value of 100.

Having noted the fact that the CTOD R-curves obtained in this program tend to exhibit
upswings after crack extensions corresponding to approximately 17% of the initial uncracked
ligament, it was decided to replot the data with the crack growth axis normalized by initial
ligament. The subsequent normalized 8, R-curves are presented in Figs. 11 and 12. It is
clear from Fig. 11 that in the case of the size effects program the normalization technique
has produced a common curve with the exception of the R-curve corresponding to the 15
by 30-mm specimens. In comparison, the normalized 3, R-curves obtained in the geometry
effects program are not in particularly good agreement. Nevertheless, comparing the nor-
malized R-curves in Figs. 11 and 12 indicates that with the exception of the R-curves obtained
from the three smallest specimen sizes (that is, 15 by 30 mm, 30 by 15 mm, and 30 by 30
mm) the remaining normalized 3, R-curves are in reasonably good agreement.

Conclusions

A series of unloading compliance R-curves tests have been performed on SENB specimens
of different sizes made from HY100 steel to study the CTOD R-curve behavior at large
crack extensions. The crack growth resistance was measured in terms of conventional CTOD,
8, (as defined in BS 5762), CTOD corrected for crack growth, 8z, and CTOD derived using
a double clip gage arrangement, §,. It was found that:

1. The 3, and 85 R-curves exhibited size and geometry independence over approximately
the same ranges of crack extension.

2. In general, the 3, R-curves exhibited size and geometry independence over slightly
larger ranges of crack extension than the corresponding 8, and 8z R-curves. For this
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reason it is recommended that CTOD R-curves should be based on the 8, parameter.
This parameter also has the advantage that the calculation procedure does not assume
a fixed value of 0.4 for the plastic rotational factor.

3. For specimens of a given thickness increasing the specimen width appears to increase
the crack growth range over which the CTOD R-curves are in agreement. Nevertheless,
this does not guarantee that the subsequent CTOD R-curves behavior exhibited over
this crack growth range is size independent, that is, it may be dependent on specimen
thickness.

4. All the CTOD R-curves obtained in this study exhibited upswings. The upswings, in
general, started at crack extensions corresponding to 17% of the initial uncracked
ligament. At crack extensions corresponding to approximately 45% of the initial un-
cracked ligament the slope of the CTOD R-curves increased dramatically.

5. Based on these observations it is postulated that the crack growth limit for CTOD
controlled crack growth in R-curves obtained from HY100 steel is 17% of the initial
uncracked ligament. This condition alone however, is not sufficient to guarantee size/
geometry independent results. It is also necessary to have the same level of specimen
constraint. The following values of p are proposed to ensure plane strain constraint in
HY100 steel

ps = 100
p, = 50

6. With the exception of the CTOD R-curves obtained from specimens with widths less
than or equal to 30 mm, normalizing the crack growth axis by dividing crack extension
by the initial uncracked ligament, resulted in normalized CTOD R-curves which were
in reasonably good agreement over the entire crack growth range studied in this in-
vestigation (that is, 60% of the initial uncracked ligament).
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ABSTRACT: The purpose of this work was to identify a fracture instability data qualification
limit. Transition regime fracture data were sorted to disqualify those higher J,,,, valued fracture
instability data which had exhibited significant prior stable crack extension. Qualified data
were identified as having J_ ., values below the J scatterband. Disqualified data had more
than double the average prior stable crack extension of qualified data and had J,,, values in
or above the J,_ scatterband. The higher J,., values and significant crack extension of dis-
qualified data appeared to have been associated with a loss of constraint. The data indicated
that a specimen size requirement may be needed for elastic-plastic fracture instability data
that is different from those for elastic fracture instability or elastic-plastic tearing onset data.
However, the value of J, relative to the J,, scatterband seems more to the point of identifying
data that undergo fracture instability prior to significant crack extension.

KEY WORDS: transition regime, elastic-plastic fracture

The J-integral (J) provides a means for characterizing elastic-plastic fracture instability
and tearing resistance of structural steel in all three principal temperature-dependent re-
sponse regimes: lower shelf, transition, and upper shelf. Therefore, J test results can be
used to define two types of fracture toughness curves:

1. Fracture toughness at the onset of significant crack extension versus temperature (all
three regimes).
2. Stable tearing resistance versus post-onset crack extension (upper shelf).

Test methods and associated data for establishing upper shelf tearing resistance curves
already exist, as do test methods and data that support definition of fracture toughness at
the onset of significant crack extension on the lower and upper shelf. On the lower shelf,
fracture instability at a fracture toughness value of K;, may be thought of as synonymous
with onset of significant crack extension and ASTM Test Method for Plane-Strain Fracture
Toughness of Metallic Materials (E 399) is applicable. On the upper shelf, ASTM Test
Method for Jy,, a Measure of Fracture Toughness (E 813) provides a consensus definition
of tearing onset as occurring at a fraction toughness value of J;.. If the E 813 formula for
J is applied to qualified E 399 data, then a fracture instability value of J results. This paper
addresses data qualification issues associated with defining a J-based fracture toughness

Principal engineer and lead engineer, respectively, General Electric Company, Box 1072, Schenec-
tady, NY 12301.

*Materials engineer, U.S. Nuclear Regulatory Commission, Washington, DC 20555; formerly, me-
chanical engineer, Materials Engineering Associates, Lanham, MD 20706.
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curve in the transition regime, that is, a J,,, versus temperature curve below which the
effect of crack extension is insignificant.

Defining a transition regime J-test method turns mainly on achieving a consensus on test
data qualification rules. The main issues that have been dealt with in existing fracture
mechanics test methods and cited in numerous previous publications are: (1) defining in-
significant crack extension prior to fracture, that is, limiting prior stable crack extension;
(2) demonstrating size effect insensitivity or dealing somehow with the constraint issue; and
(3) accounting for (or disallowing) the influence of plasticity. Once these issues have been
satisfactorily addressed, the remaining data scatter should be due only to material inho-
mogeneity. In this paper, prior stable crack extension was considered insignificant if it had
no identifiable influence on J at fracture.

Specimen Constraint

The single-edge-notched bend, SEN(B), and compact tension, C(T), formulas for J found
in E 813 are considered applicable, provided that the specimen size requirements are met.
Landes and Begley [/] noted that the basis for these requirements is that crack length,
ligament length, and thickness must be large compared to crack-tip opening displacement.
If a further thickness effect were active, then apparent fracture toughness would be related
inversely to specimen thickness due to loss of through-thickness constraint, as discussed by
Srawley and Brown [2]. In the event that such an inverse relationship does not exist, then
thickness constraint would appear not to be a factor in the J-based interpretation of fracture
instability data.

Plasticity

Acceptability of the current ASTM J-based test method E 813 to characterize upper shelf
fracture toughness at tearing onset was predicated, in part, on the capacity of the J-integral
to account for the influence of plasticity on the crack front neighborhood. That capacity is
not diminished when one applies the test method to transition regime testing, since the
presence of plasticity is no more prevalent in the transition regime than on the upper shelf.
Furthermore, a J-based interpretation of fracture toughness test results assures their appli-
cability to assessing flaw tolerance of structures in the presence of significant plasticity.

Prior Stable Crack Extension

Current upper shelf test methods indicate that fracture toughness increases with significant
stable crack extension. The objective of this paper is to identify some threshold below which
J, at fracture instability, is not influenced by prior stable crack extension. Due to the fact
that this threshold value of crack extension may be of the same order as its variability
through the specimen thickness, a threshold based on prior stable crack extension may be
unsuitable. Since the value of J at fracture instability is relatively certain, a J-based threshold
would be desirable. In particular, J;. might serve to define the threshold below which prior
stable crack extension could be considered insignificant since it occurs near the beginning
of slow, stable crack extension.

Fracture Toughness Test Results

Figure 1 shows A508-C12 transition regime test data for C-R orientation compact, C(T),
and bend, SEN(B), specimens taken from a single ring forging at midthickness. Various
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specimen types, sizes, and thicknesses, all with initial aspects ratios, a/W, of 0.5, were tested
at three temperatures. All specimens were 20% side-grooved except two 4T-C(T) labeled
NSG which had no side grooves. Specimen instrumentation supported the needs of the
ASTM E 813 single specimen technique employing unloading compliance to infer crack
extension. Jy. data were obtained at all test temperatures and were thought to have given
an indication of the expected scatter due to material inhomogeneity. At —8.9°C, fracture
instability occurred below and within the J scatterband. At 10.6°C, fracture instability
occurred below, within, and above the J_ scatterband. At28.9°C, fracture instability occurred
within and above the J,_ scatterband. The tendency of increasing toughness with temperature
was as expected for these transition regime data. The comparable J,,, values of the smooth
and side-grooved 4T-C(T)’s tested at 10.6°C indicated that side groove effects were properly
accounted for by the E 813 J formula. Figures 2, 3, and 4 show the 10.6°C, —8.9°C, and
28.9°C data, respectively, in a J versus crack extension (delta a) format. The sloped dashed
line is the 0.15 mm exclusion line of ASTM E 813. The slope solid line is that cited in ASTM
E 813 for use in identifying Ji.. The small symbols represent qualified E 813 J-integral single-
specimen tearing resistance (J-R) data from specimens which provided valid J,. data. The
large symbols represent J-max and prior stable crack extension at fracture instability from
specimen tests that did not satisfy the requirements of ASTM E 813.

The seven fracture instability data above the J; scatterband in Fig. 1 were to the right of
the E 813 0.15 mm exclusion line as shown in Figs. 2 and 4. J-R data in this region are
considered suitable for constructing J versus crack extension curves in ASTM E 813. Hence,
the crack extension for these seven data was considered significant. Therefore, these seven
fracture instability data were disqualified as inapplicable to the task of defining a J .., versus
temperature curve for which the effect of crack extension is insignificant.

At the highest test temperature, 28.9°C, it was noted that all data achieved at least the
minimum J, value prior to fracture instability. Hence, J,. was considered a candidate lower
bound value for fracture toughness which would preclude both fracture instability and
significant crack extension at that temperature.

At the middle (10.6°C) and lowest (—8.9°C) test temperatures the remaining fracture
instability data for consideration were in and below the J,. scatterband, Fig. 5. Prior stable
crack extension, shown in ( ), was fairly small in that all the fracture instability data lay to
the left of the 0.15 mm E 813 exclusion line also shown in Figs. 2 and 3. At both —8.9°C
and 10.6°C the average prior stable crack extension of the higher J-max data (within the J;,
scatterband) was more than double that of the lower J-max data (below the J;, scatterband):
0.18 versus 0.08 mm at —8.9°C and 0.31 versus 0.12 mm at 10.6°C.

Clearly, the prior stable crack extension of the higher J-max data was significant when
compared with that of the lower J,,, data because greater prior stable crack extension gave
rise to higher J,,, values. Therefore, fracture instability of these higher J,, data was thought
to have occurred after the onset of significant crack extension as defined in the introduction.
Consequently, all data for which fracture instability occurred at or before the onset of
significant crack extension lay below the J_ scatterband, Fig. 5.

Effect of Specimen Size on Fracture Response

The fracture instability data (small symbols) and J,. data (large symbols) of Fig. 5 are
repeated in Fig. 6 showing the thickness in ( ). For the data below the J,. scatterband, no
trend relating the thickness and fracture toughness was evident. In other words, all those
specimens apparently provided sufficient constraint because no specimen size sensitivity was
observed. Conversely, the specimens for which fracture instability data were within the Jy,
scatterband appeared to have been less constrained, as discussed next.
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The average thickness of the seven fracture instability specimens within the J,_ scatterband
was 37 mm or roughly half that of the 14 specimens below the scatterband, 69 mm. By way
of explaining how this affected response, the average thickness of the Ji, specimens was 25
mm. Based on Srawley’s and Brown’s [2] remarks on thickness effects, the smaller thickness
of the J;. specimens appears to have enhanced plastic flow (or decreased constraint) along
the crack front, which decreased the tendency toward fracture instability and encouraged
stable crack extension to dissipate the energy applied. For the generally thicker fracture
instability specimen data below the J,_ scatterband, the opposite appears to have been true,
that is, fracture instability rather than stable crack extension was the preferred means of
energy release. The in-between thickness of the fracture instability specimen data within
the Ji scatterband appears to have promoted a response somewhere in between stable tearing
and fracture instability prior to the onset of significant crack extension, that is, decreased
thickness enhanced plastic flow, which supported increased prior stable crack extension and
higher apparent toughness as was noted by Landes and McCabe [3].

Ligament Size Requirements

Based on test data, statistics, and elastic-plastic finite element analysis, Anderson and
Dodds [4] concluded that the ligament size requirement of ASTM E 813 should be increased
by a factor of eight to assure proper constraint (lack of size effect) in elastic-plastic fracture
instability data. That is, ligament size, b, times flow stress, o, divided by J, should exceed
200 rather than 25 as required by the ASTM E 813 test method at J,, but should be less
than about 900 as required by ASTM E 399 for this material. That quantity, b X o,//, is
shown in ( ) in Fig. 7 next to the data symbols for all the J_,, fracture instability values
within and below the J;_ scatterband. All b x ¢,/ values met the E 813 requirement. All
data within the J;_ scatterband failed the b X o,// > 200 requirement, while all data, except
one, below the scatterband satisfied that requirement. The exceptional value below the
scatterband was 136 for the smallest specimen, 0.8T-C(T), tested at —10.8°C. Its J value
was surrounded by those of larger specimens all of which satisfied b X o, > 200. Its b X
o,/J value was similar to those of the data within the J,. scatterband. Again, the aspect ratio
for these data was nominally 0.5 so that the proximity effect, if any, of all free surfaces of
the crack front should have been about the same. As noted earlier, no thickness, plan size,
or ligament size effects were detectable for data below the J_ scatterband. Hence, in this
instance, the J value relative to the J;. scatterband was a more discriminating means of
identifying properly constrained data than the b X o,/ value. The J,,., data above the J,.
scatterband, Fig. 1, had & X &,/ values between 22 (0.8T-C(T)) and 119 (4T-C(T)). The
0.8T-C(T) specimen was the only one to fail the ASTM E 813 ligament size requirement,
b x o,/J > 25. The response of the data below the J,_ scatterband was neither that addressed
by ASTM E 399 nor E 813. Perhaps a specimen size requirement is needed for elastic-plastic
fracture instability data that is different from those for elastic fracture instability or elastic-
plastic stable tearing data. However, the value of J_,, relative to the Ji, scatterband seems
more to the point of identifying data that undergo fracture instability prior to significant
crack extension.

Summary and Conclusions

The purpose of this work was to identify a fracture instability data qualification limit.
Transition regime fracture data were sorted to disqualify those higher J,,,, valued fracture
instability data which had exhibited significant prior stable crack extension. Qualified data
were identified as having J,,, values below the J;. scatterband. Disqualified data had more



ELASTIC-PLASTIC FRACTURE TEST METHODS

112

(8)3s-1z
Wo-18'0
(1)9~12

uic 0=a'(1)2-1¥
u=g*'(L)o-1y
uz=g'(1)2-1v
Wo-1v
9SN*(L)9~1v
puaba

XBe>OOCOK

‘asuodsat aanpvif uo 2215 juauvdy fo 1aff— 1 ‘O

) Bep ‘aunypousedws]

13 zs z 12 9 ot 4 - - a- 8-
4 Bep ‘eunypredwe]
oot 06 o oL 09 o oy og 0z ot o
o
. ‘SoU|| UOISNIIX® $183 WISV AUt JO 49| U} O} 249M DJDP ||y
: *G'0 = OlpJ Joadsy “eunjopuy o  / sseus mojy X juswpby ()
............ L cz0
—<'0
X (s95)
: (zg9) (ore)
........................... .Inh.o
~deypds i K (gon) .|
N o o
<zl

o) #bpaead / sunjopyy 4o



MACDONALD ET AL. ON FRACTURE INSTABILITY DATA 113

than double the average prior stable crack extension of qualified data and had J,,,, values
in or above the J_ scatterband. The higher J_,, values and significant crack extension of
disqualified data appeared to have been associated with a loss of constraint. The data
indicated that a specimen size requirement may be needed for elastic-plastic fracture insta-
bility data that is different from those for elastic fracture instability or elastic-plastic tearing
onset data. However, the value of J,,, relative to the J;. scatterband seems more to the
point of identifying data that undergo fracture instability prior to significant crack extension.
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ABSTRACT: A method for experimentally determining the eta (n) factor based on separation
constants has been recently proposed. This method has two important implications for elastic-
plastic fracture toughness testing. First, the method can be used to determine the 7 factors
for any new test specimen geometry which might be added to existing test standards. Such
specimens as disk compact, arc bend, and arc tension are used in the K, test standard. They
can be added to the J based standards if the specimen calibrations are known, one being the
7 factor calibration. In this paper astep by step procedure is given describing m factor calibration
for an arbitrary specimen geometry based on a series of blunt notched specimens.

The procedure proposed in this paper was then applied to existing blunt notch data for the
traditional test specimen geometries, the compact, and single edge notched bend specimens.
The results of the study show different values for n from these in the existing standards both
in magnitude and trend with a/W. In addition they show a slight material sensitivity. The
consequences of having incorrect 1 factors in the test standards are explored in a sensitivity
study. These results are used to evaluate the importance of having correct m factors and
recommendations are made.

KEY WORDS: ductile fracture, eta factor, load separation, blunt notch testing, standard test
method, J-integral

In late 1960s, Rice [7,2] proposed the J-integral as a new parameter that characterizes
crack tip singularity in elastic-plastic fracture behavior of metals. Since then, one concern
is the development of successful experimental technique to evaluate J. The early approach,
introducted by Landes and Begley [3,4] based on the energy rate interpretation of /, requires
the testing of many identical blunt notched specimens of different crack lengths in order to
establish the energy-crack length relationship, from which J is evaluated. Despite the reli-
ability and the theoretical basis of this technique, it was not very successful because of the
high cost and time required for specimen preparation and testing. A new technique that
requires the testing of only one specimen succeeded the old technique and was widely
accepted. It is based on the assumption that the load can be represented as the multiplication
of two separate functions; a crack geometry function and a material deformation function.
This separable form, which was first proposed by Rice et al. [5], brought a new definition
of J as a factor, defined later as m, times the area under the load-displacement record per
unit uncracked ligament area. Hence, J can be evaluated by testing one specimen if this
factor is known for the specimen configuration. This concept is important in the development
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of standard test methods where all calculations of J are made using area under a load versus
displacement record. However, the values of m used in current test methods do not have a
well established basis in analysis or experimental work. Rather present values of m evolved
through a series of approximate analyses and experimental results. When a test standard
was written, the best available values of v at that time were incorporated. No further
development work was done on m until recently. The next section follows the evolution of
the m value development from the early work of Rice until the present.

Historical nj Development

Historically, the first value for the n was 2. It was derived by Rice et al. [5] for deeply
cracked bend specimen. This was not completely accurate for specimens that were not purely
loaded in bending. Merkle and Corten [6] developed an analysis that accounts for the small
tension component in the compact specimen. They concluded that J for a specimen of unit

thickness can be represented as
21+ a)| |A
= [ T2 1
! [ 1+ o2 j| [b] @

24\ 2a " 2a
az[(;) +2<F>+2 _<F+l> @)

A = area under the load displacement record,
a = crack length, and
b = uncracked ligament.

where

Equation 1 implies that the v factor for the compact specimen is [2(1 + o)/(1 + o?)].

Landes et al. [7] conducted an experimental evaluation of m in which they tested blunt
notched specimens of different crack lengths. Their analysis used the energy rate interpre-
tation to infer values of 7. The goal was to determine which of the values of v proposed at
that time best fit their experimental results. No value of  fit over the entire range of crack
lengths; however, the Merkle-Corten equation best approximated their results. Rather than
suggesting a new equation for 7, they recommended the Merkle-Corten value and this then
became widely accepted.

Following this work Clarke and Landes [8] concluded that using a single v (n = my =
M) for the compact specimen yielded J values that agree well with the multispecimen
technique with m closely approximated by the following equation

n=2+ 0.522—5—/ 3)

where, W is the specimen width. The value of m in Eq 3 comes from a linear fit to the
Merkle-Corten expression in Eqs 1 and 2.

Rice et al. [5] proposed splitting J into elastic and plastic portions; J,, and J,. This was
later generalized by Sumpter and Tumer [9], into a new form that agrees with the single
specimen technique as

el

A A
J=mat npl—bm “4)
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where A, and A, are the elastic and plastic parts of the area under the load-displacement
record. This was the first time that separate multiplication factors and J components were
used. This approach later became accepted in all of the test standards.

Ernst and Paris [10] proved that m exists only if the load is represented by a separable
form. This is true by definition in the elastic behavior because of the linearity of the load-
displacement record. 7., is shown to be

()

where C is the compliance which is a function only of the crack length. For the plastic
region, they suggested using the m value of Clarke and Landes because this was the most
reasonable estimate at that time.

Using the m of Eq 3 for m,, the corresponding separable form for the load in the plastic
region for the compact specimen will be

P=RB {g—; - exp (0.522 %)} {H (vpl)} 6)

where

P
B

12

load,
thickness,

1 = plastic displacement, and
H(v,) = deformation function.

i

1

This form can be rewritten for unit thickness as

P=G (%) H(v,) ™)

where G(a/W) is the crack geometry function.

The ASTM Standard Test Methods for J;., a Measure of Fracture Toughness (E 813) and
for Determining J-R Curves (E 1152) require the estimation of J as the sum of J, and J,,
with J, represented as

mn
]pl = E%Apl (8)
where
T]pl = 2
for bend specimen
b
=2+ 0522 —
0 w

for compact specimen.
These values were taken from the best available values at the time these test standards
were written and no additional development work was done.
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Briefly, the assumption of the load separation introduced the new J definition and the
associated m factor. The assumption did not evolve as an exact theoretical solution, but
mainly from the need to develop a single specimen technique to evaluate J. The agreement
between both techniques provided the only basis to use the new J form.

Recently, Sharobeam and Landes [17-12] studied the load-displacement records of pre-
viously tested specimens of four different geometries and six different materials. For both
plane strain and plane stress constraint, they demonstrated the load separation in the plastic
region except for a small region at the beginning of the plastic behavior. This established a
more solid experimental basis for the single specimen form and its associated 7 factor.

n-Calculation

The  factor can be evaluated only by comparing the single specimen form

-
J_bePdu 9

with one of the other two forms; the contour line integral form

ou;
sz Wdy — T,— dS 10
- < y - T ) (10)
or the energy rate interpretation form
-1dU
= —— 11
I B da an

where U is the potential energy. This can be implemented analytically, numerically, or
experimentally with one exception that the contour integral form cannot be evaluated ex-
perimentally for standard specimens. For all solutions, the load displacement records have
to be defined. Also, either the strain energy and stress vector variations over a certain
contour, or the change of the load-displacement record with the crack length have to be
provided. This can be as lengthy and approximate as an analytical solution. Numerical
methods, such as finite elements, can give better results but may not match the experimental
results because the assumptions used in the numerical solution may not accurately model
the real specimen behavior. However, the main objective of this paper is to evaluate n from
the experimental data. This can be done [7] by comparing the single specimen form of Eq
9 with the energy rate interpretation form of Eq 11, which yields

du
n=b <— %>/(f Pdv) (12a)

This requires the testing of many identical specimens with different crack lengths, evaluating
the area under the load displacement records at different displacements, constructing the
area-crack length fit for different displacements, then calculating the slopes of the constructed
curves for different displacement at different crack lengths, and finally substituting the slope
and corresponding area values in Eq 12a. This is the classical method for evaluating n from
experimental data. In case of m,, evaluation, only the plastic areas under the test records
have to be included. Equation 12a can be modified for the plastic region as

N = b (—dU,/da)/( Pdv,) (12b)
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where U, is the plastic potential energy. In the classical method, the successive estimation
of the area under the load-displacement record usually accumulates errors. Then fitting the
data to evaluate the slope and dividing again by the area may add additional errors to the
process. Also it is proved experimentally that there is a limited nonseparable region in the
beginning of the plastic behavior. This may result in a significant error in m, value because
the single specimen form is based on the assumption that the load is completely separable.

Sharobeam and Landes [1]] have introduced a new method to evaluate m, from the
experimental data using the separation criterion. This method avoids most of the mentioned
sources of errors and gives consistent m, values. Figure 1 illustrates the separation criterion
for two test records of different stationary crack lengths; «; and a,. The ratio P(a;)/P(a))
maintains a constant value over all of the domain of the plastic displacement if the load is
separable. Mathematically, this can be explained as

_P@)|  G(a/W)  H(,/W)
" Pa)|,, G@/W)- Hou,/W) |,

_ G(a/W)

~ G(a/W) (13)

= constant

for stationary cracks.

P(ar)

P(ay)

Sy=P(a))/P(ay)

Load, P
Separation parameter, Sy

P=G(a).H(vy)

Plastic displacement, vy
FIG. 1—Load separation in the plastic region.
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As mentioned before, this has been investigated for wide combinations of materials,
configurations, and constraints. As examples, Figs. 2 and 3 show the test records and
separation parameters for blunt notched specimens of two geometries compact and center
cracked tension respectively. The test records were originally reported in Ref 7. The spec-
imens are machined from HY130 steel with 2.29 cm (0.9 in.) thickness and 5.08 cm (2 in.)
width, and they are blunt notched with crack to width ratio varying from 0.4 to 0.85. A test
record of intermediate crack length can be chosen as a reference record (¢;/W) to dem-
onstrate the load separation, as shown in Eq 13.

As mentioned before, m, can be evaluated from experimental data by comparing the
single specimen form with the energy rate form. Substituting Eq 7 into Eq 125 results

_ _Gw) b
ST Gaw) W (14)
where
, _dG'@W) 4G’ (b/W)
G@W) = ~sawy =~ T o)

Equation 14 can be also written as

dG(bIW)/d(b/IW) b
= ST 15
Mo G(bIW) W (15)
The separation parameter S;; has been defined as the ratio of the geometry functions of two
stationary crack lengths; g, and a,, Eq 13. Then, for the same reference crack length a;, and
different a;, Eq 13 will be a proportional relationship between the separation parameter S,
and the geometry function G(a;/W)

S, = A G(a/W) (16)

where A is a constant.

This means that constructing the S, ; versus a,/W (or b,/W) fit will establish the G(b,/W)
versus b,/W relationship. Then m,, can be evaluated using Eq 15. The §;; versus b,/W fit is
very likely to be a power law. Figures 4a and b show the relationship between the separation
parameter §;; and the uncracked ligament b,/W for the previously mentioned test records
on logarithmic coordinates. It is clear that the power law fit is a good candidate for this
relationship. Figures 4c and d show how close the power law fits these data. Also, Table 1
shows a survey of the different materials, configurations, constraints, and crack length ranges
that have been studied in Ref 17 and 12. All the studied cases, except the A106 steel set,
showed a power law fit. Therefore, the geometry function is a power law function and can
be represented as

Gb/W) = C- (b/W)n (17)
where C is a constant. Hence, Eq 15 yields
T‘pl =m

The new m,, method is simple, especially when G(b/W) is well represented by a power law
function. Figure S shows a schematic of the new m, method. This method avoids the ac-
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FIG. 5—Flow chart of the new v, method.

cumulation and amplification of approximation errors in the classical method. Also it does
not gain any error from the nonseparable region. The portion of the area that exists in the
nonseparable region causes a significant error in the classical method ,, values, especially
for low plastic displacement values. These errors converge slowly after the separation starts.
Figures 6a and b show how long it takes the classical 1, values to converge after the separation
starts, for the previously mentioned geometries.

Generally, the new method v, values are more accurate and consistent. Table 2 shows
the m,, values of each method for the mentioned compact and center cracked tension spec-
imen sets and also a single edge notched bend specimens set. The bend specimens were
machined from the same material with the same width and thickness and with a span to
width ratio of 4.0. The classical v, values have been chosen after they had reasonably
converged.

Many geometries such as; single edge notched tension, disk compact, arc bend, arc tension,
and others, have been excluded from the J-integral based standard test methods because of
the absence of an effective method to evaluate m. But because of the simplicity and con-
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TABLE 2— Comparison of m, values using both methods.

Compact Center Cracked Bend
a/We Classical® New* Classical New Classical New
0.45 2.11 2.13 0.90 0.963 1.85 1.94
0.55 2.20 2.13 0.95 0.963 1.97 1.94
0.65 2.08 2.13 0.91 0.963 1.92 1.94
0.75 2.14 2.13 1.00 0.963 1.8 1.94

22a/W for center cracked tension specimens.
*Using Eq 11.
<Using the load separation technique.

sistency of the new method, many of these geometries can be included. For example, Table
1 shows five different sets of single edge notched tension specimens have been studied as a
new geometry candidate. These data have been reported in Refs 74 and 15. The step by
step evaluation of w, for one of these sets is shown in Figs. 7a, b, and c. The specimens
are 7.62 cm (3 in.) wide and 0.25 cm (0.1 in.) thick and they are machined from A533B
steel. They were prepared with blunt notch crack with length to width ratio varying from
a/W = 0.2 to a/W = 0.8. The power law fit results are shown on Fig. 7d.

The other four sets were machined from the A710 steel with 15.24 ¢cm (6 in.) width but
with different thickness constraints. v, value did not show much change between the 0.25
cm (0.1 in.) thickness set which is a pure plane stress case and the 2.54 cm (1.0 in.) thickness
set even with a 20 or 50% side grooving which intensifies the plane strain constraint. This
may suggest that n,, does not change considerably with the change of the constraint in the
single edge notched tension configuration.

J-Calculations

The v, formulas for J, used in the standard test method are given with Eq 8. These were
based on the best available solutions at the time the standard was written. The results of
the blunt notched experiments analyzed by load separation suggests that these formulas may
not be correct. The importance of this difference can best be evaluated by how it influences
J-calculations. This will be done for the compact geometry.

The formula for w, used in the standard test method for m, shows a function which
decreases gradually with increasing a/W, reaching a value of 2.0 as /W approaches 1.0. The
value of m, from the load separation suggests that =, is nearly constant, and not a function
of a/W. For the comparisons made in this paper a value of n,, = 2.15 was used for the load
separation. The w, from the test method v, = 2 + 0.522 b/W ranges from about 2.26 to
2.10in the typical range of a/W used for testing (0.5 < a/W < 0.8). The two different values
are nearly identical and the effect on J-calculations would be expected to be minimal.

An example of J-R curves calculated by the two different v, values is shown in Fig. 8 for
an A106 steel and in Fig. 9 for an AS08 steel. Neither calculation shows much of a difference
in the J-R curves. The A508 steel shows a greater difference, presumably because it is more
ductile and has a higher J, component. In contrast to the difference in J-R curve caused by
a different m,,, the error caused in the J-R curve evaluation by an incorrect measure of crack
length is illustrated in Fig. 10. Here the crack length measured by elastic compliance did
not match the physically measured crack length. This shows a much greater difference in R
curve. The point illustrated in Fig. 10 is that other factors in the J-R curve evaluation can
influence its value much more than the choice of v, at least for the compact specimen. For
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FIG. 10— Effect of incorrect crack length predicted by compliance on J-R curve.

this case an error in crack length estimate accompanies an error in elastic compliance which
in turn gives the incorrect evaluation of the plastic area used in the J,, calculation.

The effect of errors in m,, on J,, calculation may be relative to the particular specimen
being evaluated. However for the two standard specimens used in J-R curve testing, the
compact specimen and the three-point loaded single edge notched bend, the differences
between the m, used in the standard test method and a new, possibly more appropriate
value of m,, is not enough to cause concern and no change in m,, is warranted.

Summary and Recommendations

The new method for developing m values for J-calculation, that of using the load separation
principle, raises two important issues for the elastic plastic test methods. First, the present
values of m, may not be entirely correct. The error in n,, however is not large enough to
warrant a change at this time. Considering the problems that might be caused by a change
in m, such as need to change software, concern about data analyzed with the original m,,
and others, a change in m, should be only made when there is clear evidence that the present
value is not appropriate. Since that has not been demonstrated, our recommendation is to
keep the present m, values for both three-point bend and compact specimens.

The second important issue is that of calibrating new specimens for use in elastic-plastic
fracture testing. The load separation method is recommended as the best method to use. It
can be used with experimental studies, the best is blunt notched specimens of varying a/W,
and with numerical studies of a similar nature. With the ease of the load separation method
and its avoidance of calibration inaccuracies, the new specimens can be more easily cali-
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brated. It is recommended that new specimens then be added, when appropriate to the
elastic plastic test methods.

A third issue, indirectly related to the test methods, is that of the nonseparable region in
J analysis. Certainly over this region m,, is not well defined; hence, J, values may be in
error. In many cases this region is so small that it is not significant. However, further studies
of this problem are recommended.
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ABSTRACT: The increasing use of J-resistance curves in design and ductile instability has
inspired the need for a detailed and, indeed, reliable determination scheme for such curves.
The basis for this paper emerged as part of a study of size effects on J-resistance curves. The
three-part presentation includes descriptive sections for both the elastic unloading compliance
and the key-curve methods, with the third part forming a comparative study of both procedures.
Three-point bend specimens were used for testing the unloading compliance method using the
crack mouth opening displacements for crack extension predictions. Using this specimen type,
an empirically-based crack extension curvature correction procedure is introduced to correct
crack length predictions for curved fronts. The load-line displacements were used for the crack
tip energy evaluations with appropriate on-line corrections for indentation. The implemen-

* tation of the key-curve method is reported and using compact tension specimens throughout,
the results are compared to that of the elastic unloading compliance and the multiple specimen
method. Finally, the virtues and drawbacks of both methods are compared and recommen-
dations made. While the continuous nature of the key-curve method might be desirable for
certain critical instability analyses, the justification of the experimental and numerical effort
required is questioned.

KEY WORDS: normalized load, key curves, unloading compliance, fracture, three-point bend,
compact tension, compliance, calibration, computer interaction, J-resistance, elastic-plastic
fracture, test methods

Nomenclature

a, a,, a, Crack length, initial, seven-point average
g, Gmax, @, Nine-point average crack length, maximum crack length of a curved crack front,
final crack length
B, B,, B, Thickness, net, gross
b, b,, b, Ligament, original, current
C Compliance
E, E' Young’s modulus, effective
F, Normalized load used in the key-curve analysis
J J contour integral

'Post doctoral research assistant, Department of Mechanical Engineering, Imperial College of Science,
Technology and Medicine, London, SW7 2BX, United Kingdom.
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P, P, Load, limit
4, 4p» 4o Load point displacement, plastic component, elastic component

S Three-point bend specimen span

U Total energy plus fracture energy, evaluated under a load-displacement trace
o Ua  Plastic work done, elastic work done

W Specimen width

A Displacement

v Poisson’s ratio

The concept of J-resistance curves for characterizing post yield fracture behavior has
provided the impetus for determining such curves using various methods. Naturally, this
choice would depend primarily on the ease of application and accuracy of the procedure.
This report attempts to point up the difficulties and virtues of both methods. One version
of the key-curve technique, developed by Ernst et al. [1], is utilized and incorporated in an
on-line computer program that is described here. This procedure, which uses compact tension
specimens, is compared with the elastic unloading compliance method and multiple specimen
procedures using identical specimen types. A crack front curvature correction procedure is
introduced. Although the introduction of the procedure is made with three-point bend
specimens, the results can be applied to compact tension samples to produce similar cor-
rection results. The limitations of the procedure are however clearly stated in this paper.

Theory
Key-Curve or Calibration Method

The key-curve method described here is an experimental technique for developing a
continuous J-R curve from load-displacement records alone. Ernst et al. [7], who developed
this technique, realized that for simple test specimen geometries, the load-displacement
relationship must have the form

PW/Bb? = F, (A,a and material properties) (1)

Using deformation plasticity theory

A P
J=-1UW f aPI3(alW) |, dA = /W f aPI3(a/W)|, dP )

Also, assuming J and P to be a function of displacement, A, and crack length, a, and that
total derivatives of J and P exist, then

dJ = dJI0A(dA) + dJ/da(da) 3)
dP = 9P/0A(dA) + oP/da(da)
Combining Eqs 1, 2, and 3, it can be shown that
A
dJ] = [2bIW)F, — (bIW)?(3F,/a(a/W))]dA + [-[ 2/WF,dA 4

+ fA 4bIW(IF,Jo(alW)) — fA (bZ/W3)(63F1/6(a/W)2:|da
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and

1o _ [AP = (oW FJo(aIw) da) W S
4 T T (bW (3FJa(alW)) — 2bF, )

Therefore, if values for oF,/0(A/W) and oF,/6(a/W) are available, then dJ and da values can
be evaluated from Eqs 4 and 5, respectively. J and Aa values can then be found by the
following operation

J=Sa
‘ (6)

Elastic Unloading Compliance Method

The concept of this method provides the ground work for its application in obtaining a
J-resistance (J-R) curve with a single specimen. This is done by obtaining crack growth
estimates from successive partial unloadings during the loading history of the test specimen
[2]. By integrating up to the point of unloading, the work done, U, can be obtained, from
which J values can be calculated, hence a J-R curve is produced.

Equipment

A 530-kN-capacity screw-driven testing machine was used for the unloading compliance
method using three-point bend samples. A 250-kN servohydraulic machine was used for all
fatigue precracking and the key curve testing. The instrumentation system consisted of the
following units: a clip gage supplied, an analog plotter, and a variable setting signal filter.
Data logging and on-line processing were performed on a simple personal computer. This
was connected, through a IEEE 488 interface, to the various peripherals.

All tests were performed on a titanium alloy, Ti-6Al-2Cb-1Mo-1Ta [Ti(6-2-1-1)]. The
mechanical properties for titanium alloy (6-2-1-1) are: 0.2% proof stress = 728 MPa, tensile
strength = 828 MPa, Young’s modulus = 123 200 MPa, and percentage elongation = 12%.
The flow stress, oy, is taken to be the average of the proof stress and the tensile strength,
that is, 778 MPa.

General Experimental and Computational Details
Key-Curve Method

Experiments—Small (B = 17.5 mm) compact tension specimens proportions, described
by ASTM Test Method for J;., a Measure of Fracture Toughness (E 813-81), were used so
that load-displacement values of higher A/W could be achieved without proportionately
more crack growth. A total of seven specimens were fatigue pre-cracked to crack depth
ratios of between /W = 0.62 and 0.92.

The instrumentation used was the same as the elastic unloading compliance method
(Fig. 1) but a different software package was developed for this method; an explicit de-
scription of this package is given later. The schematic of the key-curve’s numerical processing
path is shown in Fig. 2.
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Each of the seven specimens was loaded to its limit and the data points were collected
by the computer at the rate of 145 data pairs/min. A uniform cross-head, speed of 0.25 mm/
min was maintained throughout the loading period. An analog plot was obtained for all the
specimens.

The specimens were then broken by high energy impact, after heat tinting at 400°C for
15 min. The fatigue crack length was measured by averaging lengths across the crack face,
as described in ASTM E 813-81. Ductile crack growth of not more than 2% of the ligament
was observed on the crack face of almost all the specimens tested.

Computation and the Program-Datafile-Link-Up System—The load and displacement val-
ues are normalized as PW/Bb* and A/W, respectively. These normalized load and displace-
ment functions are then passed through a curve-fitting program, DATFIT (see Fig. 2), to
facilitate numerical differentiation for the 9F,/3(A/W) values in Eq 4 and 5. The oF,/a(a/W)
values are obtained from a plot of F, against a/W levels as shown in Fig. 3. From this figure,
it is seen that F, is a weak function of a/W, therefore, 3°F,/3(a/W)? was set to zero. Similar
trends have also been reported by Joyce et al. [3]. A plot of all the F, functions against A/W
after curve fitting is showed in Fig. 4.

DATEFIT fits a fifth order polynomial to the plots shown in Fig. 5 after normalization to
F; and A/W. It differentiates the F, function numerically with respect to A/W and stores all
the F, function values and its derivatives, 9F,/3(A/W). So from primary files created by
ATOD PROG, secondary files are created by DATFIT.

To obtain the J-resistance curves, discrete versions are written for Egs 4 and 5, namely

dl,, = [Qb/IW)F,, — (b/IW)? (oF Ja(a/W)),] dA,

(7)
+ [—Z/W > F.dA, + 4biw2 Y (aFl/a(a/W)),dA] da,
i=1 i=1

and

da. = dPn — (PIW?)aF /o (AIW)dA,IW ®)
" (bW)(F /d(a/W)) — 2bF,
Therefore, (as in Eq 6)
J=734dJ, ®
i=1

and

Aa = Y da, (10)

The final processing program, JRESIST, utilizes Eqs 7 through 10 for computing J. and Aa
values.

Elastic Unloading Compliance

The method described here is for the three-point bend specimen and is not strictly ac-
cording to the ASTM E 813-87.
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FIG. 3—F, variation with (a/W) for different displacement levels used in the key curve analysis.

The details of the procedure, highlight the accuracy of the compliance factor of Kapp et
al. [4] for the three-point bend specimen, see Fig. 6. Also included in this paper, are
computer-interactive procedures that correct for specimen indentation and crack front cur-
vature. However, for strict comparative purposes, see Fig. 7, the compact tension specimen
was used throughout, be it for the key curve, elastic unloading compliance (using the
calibration functions of Saxena and Hudak {5]), or the multiple specimen method.

Roller Indentation

To correct for roller indentation in the three-point bend tests, a roller indentation test
was set up with a broken half of a test specimen. The inverse slope of the load-displacement
plot is obtained and used in correcting for extraneous displacements as shown later. If C;
is the inverse slope of the indentation trace (/ = indentation), the correction, in terms of
work done, is

U, = (12)C,P?

(from work done under linear elasticity (1/2 P,, where ¢ = C,P)).
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TABLE 2—Number of crack-length-measurement-based compliance values for Ti(6-2-1-1) three-point
bend specimens.

C/-comp Cf.7 Cf-max Cf.9

mm/kN mm/kN mm/kN mm/kN ColCeomp Crax/Coomp ColCeomp
B, 0.1366 0.1999 0.2706 0.1656 1.46 1.98 1.92
B, 0.0301 0.0333 0.0412 0.0299 1.16 1.37 0.98
B, 0.0269 0.0289 0.0314 0.0267 1.07 1.16 0.99
B, 0.0309 0.0373 0.0761 0.0319 1.2 2.45 1.03

C, is determined to be 3.59 X 10~ kN/mm for Ti(6-2-1-1) with the three-point bend rig
on the Tinius Olsen testing machine. This corrective process is incorporated in the computer
software described in Ref 6. This linear form is described and shown explicitly in Ref 6,
where the initial nonlinear “‘slack” of the setup quickly becomes quite linear, particularly
within the nominal testing loads of the specimens.

Crack Front Curvature Correction

In this section, crack front curvature is studied and an empirically-based solution is pre-
sented to account for this phenomenon in Ti(6-2-1-1). The final objective is the inclusion
in interactive numerical processing of data for on-line, reliable crack length predictions.

Procedure

Three-point bend Ti(6-2-1-1) test specimens of standard (ASTM E 813-81) dimensions
were used throughout this study. The steps taken were as follows:

1. Four test specimens of fatigue precracked depth ratio, a/W = 0.55, were used to obtain
J-R curves for different levels of crack growth. After the test, the four specimens were
heat tinted and broken to two halves. Seven-point and nine-point measurements were
taken across the crack face for both the original (a, ) and final crack lengths (a;,,).
Subscripts 7 and 9 represent the seven- and nine-point average measuring techniques
for the crack length across the crack face. Crack length averages of these measurements
were evaluated. A comprehensive table of these measurements is shown in Table 1.

2. Based on these measurements, inverse compliance equations by Kapp et al. [4] were
used to evaluate what the compliance measurement would have been if 4, a,,, and
a; may Were measured. The inverse mouth-opening compliance equation used was

E'B A(1 — alW)X[3.95 P(SIW)(@W)] = fipamc (a/W) (11)

where fippuc(a/W) = 2.21 — 6.57 (a/W) + 17.9 (a/W)? — 26.6 (a/W)* + 19.9 (a/W)*.
3. These “would be”” compliances, a;,, a4 and a; .., are then normalized with the actual
measured compliance, C; .- Table 2 displays these “would be” compliances and their
respective ratios. A plot of this ratio against Aa/b, is shown in Fig. 8.
4. The values of these curves were then used as data for the curve fitting routine (de-
veloped for the key curve analysis) described in Ref 6.
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The result of the computation yielded fifth order polynomials as

ColComp = 1.002 + 3.497 (Aa/W) — 53.163 (Aa/W)> + 512.9 (Aa/W)?

— 1948.8 (Aa/W)* + 2568.8 (Aa/W)* 12

Conar/ Ceomp = 1.003 + 3.456 (Aa/W) + 23.32 (Aa/W)? — 351.52 (Aa/W)? 13
+ 1717.05 (Aa/W)* — 2682.3 (Aa/W)’

Co/Coomp = 1.000 ~ 0.2335 (Ad/W) + 8.49 (Aa/W)? — 38.71 (Aa/W)? a4

+ 123.72 (Aa/W)* — 136.7 (Aa/W)*

These equations are valid only for titanium alloy Ti(6-2-1-1) and for cases where a,/W is
about 0.56 and 0 < Aa/W < (.3.

Therefore, for similar degrees of shearlip formation, corrective equations such as Eqs 12
through 14 can be used to ‘“‘correct” for curvature by evaluating the chosen (seven- or nine-
point) “would be” compliance from crack extensions (Aa) obtained from the measured
(uncorrected) compliance.

The new compliance is then evaluated using Eqs 12, 13, or 14 that are used for evaluating
the “corrected” crack length by the usual compliance calibration equations. The form of
the ““corrective” Eqs 12 to 14 was considered convenient for the interactive unloading
compliance computer program SULCO, described in Ref 6. Equation 12 is included in
SULCO, and it is used in the calculation routine just described.

A typical crack length-corrected J-R curve for the three-point bend specimen is shown in
Fig. 6. All the versions of J shown in Figs. 6 and 7 are from J,, as defined by ASTM
E 813-81.

Results and Discussion
The Key-Curve Technique

Computation—The entire computational processing was confined to the 32-K microcom-
puter. This capability was made possible by the program datafile linkup system, see Fig. 2,
which essentially discretized the numerical processing. Unlike the single-specimen, com-
pletely computer processed, unloading compliance procedure discussed later, the key-curve
method is a multi-specimen technique and the numerical work is only partially computer
processed.

Recalling Eqs 4 and 5 for the nth step

dl, = [2b/W)F,, — (b/W)X(3F,/d(a/W)),] dA, + [—Z/W > FLdA,
i=1

+4b/W? > (aF,/a(a/W))idA] da,

i=1

and

. - [dP. — (BIW?) OF, 0(A/W) dA,] W
" (b*W) (3F,/a(a/lW)) — 2bF,
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Attention here is directed towards the function, 9F,/3(a/W), values of which are obtained
from Fig. 3. From this figure, it can clearly be seen that F; is a weak function of a/W. This
1s however not surprising as seen when F, is plotted against normalized displacement for
various crack depth ratios in Fig. 4. The strong dependence of the load, P, on displacement
and crack length, as shown in Fig. 5, is weakened, especially for crack length when F| is
introduced, since F; is PW/Bb?; the b? playing a strong normalizing role.

Also, for limited crack extension up to about maximum load, F, is a particularly weak
function of a/W. The weak function of F, against a/W, coupled with the extensive scatter
shown in Fig. 3 provides suspect values of dF,/3(a/W). Also inherent in the analysis is the
assumption that Aga = 0 for all the specimens that could be questioned since crack extension
is known to initiate before maximum load in Ti(6-2-1-1). Therefore, the b values in Eqs 4
and 5 might not entirely be correct, particularly close to maximum load. In light of this
discussion, the repeatability of the continuous key-curve-generated J-R curve shown in Fig.
7 was difficult to obtain when applied to other a/W ratios. Herrera and Landers [7,8] have
recently reported a similar conclusion where a non-growing crack is needed for this type of
analysis in order to justify the initial assumptions of the method. They proposed an individual
calibration curve rather than a ‘““‘universal” one attempted by the F, function, used here.
They suggest a procedure that makes use of experimental results and finite element analyses
to choose a functional form of the calibration curve that is based on separable multiplicative
functions of load, crack length, and displacement.

The comparison shown in Fig. 7 is between compact tension specimens. Both the com-
phance calibration function of Saxena and Hudak [5] and the curvature correction equation
(Eq 12) were applied to these test specimens. The multiple specimen procedure was per-
formed according to ASTM E 813-81. Finally, as seen in the description of ASTM E 813-
81, the key-curve procedure is significantly more difficult to apply than the unloading com-
pliance method.

The Unloading Compliance Technique as Applied to the Three-Point Bend Specimen

Experimentation— This method was considered the most suitable and was consequently
used for the geometry effect study of the J-R curves discussed here. The procedure uses a
single specimen and thus results in considerable savings in material and time when compared
with the multispecimen and key-curve methods. Also, this procedure is wholly computer
interactive, while the other methods are not.

Computation—The integration under the load-displacement plot is fairly accurate to
within 5%, if the proper limits for the integration are obtained, that is, data sample pairs
between successive unloadings. Extraneous displacements are corrected for by subtracting
the indentation work from the actual work done as described earlier. The nonlinearity of
the unloading lines are limited by the extent of unloading and hence the number of data
pairs acquired during unloading. A 10 to 15% unloading is usually sufficient to cause sub-
stantial linearity of the unloading slope. Also, included in the software are steps aimed at
processing the central portion of the unloading line (SULCO, described in Ref 6). These
include a small delay in data acquisition when unloading commences, and the first and last
data pairs are ignored in the least-squares analysis.

Since practical difficulties were envisaged in measuring specimen load-line compliance,
the mouth-opening compliance calibration by Kapp et al. [4] was used and subsequently
incorporated in SULCO, the unloading compliance interactive program.

Crack predictions (using the mouth-opening compliance calibrations by Kapp et al. [4],
and provided the crack front is relatively straight) were generally accurate to within 0.5 mm.
This is usually the case for sidegrooved specimens. For nonsidegrooved specimens, where
crack tunneling occurs, the empirical correction Eqs 12, 13, and 14 appear to correct the
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predicted (effective) crack length to the optically measured crack length. Figure 6 shows a
comparison of predicted, corrected, and measured final crack length (based on the seven-
point average). This seven-point-average correction equation (Eq 12) has also been incor-
porated into SULCO. Therefore, even with nonsidegrooved test specimens, the crack length
predictions could be fairly close to the actual measured crack length if the curvature cor-
rection equations are adopted.

Although the methodology of the procedure described here highlights (see Fig. 6) the
validity of the three-point bend calibration equations of Kapp et al. [4] and other corrections
for crack front curvature and indentation, a similar procedure can be applied to compact
tension specimens. Figure 7 compares the various test methods and the unloading compliance
method using the crack front curvature correction procedure on the compact tension spec-
imens.

Figure 7 shows results on compact tension specimens even though a study of the elastic
unloading compliance method applied to compact tension and three-point bend specimens
showed only a 3 to 7% difference in the J-R curves [6].

Conclusions

The cost, in both time and material terms, will need to be assessed in order to enable the
key-curve method to compete against the unloading compliance method for the generation
of J-R curves. Though the continuous nature of the J-R curve obtained from the key-curve
method is desirable for some critical instability analyses [6], the unloading compliance
procedure is much better suited for most circumstances. Also, the repeatability of these
curves from the key-curve analyses described here was difficult to obtain. Perhaps the similar
“single-specimen-calibration-curve” method described by Herrera and Landes [7,8] will be
developed further in order to increase the confidence of applying the key-curve method to
J-R curve testing.

For the elastic unloading compliance method, once the calibration function is reliable and
corrections for specimen indentation and crack front curvature are made, it is fairly easy to
implement and repeatability is good.
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ABSTRACT: A method to calculate the deformation theory J, J,, which takes into account
the influence of crack growth on J, and a modified version of the J-integral, J,,, to allow a
large relaxation of restrictions on the amount of crack extension and specimen configuration
were proposed by Ernst et al. In this work, simple and nonincremental formulas for Jp, Jy,.
and crack extension, based on the single-specimen key-curve method using blunt U-notched
specimens are proposed. The methods are applied to the determination of J-R curve for three-
point bend type and compact tension type specimens. The accuracy of the methods in the
determination of the J-R curves is discussed, emphasizing the differences between J-R curves
for J, and J,,.

KEY WORDS: J-integral, fracture toughness, J-resistance curve, modified J-integral, key
curve, Jy. test, crack extension, elastic-plastic fracture, test methods

The potential of the J-integral [/] has been demonstrated as a fracture-initiation criterion
in the large-scale plastic yielding range [2]. The J-R curve concept was introduced later to
characterize the stable crack growth resistance of materials in the regime of small amounts
of crack extension [3]. Ernst et al. have proposed a generalized method [4] and a formula
[5] to calculate deformation theory J, J,, which takes into account the influence of crack
growth on J. Because the deformation theory J-R curve is dependent on size and type of
specimens with large amounts of crack extension, a modified version of the J-integral, J,,,
has been introduced by Ernst [6]. However, evaluation of the deformation theory, J,,, and
the modified version, J,,, requires incremental calculations. The procedure to calculate the
value of J,, is shown in ASTM Test Method for Determining J-R Curves (E 1152-87). Joyce
et al. [7] developed the key-curve method to generate the J-R curve from load-displacement
records of a full-size specimen and multiple subsize specimens, following the work of Ernst
et al. [4]. In this work, nonincremental simple formulas for the two types of J-integral, J,,
and J,,, and for crack extension, Aa, are proposed and are applied to the determination of
the J-R curve of three-point bending and compact tension (CT) specimens by the simplified
single-specimen key-curve method.

Theoretical Considerations
Evaluation of Crack Extension
Let us consider the case that the plasticity of a specimen is confined to the uncracked

ligament region and the J-integral of the specimen from a load-displacement record, such
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as Path 1 as shown in Fig. 1, is obtained as [5,8]

J=21| Pds 1)
b Jo
where
P = load per unit net thickness,
8 = displacement,
m = function of a/W or b/W only,
a = crack length,
W = specimen width, and
b = remaining uncracked ligament (= W — a).

In this case, the load-displacement relationship for the simple specimen can be expressed
by the following equation [5]

2 2
P b a ¥ b b 5
LI N T A R L B A 2 2
o) ) - @) e
where F, g, and H are functions of parameters in the parentheses.

The n and g functions for the three-point bend (3PB) specimens with small remaining
ligament are given as [5]

m=2andg =1 3)
Considering paths like Path 2 and Path 3 in Fig. 1, where crack length is constant at the

final value, a, and the initial value, a,, up to the final 8, respectively, physical crack extension
for 3PB is derived as

Aa = b, (1 — V(PIPy)) + Ji{4o) “

®
@ B
®

&

FIG. 1—Schematic P-3 curves.
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where the subscript, 0, denotes being on the Path 3, which has an ability to develop the H
function in Eq 2 [7]. The first term in the right-hand side of Eq 4 corresponding to stable
crack tearing is derived from the ratio of Eq 2 for Path 2 to Path 3 in Fig. 1 by putting
g = 1[9]. The second term in the right-hand side of Eq 4 corresponding to pseudocrack
advance is derived from the equation for crack tip blunting [10] where o, is flow stress, that
is, the average of ultimate tensile strength and yield stress.

Then for the compact tension (CT) specimen [5]

=2 + 0.522(b/W) = 2 + 0.522(1 — a,)(1 — Aalb,), and

g(b/W) = exp(0.522b/W)

exp{0.522(1 — ay)(1 — Aa/b,)} 3)

where o, = a,/W and Aa are the crack extension from Point A to Point B on Path 4 in Fig.
1. Substituting Eq 5 to Eq 2, and taking the ratio of this equation for Path 2 to Path 3 in
Fig. 1

(1 - %‘.> - <§> - exp{0.522(1 — a)Aalby} 6)

0

From Eq 6 and the equation for crack tip blunting, the approximate equation of Aa for CT
specimens is derived as

(1 — \V/PIP,)

= b
A2 = 5o T0261(1 = )PP,

+ Ji(4a)) %)

The foregomg equations are different from the incremental formulas, J = 2 dJ, and
Aa = Xda,, in the originally proposed key-curve method by Joyce et al. [7], where dJ,, and
da, are evaluated using the Ffunction in Eq 2 from the analysis of multiple subsize specimens.

Equation for J,
The deformation theory J-integral for paths like Path 3 to Path 4, where 8 is constant and
crack length grows from a, to current value a, is expressed as [5]

yJ

Jp =Jy — b

da (8)

where J, is J at Point A expressed by Eq 1 with a constant initial crack length, a,. The
function, v, is defined as

y={n—1- (b)Y (Wn)} )

Using Eqs 3 and 5, v is equal to 1 for 3PB specimens and can be approximated for CT
specimens as [5]

vy =1+ 0.76b/W (10)

Equation 8 is approximated in the incremental form as [5]

Jpir1 = Upi + (/b)) A 3 {1 — (¥/b); (aiv, — a,)} (11)



OHTSUKA ON NONJNCREMENTAL EVALUATION OF J-R CURVE 153

where Subscript i indicates functions evaluated at that step. The term A, ., refers to
the area enclosed by the actual 7 — § test record and lines of constant displacement, §;
and §,,,. Equation 11 is used for the evaluation of plastic components of J, in ASTM E
1152-87.

Considering the crack extension, Aa, on Path 4 (from Path 3 to Path 2), the following
inequality is obtained.

vJoAa f @ [~ Yol pla
— > —_— —_—_—
b B <b> da > b (12)

Substituting Eq 12 into Eq 8, the upper and lower bounds of Eq 8 are given as

Jo vAa
1+ vohaib) ~ 2~ J"{l "5 } (13)

The average of the two boundary values thus gives an approximate value of J,, as

Jo 1 yAa
Jn == 1 -
>~ { "1+ vAab, b } (14)
In the case that
{ = by/(yoha) >> 1 (15)

a simple and approximate formula of Eq 14 for the deformation theory, J,, is rewritten as

monf- (5) G 3) a9

Although this is an approximate equation for Jp, it does not require an incremental cal-
culation as in Eq 11.

Equation for Iy

Although Eq 8 correctly evaluates J for crack growth, the value of the deformation theory,
Jp, depends solely on size and type of specimen in the presence of enough crack growth.
Therefore, Ernst proposed a new J-like parameter, the modified J, J,,, that characterizes
the material resistance to crack growth in a way that is independent of specimen size. A
generalized expression for modified J,, is given as {6]

Iy =1Jp + f (ml,,/b)da (17)
al

where J;, is the deformation theory J-integral; J, is a plastic part of the deformation theory,
Jp; and m is generally equal to v in Eq 9. Although J,, has advantages over J,, the evaluation
of the J-R curve uvsing J,, requires numerical integrations.

Similar to Eq 12, the upper and lower bounds of J,, in Eq 17 are given as

J,<Jp + f (—mbi'2> da <7, {1 + ("%”)} (18)
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and

myla
1
JM>JD<1+ 2b0) (19)

By equating m to y and averaging the two boundary values of Eqs 18 and 19, J,, is ap-

proximated as
Aa) (v ¥
= Sl + 7 2
w=sa i+ (5) Go )} 20

Substituting Eq 16 into Eq 20, the following simpler and approximate equation without
numerical integration is introduced.

Aa
Ty =1J, (1 - %7) (21)
0

J,. and Tearing Modulus, T,

Ji. is an engineering estimate of fracture toughness near the onset of slow stable crack
growth, and is defined as the J value at the intersection of a blunting line and the J-R curve
[2]. Referring to the second term of the right-hand side in Eqs 4 and 7 [10], the blunting
line, approximating the crack tip stretch effects, is drawn by the equation that

] = 4o, Aa (22)

where o is the flow stress.

In order to demonstrate the characteristics of crack growth whether in a stable or unstable
manner, Paris et al. [17] introduced a nondimensional quantity called the tearing modulus,
T, that has the form

IS

Ty = (23)

Sl

where E is the elastic modulus. The value of T,, is evaluated using the J-R curve of the
material for the previously mentioned J,, J,, or J,,.

Experimental Procedure

In order to compare the approximate formulas for the deformation theory, J,, and the
modified J,, with the original ones, static fracture toughness tests were conducted.

Test for Bending Specimens

The test material was ASTM AS508-Cl.3 steel. The chemical compositions and the me-
chanical properties are listed in Tables 1 and 2. The test specimens were blunt U-notched
or fatigue precracked Charpy type and 3PB type with 40% side grooves, as are shown in
f}g_. 2. The maximum stress intensity factor of the fatigue cycle was less than 18.6 MPa

m.
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TABLE 1— Chemical compositions of materials.

Material C Si Mn P S Cu Ni Cr Mo
AS508 0.17 0.32 1.37 0.003 0.002 0.02 0.67 0.16 0.54
A533B 0.20 0.28 1.46 0.020 0.013 0.16 0.61 0.14 0.51

TABLE 2— Mechanical properties of materials.

Yield Tensile Flow
Strength, Strength, Stress, Elongation, Reduction
Material MPa MPa MPa % of Area, %
AS508 464 616 540 24.5 71.9
A533B 480 632 556 27.7 65.2
45° .
N ‘(‘7 LY
o o I:>o.25R o ;>025R
N
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N <
*f=—02 =10
e : 9] o.sR
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0 l[«25
& .
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0
225
(c)
(a) Fatigue precracked Charpy specimen.
(b) U-notched Charpy specimen.

(c) Fatigue precracked or U-notched three-point bend specimen.

FIG. 2— Geometry of test specimens for A508 steel. (Dimensions in mm.)
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The Jp. test, using a multiple-specimen method, was conducted at 100°C, referring to
ASTM Test Method for Ji., a Measure of Fracture Toughness (E 813-86) and JSME Test
(S 001-1981) [10]. The loading spans of the Charpy and 3PB specimens were 40 and 200
mm, respectively. The load and crosshead displacement were recorded during the test.

The J-R curves by the multiple-specimen fractography method [10] were obtained from
the relationship between the J-integrals, calculated by Eq 1, and crack extension, Aa. The
crack extension was measured by scanning electron microscopic observation of the fracture
surface as the average value at nine equally spaced points through the specimen thickness.

On the other hand, the J-R curve was obtained by the single-specimen key-curve method.
The procedure is as follows. Denoting subscripts f and u as being fatigue precracked and
U-notched specimens, respectively, the P-8 curves of the two specimens are then super-
imposed. When the dimension of the two specimens does not coincide with each other, the
latter curve, which is assumed to be Path 3 in Fig. 1, is converted from Eq 2 by

8 =23, W/W, (24)
2
- (5 (=)
W, 1-a,

where @, = a4,/W, and o, = a,/W,. The J-integrals at any displacement level of the fatigue-
cracked specimen are calculated by the corresponding equations, using the P, — &, rela-
tionship on Path 1 and the P, — 8, relationship on Path 3 in Fig. 1. Namely, the H function
in Eq 2 is evaluated by the P, — 8, record of a single blunt U-notched specimen. Then the
Jo is obtained by Eq 1, and the J, by Eqs 11 or 16, the J,, by Eqs 17, 20, or 21. The
corresponding crack extension, Aa, is calculated by Eq 4.

Test for CT Specimens

The material tested was ASTM AS533B-Cl.1 steel and the chemical compositions and the
mechanical properties are listed in Tables 1 and 2. Some of the material were subjected to
thermal aging by heating for 36 days at 400 or 500°C. The blunt U-notched or fatigue
precracked CT specimens with 20% side grooves, shown in Fig. 3, were used. The maximum
stress intensity factor of the fatigue cycle was less than 18.6 MPa Vm.

The single-specimen key-curve test, followed by the previously mentioned procedure, was
conducted at room temperature for the CT specimens. The J-R curves were determined
from the relationship between the J-integral, calculated by Eqs 1, 11, 16, 20, or 21, and the
corresponding crack extension Aa by Eq 7.

For comparison, the unloading compliance J test using single specimen was conducted
at room temperature. The test procedure was referred to ASTM E 1152-87 except for the
calculation of the J-integral in accordance to ASTM E 813-86.

Experimental Results and Discussion
Results of Bending Specimens

Figure 4 compares J-R curves of 3PB specimens of A508 steel at 100°C that were deter-
mined from the multiple-specimen fractography method and the singile-specimen key-curve
method. The values of the J-integral in the figure are calculated by Eq 1. The comparison
of the Charpy-type and 3PB specimens is also shown in the same figure.

The fatigue cracked specimens in Fig. 4 were loaded beyond the maximum load of the
U-notched specimen, where the key-curve method cannot be applied due to the occurrence
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(a) Fatigue precracked compact tension specimen.

(b) U-notched compact tension specimen.
FIG. 3—Geometry of test specimens for A533B steel. (Dimensions in mm.)
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FIG. 4—Comparison of 1,-R curves, obtained by the multiple-specimen fractography method and the
single-specimen key-curve method, for the 3PB specimen and the Charpy specimen of A508 steel, tested

at 100°C.
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of crack extension in the U-notched specimen. Therefore, the direct comparison of Eq 4
with the final measured Aa done optically could not be made for AS0§ steel. However, as
there is little difference between the results of the multiple-specimen fractography method
and the single-specimen key-curve method in Fig. 4, the key-curve method, using a U-
notched specimen and nonincremental Eq 4 for Aa, is considered to be effective regardless
of specimen geometry.

Results of CT Specimens

Figures S through 7 compare J-R curves of CT specimens of as-received and thermal-aged
materials, respectively, of A533B steel at room temperature. In these figures, the circles
indicate the J-R curve determined from the unloading compliance method, while the triangles
and squares are from the key-curve method corresponding to crack extension, calculated
by Eqs 4 and 7, respectively. The values of J-integral in the figures are calculated by Eq 1.

Solid symbols in Figs. 6 and 7 indicate the optically measured final crack extension. It is
seen in Figs. 6 and 7 that the estimated final Aa by Eq 7 in the key-curve method has smaller
error than by the unloading compliance method. The fatigue cracked specimen in Fig. 5
was loaded beyond the maximum load of the U-notched specimen, where the key-curve
method cannot be applied due to the occurrence of crack extension in the U-notched
specimen. Therefore, the direct comparison of Eq 7 with optically measured Aa could not
be made for the case of Fig. S.

1500 I
AS532ZB (as—received) o la
o— A"
oA
D,DZ/A
o A" 5
1000 | oo — 5= o)
S ny O/O/O/
: g
’ |
7/

500 “_— O Unloading compliance method —
A Key—curve method ,
(Eq 4 for 3PB)
0O Key—curve method
- (Eq 7 for CT)

. S B N

0 1 2 3 4
Aa, mm

FIG. 5—Comparison of J,-R curves, obtained by the single-specimen unloading compliance method
and the single-specimen key-curve method, tested at room temperature. The specimen is CT type of as-
received A533B steel.
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FIG. 6— Comparison of J»-R curves, obtained by the single-specimen unloading compliance method
and the single-specimen key-curve method, tested at room temperature. The specimen is CT type of A533B

steel, thermal aged at 400°C for 36 days.
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FIG. 7—Comparison of J,-R curves, obtained by the single-specimen unloading compliance method
and the single-specimen key-curve method, tested at room temperature. The specimen is CT type of A533B

steel, thermal aged at 500°C for 36 days.
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TABLE 3— Comparison of J,, and Ty, of A533B steel.

Reference
Material Fig. No. Method Jie, KN/m Ty
As-received 5 ucCe 320 185
KC? 150 263
Thermal aged at 400°C 6 ucC 220 301
KC 90 251
Thermal aged at 500°C 7 UucC 70 254
KC 75 254

“UC = unloading compliance method, ?’KC = key-curve method.

Figures 5 and 6 show some differences between the J-R curves determined from the
unloading compliance method and the key-curve method, where little difference is seen
between them in Fig. 7. Due to the limited number of specimens, the comparison with the
J-R curves, determined from the multiple-specimen method, has not been conducted for

the material.

Equation 7 for the calculation of crack extension of CT specimens resulted in slightly
higher gradient of J-R curves in Figs. 5 through 7 than that by the simpler Eq 5 for 3PB

® J (Eq 20)

X: Charpy type
Others: 3PB type

| m Jy (Eq 21)
1500= A yp (Eq M

Js KN/m

500 |— 1

A508

0 2 4
Aa. mm

6

8

10

FIG. 8—Comparison of J-R curves, obtained by different formulas on the deformation theory, I,
and the modified I,,. The material is A508 steel and the test was conducted by the single-specimen key-
curve method at 100°C. The X marks denote the result of the Charpy specimens, and the others the 3PB

specimens.
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1500 -
g Jp (Eq 16)
A Jp (Eq 1)
1000
c 3
> &
< <
. I <
S >
500
A533B
(as—received)
1 i 1 1 1
0 1 2 3 4

Aa. mm

FIG. 9—Comparison of J-R curves, obtained by different formulas on the deformation theory, Jp,
and the modified J,. The material is as-received A533B steel and the test was conducted by the single-
specimen key-curve method at room temperature.

specimens. The comparison of the values of J;, and the tearing modulus T, in Eq 23 at the
initial part of J-R curves is summarized in Table 3. It is seen in Table 3 that the results of
the key-curve method indicate more clearly the decrease of J;. and T, due to the thermal
aging than the unloading compliance method.

Jo-R and J\-R Curves

Figures 8 and 9 compare the deformation theory J,-R curves, calculated by the ASTM
incremental formula of Eq 11, with those, calculated by the simple approximate formula,
of Eq 16. Since little difference is seen in the results obtained by the two equations, it is
found that if J, on Path 3 in Fig. 1 with the absence of crack growth is estimated using the
U-notched specimen, then the deformation theory J-integral is directly evaluated by Eq 16,
instead of making incremental calculations shown in the ASTM E 1152-87.

Also, Figs. 8 and 9 indicate the comparison of the modified J,-R curves, calculated by
Eq 21 in the same test conditions, with those calculated by Eq 17, into which the value of
the deformation theory, J,,, from Eq 11 is substituted. These two curves in the two figures
coincide well with each other. Therefore, it is shown that the modified J-integral, J,,, for
the determination of J-R curve can be evaluated simply and accurately by Eq 21, and without
incremental calculations of Eq 11 and numerical integration of Eq 17. When Aa is large and
Eq 15 is not satisfied, substitution of Eq 14 to J, in Eq 20 improves the accuracy of J,,, as
is shown in Fig. 8.

The limiting condition of Eq 15 for the approximate J, Eq 16 is evaluated from the
deviation point of J,-R curves from J,,-R curves in Figs. 8 and 9 as { = 10 ~ 15. In the
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same way, the limiting condition of Eq 15 for the approximate J,, Eq 21 is evaluated from
the deviation point of different J,,-R curves in Fig. 8 as { = 4.

Figures 8 and 9 indicate that the deformation theory J,-R curve tends to have a maximum
value, while the modified J,,-R curve has a tendency to be saturated as Aa increases. This
suggests the importance of the modified J-integral in the presence of a significant amount
of crack extension.

Conclusions

Simple and nonincremental formulas for the evaluation of the J-R curve based on the
deformation theory J-integral, J,,, and the modified version of J-integral, J,,, and the sim-
plified key-curve method using a pair of blunt U-notched and fatigue cracked specimens
have been proposed. The J-R curves, determined from the key-curve method, have shown
sufficient accuracy of the proposed formulas and methods well beyond the J-controlled crack
growth regime, regardless of size and type of specimens and materials. The decrease of J;.
and the tearing modulus, T,,, due to thermal aging was more obvious in the key-curve
method than in the unloading compliance method. The difference of the J-R curves between
J, and J,, indicates the importance of the modified J-integral in the presence of a significant
crack extension.
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ABSTRACT: The direct-current electric potential (d-c EP) method is receiving increasing
attention as an alternative to the unloading compliance method for monitoring crack initiation
and growth during fracture toughness testing of ductile metals. Advantages of the d-c EP
method include uninterrupted tests, continuous monitoring of crack extension, ability to ac-
curately measure relatively large amounts of crack growth, and ability to be used at high
displacement rates in many materials. The principal shortcoming of the d-c EP method (as
with most other methods) is the uncertainty in defining the point of crack initiation in some
tests.

This paper describes Battelle’s experience in using the d-c EP method to monitor crack
initiation and growth in compact (tension) specimens machined from various pipes used in
cooling systems of nuclear reactors. Among the materials investigated are carbon steel pipes
(base metal and weld metal) and extremely ductile austenitic stainless steel pipes (base metal
and weld metal). Discussed in the paper are: (1) estimation of the crack-initiation point from
d-c EP data, (2) ability of the d-c EP method to accurately predict large amounts of crack
growth in highly ductile metals, (3) modification of the Johnson equation to improve the
accuracy of the d-c EP method for large crack growth, and (4) use of the d-c EP method at
high displacement rates,

KEY WORDS: electric potential method, crack initiation, crack growth

Background

Ever since the introduction of the J-integral into fracture mechanics terminology in the
1970s, there has been a strong need to be able to monitor crack extension in fracture-
mechanics specimens. Such a need did not exist for measurement of K., the plane-strain
fracture toughness, because K| is strictly a crack-initiation parameter which is derived from
the interpretation of a simple load-displacement record. J,. while also a crack-initiation
parameter, require that crack growth data be obtained and extrapolated back to a small
amount of growth to determine the crack-initiation point. Finally, J-resistance curves, which
show how J changes with changing crack length, obviously require that crack-growth data
be obtained.

The very first J-testing standard [Standard Method for J,., A Measure of Fracture Tough-
ness (ASTM E 813-81)] recommended that crack growth be determined by testing a number
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of specimens to different amount of displacement, marking the final crack front by heat
tinting or fatigue, breaking the specimen open to reveal the fracture surface, and measuring
the crack growth directly from the fracture surface with a traveling microscope. Clearly,
this is a nearly fool-proof method for determining crack extension at a specific point in a
test and one that is still used in some laboratories. It required a minimum of sophistication
in either equipment or procedures. However, because the method, usually called the mul-
tiple-specimen method, was slow and laborious, interest quickly developed in other methods
that would permit obtaining J versus crack extension data from a test on a single specimen.
The single-specimen method that has become most popular is referred to as the unloading
compliance method [7]. In that method a compact or bend specimen is partially unloaded
at frequent intervals during a test, and the crack length at each unloading point is computed
from the known compliance relation for the particular specimen type.

Another single-specimen method that is receiving increasing attention for monitoring
stable crack extension in fracture-mechanics testing measures the electric potential at the
crack mouth as a constant electric current is passed through the specimen [2-15]. The
method is referred to as the electric potential method or the potential drop method. When
the appropriate calibration is applied to the data, the change in potential can be used to
indicate the change in crack length.

The electric potential method has several obvious advantages over the unloading com-
pliance method. It permits tests to be conducted without interrupting for unloadings. It
permits continuous, rather than intermittent, monitoring of crack extension, and it permits
use of high displacement rates. In spite of these advantages, however, no standard method
has yet been developed for incorporating the electric potential method in J,. or J-R curve
testing.

In a recently completed program conducted for the United States Nuclear Regulatory
Commission, Battelle employed the direct-current electric potential (d-c EP) method for
determining crack extension during tests using compact specimens machined from coolant
pipes of the type used in nuclear reactor systems. The impetus for using that method came
largely from work reported by Johnson [3] and Schwalbe and Hellman [7]. Of particular
importance to the Battelle study was the demonstration in Ref 7 that a single calibration
equation, the so-called Johnson equation, could be used in tests on all compact specimens,
independent of specimen material, specimen dimensions, test temperature, or current. The
calibration formula is, from Ref 7

cosh (mwy/2w)

= 2w/ -1
a = (2wim) cos cosh {(U/U,) cosh~! [cosh (wy/2w)/cos(wa,/2w)]} @

a = crack length,
a, = original crack length,
specimen width,
2y = the spacing of the potential probes (Fig. 1), and
UlU, = the ratio of electric potential at a particular point in the test to that at the start
of stable crack growth.

=
il

An added advantage of this formula is that precise placement of the potential probes is
not necessary, so long as the actual value of 2y is included in Eq 1.

This paper describes Battelle’s experience in using the d-c EP method and Eq 1 to monitor
crack initiation and growth in C(T) specimens machined from nuclear-grade pipes of both



LANDOW AND MARSCHALL ON DUCTILE METALS 165

carbon steels and austenitic stainless steels, and including both base metals and weld metals.
The data generated in these tests were used in the analysis of the experimental pipe rupture
tests, where large amounts of stable crack growth can be obtained. For this reason many
of the compact-specimen tests were extended beyond the limits covered by ASTM E 813,
so that the displacement of the potential probes had to be taken into account when evaluating
Eq 1.

Experimental Procedures

The experimental setup used at Battelle for monitoring crack extension in C(T) tests is
shown in Fig. 1. The attachment points for the current leads at Locations A and B have
been shown by Schwalbe and Hellman [7] to give results that are in good agreement with
the Johnson Eq 1.

A Welded Connector
l/
.

A

Constant
ol ¢ Direct-

2y Current Source
. kS ]
D 0 3o

W2 —

High Gain-
Wide Bandwidth
Amplifier

X-Y-Y Recorder

\/

Computer With
Data Acquisition

FIG. 1—Schematic illustration of direct-current electric potential method used at Battelle to monitor
crack extension.
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The potential leads were spark-welded to the specimens across the notch mouth at Lo-
cations C and D. These leads were iron wires in the case of carbon steel specimens, and
Type 304 stainless steel wires in the case of stainless steel specimens, to minimize thermal
electromotive force voltage that can arise when dissimilar metals are in contact. As can be
seen in the edge-on-view in Fig. 1, Location C was near one side of the specimen and
Location D near the other side, in an attempt to detect average crack length in those cases
where the crack front was not straight.

At the start of a test, the current was adjusted to provide a potential of approximately
400 to 500 nV across the potential leads. That level of potential was achieved readily with
available power supplies and gave a reasonable ratio of signal to noise. The magnitude of
the direct current required to achieve that potential depended on the specimen material,
specimen size, and test temperature. The gain setting used in the Ectron amplifier was 1000
with no filtering of the signal through the amplifer.

Several different testing machines were used in the program because of the variety of
compact-specimen sizes tested. Sizes ranged from 0.4 T planform dimensions by 5 mm (0.2
in.) thick to 10 T by 25.4 mm (1 in.) thick. In each testing machine, a current path through
the load train was prevented by insulating the load cell from the machine. This insulation
was accomplished by placing a thin, nonconducting ring between the load cell and the
stationary crosshead of the machine and securing the load cell with nylon bolts.

During a J-R curve test on a C(T) specimen, the electric potential, U, was monitored in
two ways. A continuous record of U versus load-line displacement, V|, was obtained on
an X-Y-Y recorder, and U versus V; readings were recorded every 4 s using a computer
equipped with an acquisition board. The test was terminated when the crack had grown to
a length of approximately 50 to 70% of the original ligament.

Analysis of d-¢c EP Data to Estimate the Point of Crack Initiation

In analyzing d-c EP data to estimate the point at which a crack initiates from the original
fatigue precrack, we first examine the curve of U versus V, in the manner suggested many
years ago by Lowes and Fearnehough [4], and subsequently confirmed by Wilkowski et al.
[9,13] and Vassilaros and Hackett [10]. Those investigators reported that the U versus V|
curve showed an initial portion in which U rose linearly with V,, after which U began to
rise more steeply. The point at which the curve departed from a straight line was shown to
be a good approximation of the point of crack initiation. An example of such a graph is
shown in the middle diagram of Fig. 2, which is an actual test record for a C(T) specimen
tested in the Degraded Piping Program. Notice that the estimated crack initiation Point, /,
lies at a reasonable location on the upper diagram in Fig. 2, that is, beyond the point of
departure from linear-elastic behavior and below the maximum-load point. At Battelle, in
addition to examining the U versus V,, graph, we examine also a graph of load versus U
(bottom diagram in Fig. 2) to look for a distinct slope change that will confirm the selection
of Point I as a good estimate of the crack initiation point [1].

Another example of actual test data from a C(T) specimen in the Degraded Piping Program
is shown in Fig. 3. In that test, the U versus V,, graph (middle diagram) does not show as
distinct a deviation from linearity as in Fig. 2. In fact, three different points—A, B, and
C—appear about equally credible as crack initiation points. In cases like this, we examine
the load versus U graph (lower diagram) for points of slope change and use engineering
judgment to select the most probable point of crack initiation, making certain that it lies at
a reasonable location on the load-displacement curve (upper diagram), that is, beyond the
linear elastic part of the curve and prior to maximum load. For the data shown in Fig. 3,
Point B was selected as the most probable point of crack initiation. As discussed in Ref 14,
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FIG. 2— Load/displacement/d-c EP data for ASTM A351, Grade CF8M stainless steel C(T) specimen
to illustrate determination of crack initiation Point, 1. Specimen was 1.5 T planform size; thickness was
23.9 mm (0.94 in.).

the J at initiation is very sensitive to the selection of the crack initiation point on the load-
displacement curve.

The overall accuracy with which the point of crack initiation was determined from d-c
EP data in the C(T) tests conducted at Battelle was not established. A few tests conducted
early in the program were terminated at displacements on either side of the anticipated
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crack initiation point, as estimated from d-c EP measurements. When the specimens were
heat tinted and broken open, the results confirmed the findings of Refs 4, 9, 10, and 13,
namely, that the point of departure from linearity of the U versus V; curve provides a
good estimate of crack initiation.

Analysis of d-c EP Data to Estimate Crack Extension

The method employed at Battelle to estimate the amount of crack extension uses the
d-c EP data in conjunction with the Johnson equation (Eq 1). After we have estimated the
point of crack initiation (see previous section), we set the value of d-c EP at that point equal
to U,. We calculate values of crack length beyond initiation by inserting appropriate values
for U, a,, y, and w in Eq 1. Rather than using a constant value for y (half the potential-
probe spacing) in Eq 1, we allow the value of y to increase in proportion to the displacement
because our work has shown that this slight modification to Eq 1 provides a more accurate
estimate of the actual crack extension [15]. In Ref 15, the intermediate crack lengths were
marked by unloading the specimen by approximately 90% during the testing of the specimen,
and post-test crack measurements were made after the specimen was broken open. Figure
4 shows the excellent agreement obtained between calculated and actual crack extensions
when that modification was employed in a highly ductile Type 304 stainless steel C(T)
specimen. Without that modification, Eq 1 seriously underestimated the actual crack growth,
as is shown in Fig. 4.

Other methods that have been employed to determine crack extension from d-c electric
potential data include: (1) empirically derived equations from experimental specimens using
saw cut notches of different depths and (2) linear interpolation methods. The weakness of
the empirical, saw-cut method is that a new calibration is required whenever specimen
dimensions or specimen configuration are changed. Also, for specimens that exhibit extensive
plastic deformation during testing, the method using empirical equations from saw-cut spec-
imens does not adequately account for the increase in the measured potential from plastic
deformation.
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FIG. 3—Load/displacement/d-c EP data for an ASTM A333 Grade 6 C(T) specimen to illustrate
several possible indications of crack initiation at Points A, B, and C. Specimen was I T planform size;
thickness was 12.2 mm (0.48 in.); 20% side grooved.

Linear interpolation methods would appear to be well suited to accurate estimation of
crack extension because they are forced to provide correct answers at the beginning and
end of crack growth and they are self-calibrating for each specimen. A linear interpolation
method, described by Hollstein et al. [16], is shown schematically in Fig. 5. To calculate
the amount of crack extension, Aa, at any point in the test, simply multiply AU/U; by the
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FIG. 5—Illustration showing how the linear interpolation method in Ref 16 was used. Note: curve
shown is EP/displacement record of test used in comparison shown in Fig. 4.

actual total crack extension, Aa,, measured at the end of the test
Aa = (AU/U;) Aay 2)

When we applied this method to the d-c EP data from Ref 15, we found that the agreement
between calculated and actual crack growth was relatively poor, except at the end points
of the test (see Fig. 4 and Table 1). At all intermediate points in the test, the linear
interpolation method underestimated the actual crack extension. It is possible that the
agreement would have been significantly better if the total crack extension had been smaller,
say 10% of the original ligament rather than about 65% because of the nonlinearity of the
a versus U relationship.

Battelle Experience in Estimating Crack Extension

In tests at Battelle, the modified Johnson equation has been used in determining crack
extension for several different sizes and thicknesses of C(T) specimens and for crack growth
during the test of about 50 to 70% of the initial ligament. Figure 6 and Table 2 illustrate
the degree of agreement between predicted and actual crack growth at the end of a test for
both ferritic steels and austenitic stainless steels, the majority of which were tested at 288°C
(550°F). In over 40% of the tests the calculated crack extension was within *5% of the
measured crack extensions, and in 88% of the tests, calculated crack extensions were within
+15% of the measured crack extensions. The average difference between calculated and
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TABLE 1—Comparison of measured crack extensions with crack extensions calculated from
Johnson equation.
Type 304 stainless steel.
22°C (72°F).
3T Planform-size compact specimen,
B =254 mm (1 in.),

Material:
Temperature:
Specimen type:

W = 152.4 mm (6 in.), and
ay = 80.11 mm (3.154) in.).
Potential probe location: C-D in Fig. 1.

Calculated Crack Extension, mm (in.), and Percentage Error

Measured
Unloading  Extension, Modified Johnson Linear Interpolation
Number mm (in.) Johnson Equation Equation (Ref 16)

1 0.000 (0.000)  0.00 (0.000) 0.0%  0.00 (0.000) 0.0% 0.00 (0.000) 0.0%
2 1.88 (0.074) 1.42 (0.056) —24.3%  1.83 (0.072) —2.7%  0.69 (0.0271) —63.4%
3 5.54 (0.218) 4.60(0.181) —17.0% 5.33(0.210) —3.7%  2.41(0.095) —56.4%
4 12.60 (0.496) 10.19 (0.401) —19.2% 11.96 (0.471) —5.0%  7.95 (0.313) -36.9%
5 18.16 (0.715) 14.73 (0.580) —18.9% 17.58 (0.692) —3.2% 12.34 (0.486) —32.0%
6 22.99 (0.905) 18.92 (0.745) —17.7% 22.91(0.902) —0.3% 17.27 (0.680) —24.9%
7 28.50 (1.122) 23.67 (0.932) —16.9% 28.91(1.138) +1.4% 23.47(0.924) —17.7%
8 3541 (1.394) 29.39 (1.157) —17.0% 36.17 (1.424) +2.2% 31.08 (1.252) —10.2%

9 41.94 (1.651) 34.70(1.366) —17.6% 43.33 (1.706) +3.3% 39.73 (1.564) —5.3%

10 48.97 (1.928) 40.01 (1.575) —18.3% 50.37 (1.983) +2.9% 48.97(1.928)  0.0%

actual final crack extension was 7.7%, with a standard deviation of 6.3%. Austenitic steel
specimens, which exhibited greater crack-opening displacements and greater lateral con-
traction ahead of the crack than did ferritic specimens, showed performance results that
were approximately the same as those for ferritic steel specimens.

Figure 6 also shows that the calculated crack length was generally slightly less than the
measured crack length, especially for the ferritic steels. That result was unexpected; it had
been anticipated that d-c EP values might overestimate crack extension because both plastic
deformation and ligament contraction ahead of the crack would cause d-c EP values to be
raised beyond those due to increased crack length. Also not clear is the reason for the
relatively poor agreement (>15% error) between calculated and actual crack extension in
about 12% of the tests. The tests in which poor agreement was observed were nominally
identical to those in which agreement was good, and nothing unusual was observed in the
d-c EP data.

In another group of tests conducted at Battelle as part of a U.S. Nuclear Regulatory
Commission (NRC) sponsored round-robin program, excellent agreement between calcu-
lated and measured crack extension was obtained using the modified Johnson equation.
Tests on three A106 Grade B steels and three aluminum-alloy 1 T C(T) specimens showed
average errors of 2.7% with a standard deviation of 1.9%. Crack growth in those tests
ranged from 36 to 50% of the original ligament.

Use of d-c Electric Potential in Rapid Rate Loading Tests

Another advantage of the d-c electric potential technique over the unloading compliance
technique is that for many materials stable crack extension can be monitored during rapid-
rate-loading (high-displacement-rate) tests. Tests have been performed at Battelle on both
ferritic steels and austenitic stainless steel C(T) specimens at displacement rates that were
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TABLE 2—Ability of d-c EP method to estimate total crack extension in J-R curve tests of
compact specimens.
(Number of results examined: 60 carbon steel and 47 stainless steel)

Percentage of Results Showing Indicated
Difference Between Calculated and Actual
Crack Extension

Material +5% max +10% max *+15% max
Carbon steel 37 70 92
Stainless steel 45 72 83

Combined carbon steel and stainless steel 40 71 88
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selected to reach crack initiation in approximately 0.2 s. No problems were encountered in
using the d-c EP method in rapid loading tests on the austenitic stainless steel specimens.
However, we did encounter problems with the d-c electric potential technique in the de-
termination of crack initiation for the ferritic steels specimens. The major problem en-
countered was that of a rapid-loading voltage pulse superimposed on the d-c electric potential
signal. The problem is illustrated by the test data shown in Fig. 7 for a specimen in which
the d-c EP value at the start of the test was approximately 400 pV, a value that we typically
use in quasi-static (low-displacement-rate) tests. Notice that the voltage pulse makes it
virtually impossible to use the d-c EP data for detecting crack initiation and the early stages
of crack growth.

Several rapid-loading tests were performed on a 0.5 T C(T) carbon-steel specimen to
determine the source of the voltage pulse. The tests were performed on notched specimens
with no applied current through the specimen. Figure 8 shows the electric potential signal
recorded in a test specimen that was loaded rapidly to produce a relatively large amount of
stable crack extension. This result suggests that the voltage pulse can be attributed to the
ferromagnetic properties of the ferritic steel, probably due to the sudden reorientation of
ferromagnetic domains when stress is applied rapidly. In a number of tests where the electric
potential signal was measured with no applied current through the specimen, the maximum
level of the voltage pulse varied among tests, but in some cases exceeded 150 LV for the
0.5 T C(T) specimens being tested. Recall that in our usual static-test procedure, the current
was initially set so that the starting potential was 400 to 500 wV; hence, a 150 WV pulse is
highly significant.

Several schemes for reducing the magnitude of the pulse were attempted without success.
One approach that provided some help in minimizing the effect of the pulse without changing
the pulse magnitude was to increase the current through the specimen to produce a signif-
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FIG. 7—Appearance of a voltage pulse in the d-c electric potential signal during testing of a ferritic
steel C(T) specimen at a high displacement rate.
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icantly higher starting value of d-c EP. Figure 8 shows the test record of a 0.5 T C(T)
specimen in which the potential at the start of the test was 2340 pV rather than the usual
400 V. Notice the almost complete absence of a voltage pulse at the start of loading. Based
on this result, it would appear that use of a sufficiently high applied current through the
ferromagnetic test specimen will minimize the effect of the rapid-loading pulse. This solution
is not foolproof, however. For example, if larger specimens or higher rates of loading are
used, the voltage pulse could be much more pronounced. If its effect on the electric potential
data is to be minimized by the procedure described here, the applied current may have to
be so large as to be impractical.

Discussion

The findings reported here confirm that the direct-current electric potential method is a
sound, practical procedure for single-specimen J-R curve testing. In most cases, it provides
a reasonable estimate of the crack initiation point and a good estimate of the amount of
crack extension. For nonferromagnetic materials, it can be used in rapid-rate loading as well
as in slow-rate loading tests. Under certain, limited conditions, it also can be used for testing
ferromagnetic materials at high displacement rates.

Of the two parameters estimated from d-c EP data, the crack initiation point remains
more difficult to determine with confidence than does the amount of crack growth. Even
the amount of crack growth, however, is not always determined with the degree of accuracy
desired, for reasons that are not known but which may be related to specimen lateral
contraction ahead of the crack, specimen lateral expansion at the back edge, and general
yielding.

An ongoing need exists to develop appropriate standards for using the electric potential
procedure, both with respect to conducting the tests and interpreting the data. An effort to
develop such standards is underway within the ASTM.
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ABSTRACT: The authors have previously shown that the cracks in compact tension specimen
fabricated from AS533B steel, HYS80 steel, A710 steel, and CS19 aluminum extended at limit
load. The present study examines the deformation behavior of C(T) specimens. The approach
consists of deriving an equation for the plastic rotation factor, proposing an empirical equation
for the plastic CTOD R-curve, and presenting the procedures for predicting the load versus
load-line displacement curve with the plastic CTOD R-curve and limit load solution. The
results obtained in this study lead to three important observations. First, many specimens that
were reported by previous investigators to have failed in elastic-plastic fracture actually failed
in plastic fracture. Second, a parameter based on plastic deformations at the crack tip, such
as plastic CTOD, may better characterize the resistance to crack extension in plastic fracture.
Third, for the fully plastic range of fracture behavior, the curve of load versus load-line
displacement can be predicted knowing two material properties, the flow stress and the plastic
CTOD R-curve.

KEY WORDS: plastic fracture, limit load, compact tension specimen, crack tip opening dis-
placement, plastic rotation factor, CTOD R-curve

The fracture of a cracked body can be broadly characterized as being elastic, elastic-
plastic, or plastic. In elastic fracture the size of the plastic zone at the crack tip is much
smaller than the crack length or the dimensions of the body, the remote strains are smaller
than the yield strain, and the work of plastic flow at the crack tip is negligible. The onset
of crack extension in elastic fracture is characterized by the crack tip singularity parameters,
G or K, of linear-elastic fracture mechanics (LEFM).

In elastic-plastic fracture the plastic zone is large but still surrounded by an elastic stress
field, the remote strains may approach the yield strain, and the work of plastic flow near
the crack tip is small in comparison with the reversible elastic strain energy and of the same
order of magnitude as the irreversible work of fracture. The onset of crack extension in
elastic-plastic fracture is controlled by the crack-tip singularity parameter, J, of elastic-plastic
fracture mechanics (EPFM).

In plastic fracture the plastic zone is spread out along the entire length of the net ligament
from the crack tip to the back face of the specimen, the remote strains exceed the yield
strain, and the work of remote plastic flow is larger than the reversible elastic strain energy
and the irreversible work of fracture. The writers believe that under these conditions of
plastic fracture the load-carrying capacity of the specimen can be determined from a limit
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load calculation. The two specimen halves rotate about the plastic hinge. The degree of
hinge rotation is related to crack extension and depends on the ductility of the material.
Crack extension is likely governed by a crack tip deformation parameter such as the local
strain, displacement, or rotation angle.

Plastic fracture analysis has been largely ignored in previous work. Yet, the plastic limit
load of a test specimen should be calculated and compared with the applied load to determine
whether the fracture is elastic-plastic or plastic. In a first step towards determining whether
a specimen fails in plastic fracture, Hu et al. [I] reviewed limit load solutions reported in
the literature for compact tension [C(T)] specimen, modified these solutions as needed, and
then compared them with measured load versus crack extension behavior for different
specimen sizes, initial crack lengths, and types of metals. It was found that load carrying
capacities of these spcimens are determined by limit load. This paper extends the load
analysis to the investigation of deformation behavior. For A533B and HY80 steels, the load-
line displacement (LLD) as a measure of global deformation will be investigated, the plastic
crack tip opening displacement, CTOD,, versus crack extension (plastic CTOD R-curve)
as a local characterization parameter will be calculated, and a procedure to predict the load
versus load-line displacement curves based on the plastic CTOD R-curve and limit load
solution will be presented. The plastic CTOD R-curves for various other metals will be
investigated also in this paper. The paper will first review the work on limit load analysis,
derive plastic rotation factor, then calculate plastic CTOD R-curve, and use it to predict
load versus load-line displacement curve.

Limit Load

Green [2], and Green and Hundy [3] derived the limit moment for a bending bar with a
wedge-like notch. The limit moment was calculated from the equations of equilibrium
between the applied external moment and the resisting internal moment produced by the
shear and normal stresses acting along circular-linear slip lines.

Beginning with Green’s solution for a wedge angle approaching zero and assuming the
circular-linear slip lines shown in Fig. 1, Hu et al. [1] derived the limit load for the compact
tension C(T) specimen subjected to the combined effects of tension and bending on the
uncracked ligament. The equations of force and moment equilibrium yielded expressions
for the limit load

2 R a
P, = 7§ WB00(2.572 W—a 1)(1 - W) (1)

and the radius of the circular segment of the slip line (Fig. 1)

R = W[\0.6977(a/W)? + 0.4090 — 1.0520(a/W)] 2)
where
W = specimen width,
B = specimen thickness,
o, = flow stress, and

a = crack length.

Green [2] showed that for a wedge angle approaching zero, as is the case for a cracked
body, a + B = 117.02 deg. Since the linear segment of the slip line is assumed to intersect
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y

Slip
Line

FIG. 1—Circular-linear slip line in compact tension specimen (only upper slip line is shown).

the back face of the specimen at an angle of 45 deg, it follows that = 45 deg and thus
a = 72.02 deg.

Hu et al. [1] then predicted with Eq 1 the curves of load versus crack extension in C(T)
specimens fabricated from A710 steel, A533B steel, HYS80 steel, and CS19 aluminum.
The unloading compliance data needed to perform the calculations came from the work re-
ported in Refs 4, 5, 6, and 7, respectively. The value of the flow stress in Eq1waso, =
0.5(ay,, + 0,), where o,, = yield stress and o, = tensile strength; and the net specimen
thickness was B = B, for side-grooved specimens. The properties and chemical compositions
of the materials are given in Tables 1 and 2.

The predicted load versus crack extension curves agreed well with the corresponding
measured curves for all four metals despite differences in specimen size (0.5T and 1T),
initial crack length (ayW = 0.55 to 0.81), and fracture toughness (J;,, = 183 to 435 kJ/m?
for steel and J;. = 25 kJ/m? for aluminum as listed in Table 1).

TABLE 1—Material properties.

Yield Tensile Flow Fracture
Strength, Strength, Stress, Toughness, Test
Oy o, o, Jie Temperature,

Source  Material (MPa) (MPa) (MPa) Elongation, % (k¥/m?) T (°C)
4 AT10 517 605 561 31 435 RT+
6 A533B-H13 462 621 542 26 244 88
5 AS533B-02 448 621 534 19 240 150
8 AS508 280 550 465 30 187 205
4 HYS80 614 731 672 23 183 RT
9 A302B 459 585 522 19 109 82
7 CS19 251 408 329 24 25 RT

“RT = room temperature.
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TABLE 2— Chemical composition.

Alloy Content, %

Source Material C Mn P S Cu Si Ni Cr Mo A% Ti

4 AT107 0.04 059 0.005 0.004 1.17 0.25 090 0.70 0.19 0.003 0.06

6 A533B-H13 0.19 1.28 0.012 0.013 ... 021 064 ... ... . L
5 AS533B-02 022 148 0.012 0018 ... 025 068 ... ... C

8 AS508 021 0.72 0.01 0.008 0.04 0.03 0.73 033 060 0.03 -
4 HYS80 0.15 0.33 0.012 0.013 0.033 0.18 2.55 1.66 0.37 0.003 0.001
9 A302B? 021 1.46 0.010 0.021 0.059 0.24 0.23 0.06 0.54 0.012 0.008
7 CS19¢ . 033 ... ... 008 ... 010 ... ...

aIncluding 0.03% Cb.
“Including 0.007% Cb.
“Including 8.42% Mg, 0.07% Fe, and 0.001% Be.

As an example of the previous analysis [/], Fig. 2 shows the measured load versus crack
length data for 20% side grooved 1T C(T) specimens of A710 steel, A533B-H13 steel, HY80
steel, and CS19 aluminum. For ease of comparing the data, the load was normalized with
respect to the flow stress, net specimen thickness, and specimen width. The correlation with
the limit load predicted with Eq 1 was best for the A533B and HY80 steels. The very tough
AT710 steel specimen had higher than predicted limit load, and the CS19 aluminum specimen
approached the limit load only after some crack extension. The relative positions of these
four materials in Fig. 2 corresponded directly to the degree of plastic deformation and the
relative toughness defined by the value of J;. (Table 1) measured in accordance with the

0.12 -
—_ 7 Eq.1
= o4 1T c(T) SG=20%
£
= T o A710 (GFF52) RT
< 0.08 - ° A533B-H13 (E3) 88°C
Z . & HY80 (FYBA1) RT
n, 0.06 - A v CS19 (GCJ41) RT
- - ©
a a®
< 0.04 °
a N
S ] & : g &%
0.02 - & o
_ ]
B
0 L — 87— * T T
0.5 0.6 0.7 0.8 0.9 1.0

CRACK LENGTH, a/W

FIG. 2—Effect of type of material on crack extension in 1T C(T) specimens.
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ASTM Test Method for J;., a Measure of Fracture Toughness (E 813). The high-toughness
A710 steel specimen deformed so much that the specimen expanded laterally and the side
grooves closed at the back face. This increase in thickness elevated the limit load as the test
progressed.

The ASTM standard test methods for determining K, [Test Method for Plane Strain
Fracture Toughness of Metallic Materials (E 399)], J;. (E 813), J-R curve [Test Methods
for Determining J-R Curves (E 1152)], and CTOD [Test Method for Crack-Tip Opening
Displacement (CTOD) Fracture Toughness Measurements (E 1290)] specify an upper limit
on the fatigue precracking load for the C(T) specimen, which is 40% of the load that was
previously thought to be a reasonable approximation of the limit load. Since the accurate
limit load solution given by Eq 1 is 30% higher than the previous estimate, it is recommended
that the ASTM precracking load be raised by 30%.

Since the publication of Ref I, the authors analyzed data for C(T) specimens greater than
1T. The required unloading compliance data came from the work reported in Refs 8 and
9. Figure 3 shows the effect of specimen size on the crack extension behavior of 1T, 2T,
4T, and 10T C(T) specimens of A508 steel [8]. The data points for the 1T and 2T specimens
rose nearly vertically until they reached or exceeded the predicted limit load and then curved
downwards. The data points for the 4T and 10T specimens began to curve downwards before
reaching the predicted limit load. However, even in the 10T specimen the data points
eventually exceeded the limit load curve as the crack extended. This behavior is indicative
of plastic fracture.

Figure 4 compares the measured load versus crack extension data for 0.5T, 1T, 2T, 4T,
and 6T C(T) specimens fabricated from A302B steel [9]. The data points for the 0.5T and
1T specimens approached the predicted limit load curve after some crack extension, while

0.12 -
~— 13 A, 4 Eq.1
; ° 4 o
AL 9 N A508 steel 205°C SG=20%
w
;a Tas R v 1T C(T) (24)
o 008 ¥ I & 2T c(T) (19)
< 4y R o ° 4T C((T)) ((6))
0.06 4 on o 10T C(T) (1
o 17, g,d’ °N ° .
Q ° a
< 0.04- ¢ a .
(=) A ] a
= 19 a
0.02 - % o
= o]
0 T T T T
0.5 0.6 0.7 0.8 0.9 1.0

CRACK LENGTH, a/W

FIG. 3— Effect of specimen size on crack extension in C(T) specimens of A508B steel.
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FIG. 4—Effect of specimen size on crack extension in C(T) specimens of A302B steel.

those for the 2T, 4T, and 6T specimens failed to reach the predicted limit load curve. The
smaller specimens likely failed in plastic fracture, but the larger specimens certainly did not.

The following analysis of deformation is limited to fully ductile C(T) specimens with cracks
extending at limit load.

Plastic Rotation Factor

Of the many ways of analyzing ductile fracture in test specimens and structures, the driving
force for crack extension in terms of the CTOD is the common approach for which the
following equation is given in the ASTM E 1290

K*(1 —v¥) . r,(W — a)

8=3%, +8, = v 3
¢ P 20, E a+r,(W-a)?” 3)
where
r, = plastic rotation factor,
v, = plastic load-line displacement,
K = stress intensity factor,
E = modulus of elasticity, and
v = Poisson’s ratio.

The two terms in Eq 3 represent the elastic and plastic parts of CTOD. The plastic CTOD
is calculated from the plastic load-line displacement (LLD), v,, assuming rigid-body rotation
of the specimen halves around the plastic hinge whose rotation point ahead of the crack tip
is defined by the plastic rotation factor. Since the plastic LLD is a measure of the global
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plastic deformation, the plastic CTOD should be a measure of the local plastic deformation
at the crack tip. The correctness of the so determinned CTOD value depends largely on
the accuracy of the expression for the rotation factor.

The modified Green solution [I] predicts rigid-plastic rotation of the specimen halves
around the two centers of rotation (points 0 in Fig. 1) whose coordinates are given by

X =a + Rsina )]
Yo = =R cos a (5)

Substituting the radius, R, of the slip line from Eq 2 and setting « = 72.02 deg leads to

X, = WV0.6311(a/W)? + 0.3699 (6)

yo = W[V0.0667(a/W) + 0.0391 — 0.3251(a/W)] )

The plastic rotation factor is defined as the horizontal distance from the crack tip to the
rotation center as normalized by the uncracked ligament. It is expressed as (Fig. 1)

Xg — a
=zt (®)

Substituting x, from Eq 6 into Eq 8 gives the following expression for the plastic rotation
factor predicted by the modified Green solution which is used in this study

1

— 2z —
=1 a/W[\/o.6311(a/W) + 0.3699 a/W] 9)

In comparison, the ASTM CTOD standard specifies the following values

Fp

0.47 for 0.45 = a/W = 0.50 (10)

and

Fp

0.46 for 0.50 = a/W = 0.55 (11)

Green’s solution [2] for pure bending gives a constant value of the plastic rotation factor
for all crack sizes

r, = 0.37 (12)

And, finally, Merkle and Corten’s solution [/0] for combined tension and bending gives

2
_[(aw N, aw 1] aw 13)
I\ aw 1—aw ' 2 1— aW

Figure 5 compares the plastic rotation factor calculated from the modified Green solution
(Eq 9) with those of the ASTM CTOD standard (Eqs 10 and 11), Green’s pure bending
solution (Eq 12), and Merkle-Corten’s solution (Eq 13). For 0.45 < a/W < 0.55, the modified
Green solution gives about the same value of r, as does the CTOD standard. Also, as
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FIG. 5— Plastic rotation factor.

expected, the value of r, gradually approaches the value for pure bending with increasing
crack length. The Merkle-Corten solution gives a plastic rotation factor about one-third
larger than the modified Green solution.

Plastic CTOD R-Curve

It is believed that the J-integral approach is no longer valid for crack extension in plastic
fracture. An alternative resistance parameter to characterize crack extension such as CTOD
needs to be investigated. The ASTM standard test method E 1290 expresses the CTOD as
the sum of its elastic and plastic components. In plastic fracture, the meaning of the stress
intensity factor in the first term of Eq 3 is lost because crack extension is dominated by
plastic deformation at limit load. Also, analysis of available data shows that the first term
in Eq 3 is much smaller than the second term. In this study, the resistance to crack extension
is expressed in terms of the plastic CTOD, the second term of Eq 3. In the remainder of
this paper, the deformation behavior of small-size specimens of A533 and HYS80 steel is
investigated, the plastic CTOD R-curves for seven materials are compared, and the effect
of specimen size on the plastic CTOD R-curve is shown for A508 and A302B steels. All
data came from elastic-compliance tests performed by others [4-9]. The data presented
hereafter were analyzed by the authors.

Figure 6 shows a typical plot of load versus LLD measured in a single-specimen, elastic-
compliance test. The load and LLD data for such plots were recorded digitally in the tests
performed in Refs 4-7 and 9, and graphically in Ref &.

Figure 7 shows with square symbols the test data for load versus LLD of 1T C(T) specimens
fabricated from A533B-H13 steel. The initial crack sizes were a,/W = 0.620 and 0.758.
Each point corresponds to a location on the measured load versus LLD curve where the
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FIG. 6—Typical load versus load-line displacement plot from single-specimen, unloading-compliance
test.

compliance and crack length were determined from the slope of a 10% unloading line.
Similarly, Fig. 8 shows the test data for load versus LLD of 0.5T and 1T C(T) specimens
fabricated from HY80 steel. The initial crack lengths were a,/W = 0.606 and 0.603, re-
spectively. The material properties and chemical compositions of the steels are given in
Tables 1 and 2.

The inverse slope of the unloading line gives the compliance, C, of the specimen at the
corresponding point on the load versus LLD curve. The measured compliance, obtained by
fitting a straight-line to the data points for each partial unloading, was substituted in the
wide-range, elastic compliance expression for the C(T) specimen [/]]

1% 1 |:]+a/W

C=F=2|7 /w] flaiw) (14)

P~ BE
where
fla/W) = 2.1630 + 12.219 a/W — 20.065(a/W)*> — 0.9925(a/W)?
+ 20.609(a/W)* — 9.9314(a/W)* (15)
Equation 14 was then solved for the crack length at that point. As an example, the data
points of load versus crack length plotted in Fig. 2 for the E3 and FYBA1 specimens

correspond to the data points of load versus LLD potted in Figs. 7 and 8 for the same
specimens.
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FIG. 7—Load versus load-line displacement curves for 1T C(T) specimens of A533B steel.

The measured LLD, v, was separated into its elastic and plastic components as follows.
First, the elastic LLD was determined from

v, = CP (16)
where

C = measured elastic compliance, and
P = measured load at point of unloading.

Subtracting the elastic LLD from the total LLD then gave the plastic LLD
S—— (17)

where v = measured LLD at point of unloading.

Figure 9 shows the data points for elastic and plastic LLDs of two 1T C(T) specimens
fabricated from AS533B steel, whose initial crack lengths were ayW = 0.620 and 0.758.
Again, each data point on this figure corresponds to a point on the load versus LLD curve
at which the specimens were partially unloaded, as in Figs. 2 and 7. The elastic LLD remained
nearly constant, whereas the plastic LLD greatly increased over the full range of crack
extension. Since the crack extension from P = 0 to P = P, was only about Ag = 0.015 W
(Fig. 2), most of the elastic and plastic LLD curves shown in Fig. 9 were for crack extension
after P, had been reached.

Similarly, Fig. 10 shows the elastic and plastic LLDs for two HY80 steel specimens: one
for a 0.5T C(T) specimen with an initial crack length of a,/W = 0.606, the other for a 1T
C(T) specimen with a,/W = 0.603. The trends of the displacement curves were similar to
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ponents.
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those for the A533B steel specimens (Fig. 9). But, while the 1T C(T) specimens of both
steels had elastic LLDs of comparable values, the tougher A533B steel specimens had larger
plastic LLDs than the less tough HY80 specimens.

Under rigid plastic rotation of the two specimen halves at limit load, the ratio of plastic
CTOD to plastic LLD is equal to the ratio of the horizontal distances from the crack tip
and load line to the rotation centers (Fig. 1). From similar triangles, the plastic CTOD is
then given by

G (18)

where the measured values of x,, @, and v, come from Egs 6, 14, and 17, respectively.

The data points for plastic CTOD versus crack extension, Aa = a — a,, were plotted in
Fig. 11 for the C(T) specimens of A533B and HY80 steels. Within the limited range of data
examined in this figure, the correlation was very good for the A533B steel specimens of
same size by different initial crack lengths as well as for the HY80 steel specimens of different
sizes but same initial crack length. This held true up to very large crack extensions of
Aa = 7.7 mm, which corresponds to 50% of the initial crack size in the 0.5T specimen and
25% in the 1T specimen.

The plots of plastic CTOD versus crack extension represent R-curves characterizing the
transition from elastic-plastic crack extension of a fatigue crack during the rising portion of
the load versus LLD curve, over the hump at P,,,, and down the long plastic tearing during
the falling portion of the load versus LLD curve (Figs. 7 and 8).
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FIG. 11— Plastic CTOD resistance curves for C(T) specimens of A5S33B and HY80 steels.

The plastic CTOD R-curve is the basis for predicting the plastic LLD of the C(T) spec-
imens. The data points for plastic CTOD versus crack extension in the A533B and HY80
steel specimens were replotted in the log-log Fig. 12. All points corresponding to crack
extensions less than 0.4 mm were deleted so as not to unduly influence the slope of the line
with points that are clustered near the origin in the linear plot of Fig. 11 but widely spaced

in the logarithmic plot of Fig. 12. The plastic CTOD R-curve data were fitted with the power
function

5, = C,(Aa)* (19)

Table 3 lists the values of the regression coefficients C, and C, that were calculated by
the least-squares method. Equation 19, drawn in Fig. 12 as straight lines, fitted very well
the R-curve data for the A533B steel specimen No. 13A and the two HY80 steel specimens,
but not quite as well the data for the other A533B steel specimen E3. Equation 19 was
replotted in Fig. 11. As was already observed in Fig. 12, it fitted well the R-curve data for
all but the A533B steel specimen E3. Functions other than Eq 19 may exist that better fit
the data.

Based on the limited data analyzed just mentioned, it appears that the plastic CTOD R-
curve may be independent of initial crack length (A533B) and specimen size (HY80 steel).
If this observation were confirmed for specimens of different types of steels, geometries,
initial crack lengths, and specimen sizes, the plastic CTOD R-curve could be considered a
material property.
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FIG. 12—Log-log linear plastic CTOD resistance curves.

Prediction of Load Versus Load-Line Displacement Curve

Given the plastic CTOD R-curve and the limit load equation, the load versus load-line
displacement curve can be predicted. The required material properties are the two constants
in the plastic CTOD R-curve and the flow stress.

The elastic LLD was predicted by substituting the limit load from Eq 1 into the wide-
range elastic compliance expression of Eq 14 and solving for

v, = % (—i - Z%) Fa/W) 20)

where f(a/W) is given by Eq 15.

TABLE 3—Regression coefficients of plastic CTOD R-curves.

Regression Coefficients®

Specimens Intercept, Slope,
Material Size C, c,
A533B-H13 1T 0.3132 0.3968
HY80 0.5T and 1T 0.1046 0.4555

“For a and 3, in units of mm.
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The plastic LLD was predicted by substituting the plastic CTOD, 3, from the R-curve
Eq 19 into Eq 18 and solving for

v, = Xy acl(Aa)(‘z (21)

Xo —

The elastic and plastic LLDs, predicted with Eqs 20 and 21, are shown as solid curves in
Figs. 9 and 10 for the A533B and HY80 steel specimens, respectively. As can be seen, the
predicted elastic LLDs are nearly constant between /W = 0.6 to 0.8 and slightly increase
when /W > 0.8. At very long crack extensions the data points rise slightly above the
predicted values.

Since the plastic CTOD in Fig. 11 was determined by similar triangles from the plastic
LLDs in Figs. 9 and 10, an R-curve that fits well the former data should equally well predict
the latter data. This was indeed the case. Finally, adding Eqs 20 and 21 gives the total,
predicted LLD

Xy

14

P, (1 + alW C.(Ba) )

- gt (i) e +

X —a

The predicted curves of load versus LLD for the A533B and HY80 steel specimens are
shown in Figs. 7 and 8, respectively. The elastic portion of the curve to the left of P, was
obtained from the elastic compliance Eq 14 for initial crack length a = a, and elastic modulus
E = 200 GPa. As was expected, the compliance equation predicted well the elastic behavior
of the C(T) specimens.

The fully plastic portion of the curve to the right of P, was obtained from the limit load
Eq 1 and the displacement Eq 22 for increasing values of crack length, a, and crack extension,
Aa = a — a,. Equations 1 and 14 predicted well the measured load versus LLD curves for
large crack extensions, but they could not predict the transition from the elastic-plastic to
the fully plastic behavior, over the hump at P,,,.. In the elastic-plastic region, the shape of
the crack tip gradually changed from that of the fatigue precrack to a blunted crack and
then to a plastic tear.

The correlation between the predicted and measured curves on the left side of the hump
could be improved by adding to the elastic displacement a term that accounts for the yielding
that takes place in the growing crack-tip plastic zone, in the absence of crack extension.
This could easily be done, for example, if the key curve were known for a given C(T)
specimen and material. The correlation on the right side of the hump might be improved
by selecting a function that more accurately fits the plastic CTOD R-curve data at very
small amounts of crack extension.

Of importance here is the finding that the load versus LLD behavior of the C(T) specimen
in the plastic region can be predicted from the theoretical limit load and the CTOD R-curve
assuming that the specimen halves rotate around the plastic hinge.

Additional Plastic CTOD R-Curve Data

In addition to the data for A533B-H13 and HY80 steels shown in Fig. 11, the plastic
CTOD R-curves were also determined from elastic-compliance data for C(T) specimens
fabricated from A710, A533B-02, A508, and A302B steels as well as CS19 aluminum.

Figure 13 shows the R-curves for pairs of 0.5T and 1T specimens of all five metals. The
initial crack sizes in the 0.5T and 1T specimens were, respectively: a,/W = 0.63 and 0.67
for A710 steel, 0.61 and 0.61 for A533B-02 steel, 0.535 and 0.502 for AS508 steel, 0.51 and
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FIG. 13— Addirional plastic CTOD R-curve for small-size C(T) specimens.

0.53 for A302B steel, and 0.57 and 0.70 for two 1T C(T) specimens of CS19 aluminum. The
two R-curves for the same material correlated best for CS19 aluminum, and well for A533B-
02 and A302B steels. The R-curves for the AS33B-02 steel specimens fell in the same band
as those for the A533B-H13 specimens shown in Fig. 11. For the A710 and A508 steels,
the R-curve of the 0.5T specimen at long crack extension was significantly lower than that
for the 1T specimen. This seemingly abnormal behavior of the 0.5T specimens may have
resulted from the closing of the side grooves in the A710 steel specimen at large plastic
hinge rotations and perhaps a lack of accuracy in determining the compliance from the
graphical output of load versus LLD in the A508 steel specimen. In the latter case, for
example, the measured and predicted crack sizes at the end of the test differed by 22% [8].
Aside from the 0.5T specimens of A710 and AS508 steels, the data support the hypothesis
that the plastic CTOD R-curve for plastic fracture may be a material property.

The plastic CTOD R-curves for 0.5T to 10T C(T) specimens of A508 steel shown in Fig.
14 follow the same general path, with the specimens of smaller size peeling off to the right
as the crack becomes longer. All A508 steel specimens reached and even exceeded the limit
load (Fig. 3), and their behavior can be therefore characterized as plastic fracture.

In contrast, the plastic CTOD R-curves for 0.5T to 6T C(T) specimens of A302B steel
shown in Fig. 15 follow about the same path only for a very short crack extension of about
1 mm after which the specimens peel off to the right, with the largest specimen peeling off
first. As was discussed earlier, the 0.5T and 1T specimens approached the predicted limit
load while the 2T, 4T, and 6T specimens did not. The cracks in the large specimens extended
under elastic-plastic fracture conditions. Indeed, the plastic CTODs of the large A302B steel
specimens (Fig. 15) were an order of magnitude smaller than those for the large A508 steel
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FIG. 14— Plastic CTOD R-curve for small-size and large-size C(T) specimens of A508 steel.

specimens (Fig. 14). Since the plastic hinge did not form, the two specimen halves could
not have rotated as a mechanism around the plastic hinge. Therefore, the calculation of
plastic CTOD with Eq 18 by similar triangles is invalid. New equations are needed to calculate
the plastic CTOD in specimens that have a significant plastic zone at the crack tip but do
not yield along the full length of the net ligament.

Conclusions

The following conclusions can be drawn from the results of the present study:

1. The modified Green solution, Eq 1, accurately estimates the limit load of the C(T)
specimen. The plastic rotation factor, Eq 9, obtained from the modified Green slip line
field, accurately estimates the rotation center of the plastic hinge of the C(T) specimen.
Equation 1 for the limit load and Eq 9 for the plastic rotation factor are valid for crack
lengths ranging from /W = 0.4 to 1.0.

2. It is recommended that the step function for the plastic rotation factor in the ASTM
standard test method for determining CTOD (E 1290) should be replaced by Eq 9. Also,
the maximum fatigue precracking load specified in the ASTM standard test methods for
determining K, (E 399), J;. (E 813), J-R curve (E 1152), and CTOD (E 1290) should be
increased by 30%.

3. The cracks extended at limit load in the 0.5T and 1T C(T) specimens fabricated from
A710 steel, AS33B steel, A508 steel, HYS80 steel, A302B steel, and CS19 aluminum. They
also extended at limit load in the 2T, 4T, and 10T C(T) specimens of AS508 steel. But the
2T, 4T, and 6T C(T) specimens of A302B steel failed at loads lower than the predicted limit
load. In general, the predictions were best for small-size specimens and long cracks.
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FIG. 15— Plastic CTOD R-curve for small-size and large-size C(T) specimens of A302B steel.

4. The mode of failure should be clearly described as being one of elastic, elastic-plastic,
or plastic fracture. The specimen fails in elastic fracture when K = K,, in elastic-plastic
fracture when J = J, and in plastic fracture when P = P,. Crack extension in plastic fracture
can be characterized by a local crack-tip deformation parameter. The plastic CTOD R-curve
is a possible choice. The plastic CTOD can be determined from the plastic part of the load-
line displacement and the plastic rotation factor. This method of determining the plastic
CTOD is only valid for plastic fracture, because the derivation of the plastic rotation factor
assumes that the two specimens halves rotate as rigid bodies around the plastic hinge.

5. The plastic CTOD R-curves were found to be independent of specimen size and initial
crack length for 0.5T and 1T C(T) specimens of A533B steel, HY80 steel, and CS19
aluminum. They were also independent of specimen size for crack extensions of up to
Aa/W = 0.1in 0.5T to 10T C(T) specimens of A508 steel. However, the plastic CTOD R-
curves were not the same for the A302 steel specimens, which failed in plastic fracture [0.5T
and 1T C(T)] as well as elastic-plastic fracture [2T, 4T, and 6T C(T)]. Whether the plastic
CTOD R-curve is a material property for plastic fracture needs to be verified with analysis
of more data.

6. The load versus load-line displacement behavior of A533B 1T C(T) and HY80 0.5T
and 1T C(T) specimens beyond the maximum measured load was well predicted with the
theoretical limit load, calculated elastic load-line displacement, and plastic load-line dis-
placement obtained from the plastic CTOD R-curve.
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ABSTRACT: An analysis is described of a welded stainless steel box beam that experienced
a structural failure during fatigue testing. Cracks initiated at notches caused by partial pene-

tration welds and grew to a length of several centimetres in about 1000 load cycles.

The objective here is to describe the characterization of fracture toughness and fatigue crack
initiation for the precipitation-hardening stainless steels used for the welds and parent plate
of the beam. Three-point bend specimens were used to measure both fatigue crack initiation
life and the J-integral fracture toughness of the parent plate and weld metal in various con-
ditions. The notch fatigue analysis method of Barsom and Rolfe was used to analyze the crack
initiation test results. The crack was grown further, side notches were added, and J,, tests
were performed using ASTM Test Method for J., a Measure of Fracture Toughness (E 813-
87) with a modified load-line-displacement unloading-compliance procedure to measure crack

growth.

Conclusions drawn from the work include the following: (a) J,. can be accurately determined
with a three-point bend test using load-line displacement to measure crack growth by unloading
compliance (An accurate expression for «/W in terms of load-line displacement was devel-
oped.); and (b) fatigue crack initiation life and J,. fracture toughness of stainless steels in
various conditions were characterized. The welded and aged condition, with no intermediate
solution treatment, showed unstable, cleavage-type fracture and resulted in a low J,_ value

and a short initiation life.

KEY WORDS: clastic-plastic fracture, test methods, fracture toughness, J-integral, welds,

stainless steels, fatigue initiation, unloading compliance

A welded stainless steel structure recently experienced an unanticipated failure while
being subjected to fatigue testing by the U. S. Army. In the Spring of 1988, the primary
box beam of a proprietary structure, shown schematically in Fig. 1, failed in the area of the
bottom plate. Excessive deformation of the structure during fatigue loading prompted test
personnel to reinspect the bottom plate area, where cracks were observed in the vicinity of
the welds. Further inspection and investigation revealed that the cracks initiated at notches
caused by partial penetration welds of the stiffener plates to the bottom plate. Sharp notches
were formed in the gap between the stiffener and the slot in the bottom plate. Cracks
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FIG. 1—Welded box beam configuration.

initiated at these notches and grew to a length of several centimetres in about 1000 load
cycles.

The primary objective here is to describe the fracture toughness and fatigue crack initiation
characterization of the type of precipitation-hardening stainless steels used for the welds
and parent plate of the structure. This information was required to understand the cause
of the failure and implement corrective action. Description of the overall investigation, cause
of failure, and correction aspects will be given elsewhere. Material characterization tests are
the emphasis here. Although fatigue initiation tests and fracture toughness tests and their
analysis are quite different, a common sample was successfully used for both types of test.

A second objective is to describe the development and use of a modified load-line-
displacement unloading-compliance procedure to measure crack growth for J_ tests with
bend specimens. The section size available from the component precluded the standard
procedure, wherein both load-line and crack-mouth displacement are measured. Results of
analyses are described that indicate that measurement of a bottom surface displacement
near the load line can be used to determine both of the basic results in a J,_ test, that is,
applied J and crack growth.

Methods
General Procedure

Three-point-bend notched specimens were used to measure both fatigue crack initiation
life and J-integral fracture toughness of plate and weld metal in various conditions. The
nominal specimen configuration shown in Fig. 2 was used for plate specimens and specimens
made from full penetration weld samples. The materials and conditions tested are shown
in Table 1, along with representative data to show the general nature of the results; details
will be discussed later. Fatigue loading was applied to the notched specimen and the number
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FIG. 2—Test specimen for fracture toughness and fatigue crack initiation tests.

of cycles to crack initiation was determined. The notch-fatigue-life analysis method of Barsom
and Rolfe [/] was used to analyze the test results. The crack was lengthened, side notches
were added, and J,_ tests were performed using a modified ASTM Test Method for J,., a
Measure of Fracture Toughness (E 813-87) procedure.

TABLE 1—Summary of J,, and fatigue crack initiation tests performed with stainless steel plate and

weld metal.
Jies Initiation,
typical, S, = 1000 MPa
Material Condition kN/m cycles
PLATE
95-15 treat?, age at 530°C
L-T orientation 180 7 000
T-L orientation 70 A
15-5 PH treat®, age at 593°C 200 17 000
WELD
95-14 treat®, age at 530°C 80 A
15-500 as welded 120 26 000
age at 593°C 80-160 15 000
treat, age at 593°C 160 26 000
17-400 as welded 100 20 000
age at 593°C 80-150 14 000
treat, age at 593°C 150 22 000

“Heat treatment of 95-15 and 95~14: solution treat at 1050°C (5 min), air cool; condition at 750°C
(2h), air cool; cool to below —5°C (2 h); and age at 530°C (2 h), air cool.

tHeat treatment of 15-5 PH: solution treat at 1040°C (%% h), air cool; and age at 593°C (4 h), air
cool.



200 ELASTIC-PLASTIC FRACTURE TEST METHODS

Materials

Five precipitation-hardening stainless steels with 15% chromium, 5% nickel nominal
composition were tested: plate and weld-filler metal designated 95-15 and 95-14, respectively,
from which the structure under investigation was fabricated; plate designated 15-5 PH; weld-
filler metals 15-500 and 17-400, as specified in AMS 5826 and 5825, respectively. Chemical
compositions of these five steels are given in Table 2, based on measurements from the
current work and prior related work [2] and on specifications in the case of two or the weld-
filler metals. The composition measurements in the current work were made with a direct
reading emission spectrometer. There was no indication that the composition of the steel
was outside of the appropriate specification.

Instrumentation

The fatigue initiation tests were performed on a servohydraulic test system in load control.
A pragmatic definition of crack initiation was adopted for these tests. Initiation was defined
as the number of cycles required for a surface crack to initiate and grow across the full 3-
mm thickness of the notch root. The point of initiation was determined using a low power
microscope and also by carefully noting the change of the displacement range of the test
system instrumentation as the fatigue test proceeded.

The Jy, tests were run in displacement control using the ramp-type function generator of
the test system. A ramp command signal was used to load the specimen to the first level
chosen for performing unloading-compliance crack length measurements. The manual set
control was then used to partially unload the specimen, and the unloading slope was recorded
at ten times the X and Y gains used for the primary recording of load versus displacement.
After each unloading was completed, the ramp loading was resumed to continue the test
to the next hold and unload position. Figure 3 shows block diagrams of the equipment and
signals necessary to perform the loading and recording.

Two highly stable adjustable power supplies were necessary to obtain suitable X 10 gain
unloading-compliance plots. Two X-Y plotters of the high impedance type were used, with
inputs capable of accepting a floating signal and common mode voltages of about =10 Vdc.
This was necessary because the x10 gain plotter measured the difference between two

TABLE 2—Compositions of precipitation hardening stainless steel plate and weld metal.

Cr Ni Mo Cu Mn Si C S P Nb Ti

PLATE

95-15

(measured;

Ref 2) 159 55 18 18 133 036 0.07 0.007 0020 005 0.09

15-5 PH

(measured;

current) 152 44 ... 31 0.80 0.75 0.04 0.010 0.018
WELD

95-14

(measured;

Ref 2) 142 54 15 1.8 072 041 0.04 0.004 0.019 0.24

15-500 144 48 03 3.0 025 0.60 0.025 0.010 0.020

(AMS 5826) 153 55 max 35 0.75 max 0.050 max  max

17-400 16.0 4.5 325 025 075 0.050 0.025 0.025

(AMS 5825) 16.8 5.0 400 0.75 max max max max
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FIG. 3— Test equipment for unloading-compliance J,, tests; (A) servohydraulic machine control, and
(B) X-Y plotter arrangement.

voltage signals, that of the load or displacement transducer and that of the power supply
output. Polarities were strictly observed in order to obtain only a difference signal.

Fatigue Crack Initiation

The approach [1] for characterizing fatigue crack initiation has been used for ASTM A723
high strength steels with various notch geometries [3], so it was applied to the steels of
similar strength level in this investigation. The approach is based on the expression for the
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maximum notch stress, S,,, normal to the major axis of an elliptical notch with radius, r
S,, = 1.12K/(r)'” )]

where K is the appropriate opening mode stress intensity factor for the notch geometry and
applied loading. This relationship is exact only as » — 0, but it has been found to provide
a useful characterization of notch root stress and associated fatigue initiation life at notches
with radius of a few millimetres or less [1,3].

The K/(r)"? approach was used here to compare the measured fatigue lives from the three-
point bend specimens of the type shown in Fig. 2 with lives from test specimens cut from
partial penetration welds in the structure. The only additional information needed was the
K solution for the partial penetration weld specimen. This was obtained by finite element
analysis, as discussed in the section on results.

J;. Test Procedures

In general, the procedures for performing and analyzing the J,. tests were those of ASTM
E 813-87 with one significant modification, that is, displacement was measured on the bottom
surface of the specimen and somewhat off the load-line. This displacement was used for
both J calculations and for unloading-compliance crack length measurements, whereas ASTM
E 813-87 requires a load-line displacement for J calculations and a crack-mouth-opening
displacement for crack length measurements. If the modified simpler approach using bottom
surface displacement were shown to be suitable, it would be a considerable advantage,
particularly for small bend specimens. The following sections on J calculation and unloading
compliance address the modified procedure.

J Calculation—The use of a modified displacement for J calculation can be considered
in relation to Fig. 2. The displacement on the bottom surface, d’, was measured near the
load line, and was converted to load-line displacement, d, as follows

d = d'(S/2L) )

Equation 2 would give the same displacement as that measured exactly at the load line if
there were ideal rigid body displacements on the bottom surface. Recent analysis [4] showed
this to be essentially the case. Elastic finite element results of bottom surface dislacements
showed, for example, that for2L/S = 0.9 and /W = 0.6 the value of displacement calculated
from Eq 2 was within 0.8% of the load-line displacement result obtained directly from the
finite element analysis. Also, keep in mind that the total load-line displacement in a J;. test
is often controlled by plastic deformation in the ligament ahead of the crack. This causes a
rigid-body type rotation of the bottom surface, and this is well described by Eq 2.

The calculation of J included the Eq 2 expression for d, but otherwise followed the
procedures of ASTM E 813-87 and ASTM Test Method for Determining J-R Curves (E
1152-87). The calculation is outlined as follows

Ji = [PSf(ag/W)/(BB,)"W*?P[(1 - n?)E]
+ 34(P, + P._)[d(p); — d(p)i-1)/boB.}

€)

where P; and d(p), are the load and the increment of plastic displacement for a given
unloading (see Fig. 4); a, and b, are the starting crack length and uncracked ligament,
respectively; f(a/W) is from the three-point bend K expression of ASTM Test Method for
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FIG. 4— Load-displacement behavior for 15-500 weld; welded and aged at 593°C.

Plane-Strain Fracture Toughness of Metallic Materials (E 399-83); B, is net specimen thick-
ness after side notching; and p and E are Poisson’s ratio and elastic modulus, taken as 0.3
and 207 000 MPa, respectively. Equation 3 was used as shown to calculate J except on the
two occasions of unstable fracture, one of which is shown in Fig. 4. In these cases, an average
of the loads at the beginning and end of the unstable growth was used for P,, rather than
using the load at the point of unloading.

Unloading Compliance—1.oad-line displacement can be used in place of crack-mouth
displacement for measurement of unloading-compliance crack growth provided that an
expression for a/W in terms of load-line displacement is available. A new expression for
a/W in terms of d was developed here, based on the available expression [5] for d in terms
of a/W. The new expression is

a/W = 1.0005 - 4.1527U + 9.7477U? — 214.2U° + 1604.3U* — 4633.4U° 6]
where
U = 1/[dE(BB,)"?/P]"? + 1} for the range 0.2 < a/W < 1.0.

The new inverse expression, Eq 4, represents the earlier expression [5] with an accuracy
of 0.0015 a/W. For a narrower range, 0.40 < a/W < 0.85, the new expression represents
the earlier expression with an accuracy of 0.0002 a/W. So it is accurate enough for general
use in unloading compliance calculations, including calculations that iterate between the
displacement expression and the a/W expression.

Another requirement for the use of load-line displacement in unloading compliance cal-
culations is that this type of displacement is adequately sensitive to crack length changes in
the geometry range of intended use. A comparison of crack-mouth and load-line displace-
ments as a function of crack length is shown in Table 3. The dimensionless parameters
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TABLE 3— Calculated elastic crack-mouth-opening
displacement, v, and load-line displacement, d, for a
three-point bend specimen.

alW vEB/P dEB/P
0.00 0.00 19.09
0.20 7.07 23.58
0.40 20.83 39.01
0.60 64.36 88.28
0.80 323.9 365.0

0.95 6026. 6147.

vEB/P and dEB/P were obtained from Refs 6 and 5, respectively. Note that for a/W below
about 0.2 dEB/P has poor sensitivity to a change in a/W and should not be used to measure
crack length; vEB/P should be used in this range. For a/W above 0.2, either displacement
can be used.

TABLE 4—1J,, results for stainless steel plate and weld metal in various conditions.

J-Integral Effective
Toughness, Yield, Validity
Specimen Jies Sy, Ratio,
Number Condition kN/m MPa B Syr517
95-15 PLATE; L-T
AP-L1 treat, age (Ref 2) 185 1000 1.30
AP-L2 173 1.39
DP-L1 treat, age 198 943 0.51
Dp-L2 183 0.56
95-15 PLATE; T-L
AP-T1 treat, age (Ref 2) 47 1010 5.16
AP-T2 44 5.51
DP-T1 treat, age 66 998 1.63
DP-T2 70 1.54
15-5 PH PLaTE; T-L

15-T1 treat, age 192 1100 1.09
15-T2 238 0.88

95-14 WELD
UW-1 weld, treat, age 94 1230 1.33
UWw-2 79 1.57

15-500 WELD
5-3 as welded 124 1050 0.92
5-4 107 1.07
SA-1 weld, age 76 1220 2.05
SA-2 156 1.00
58-3 weld, treat, age 157 1200 0.82
5S-4 157 0.82

17-400 WELD
7-1 as welded 103 1280 1.40
7-3 105 1.38
TA-3 weld, age 147 1280 1.04
TA-4 76 2.03
78-1 weld, treat, age 167 1140 0.84

7S-2 135 1.04
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Results
J,. Fracture Toughness

Table 4 lists the results of 20 J,. tests for the five materials in various conditions, the
effective yield strength, Sy, and the calculated ratio of specimen thickness, B, to the ASTM
E 813-87 thickness requirement for a valid J test, 25 J/Sy. For a sample to be of valid size,
the ratio [BSy/25 J] must equal unity or more. Test results for L-T and T-L orientations of
the same material from the prior related work [2] are listed for comparison. The general
trend of the tests here is that the available 3-mm nominal material thickness was adequate
for a valid result in most cases. Two of the ten pairs of results gave an average ratio of
thickness to valid size below unity, that is, 0.54 and 0.82, but all other pairs had one or
both values above unity.

The directional nature of J,. for the 95-15 plate is demonstrated in Fig. 5. This plot of J
versus crack growth data for the T-L and L-T orientations shows that the longitudinal
toughness is about three times the transverse value. This significant difference is due to the
existence of delta ferrite that is elongated during the hot rolling operation [7]. The 95-15
material is a semi-austenitic stainless steel, with a mixed austenitic and ferritic structure at
room temperature after solution treatment. This allows rolling to thin plate or forming to
small radii, which are advantages for producing complex structures. A disadvantage of this
material is anisotropy of toughness caused by the elongated delta ferrite. Figure 5 also shows
good correspondence between the earlier results [2], which used a different lot and thickness
of material, and the current results.

APPLIED J ; KN/m

0.2 mm offset
250 T-L; ref 2
T-L; here
200 L-T; ref 2
L-T; here
150
100
50
0 1 1 1 | i i
0.0 0.2 0.4 0.6 0.8 1.0 1.2

CRACK GROWTH ; mm

AP-T1; T-L orientation, Ref 2.
AP-L1; L-T orientation, Ref 2.
DP-T1; T-L orientation, current work.
DP-L12; L-T orientation, current work.

FIG. 5—1 versus crack growth for 95-15 plate; solution treated, aged at 530°C.
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APPLIED J ; KN/m

0.2 mm affset

250 - 95-14 wid—-treat—age

A
O 17-400 as welded
3]
PaS

200 17-400 wid—treat—age
17—-400 weld—age
150
100 X
50
0 ‘ '; 1 | 1 1 |
0.0 0.5 1.0 1.5 2.0 2.5

CRACK GROWTH ; mm

UW-1; 95-14, welded, treated, aged at 530°C.
7-1; 17-400, as welded.
7TA-4; 17-400, welded, aged at 593°C.
75-2; 17-400, welded, treated, aged at 593°C.

FIG. 6—1 versus crack growth for 17-400 and 95-14 welds in various conditions.

A comparison of key J-integral fracture toughness results of the investigation is presented
in Fig. 6. It shows J versus crack growth results for the 95-14 weld metal in the condition
currently used in the structure, along with a prospective future replacement weld material,
17-400, in three heat treat conditions. The highest toughness results were from 17-400
conventionally solution treated and aged, followed by 17-400 as welded, 95-14 conventionally
processed, and finally 17-400 aged only. This last, lowest toughness result was from Specimen
7A-4, the second specimen that displayed unstable fracture, in a similar manner to that
shown for 15-500 aged only, see Fig. 4. The J versus crack growth curve for the unstable
fracture in Fig. 6 was not fit with the usual power-law ASTM E 813-87 procedure because
of the instability; linear segments were used to connect the unloading data points. However,
it is clear from Fig. 6 that both J,_ and the J-integral toughness following additional crack
growth were significantly reduced for the welded and aged 17-400 material. Table 4 shows
this value and the value for the other unstable fracture to be the lowest toughness observed
for the 15-500 and 17-400 materials. It is important to note from Fig. 6 that the unstable
fracture results in toughness values that are progressively lower than those of the other
conditions as crack growth progresses.

Scanning electron microscope fractographs of 17-400 welds in the highest and lowest
toughness conditions of Fig. 6 are shown in Fig. 7. The solution treated and aged sample
(7A) showed classic dimpled rupture, whereas the aged-only sample (7B) showed evidence
of cleavage. Visual examination could also distinguish between the two; the solution treated
and aged sample had a uniform region of fast fracture, whereas the aged-only sample
contained shiny faceted regions on the fast fracture surface. The occurrence of cleavage in
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FIG. 8— Fatigue crack initiation behavior of 15-500 and 17-400 welds in various conditions.

the aged-only samples is in agreement with other results [8,9]. The as-welded microstructure
contains islands of ferrite in a matrix of austenite and martensite. When this structure is
aged directly after welding, it is susceptible to cleavage of the ferrite and martensite. Bos-
worth and Zvanut (8] found that directly aged 15-500 and 17-400 welds resulted in lower
strength and toughness than solution treated and aged welds.

Fatigue Crack Initiation

Fatigue tests were performed with specimens as shown in Fig. 2 for the 15-500 and 17-
400 weld materials in three conditions and at four load levels, 24 tests in all. The results
are shown in Fig. 8. A nominal bending stress at the ligament ahead of the notch, S, was
calculated as follows (see Fig. 2 for nomenclature)

S, = 1.5PS/IB(W — a)’ )

The number of cycles required for initiation across the full width of the specimen varied by
less than a factor of two for the different materials at the highest nominal stress and by a
larger amount at lower stress, as is expected in fatigue. Generally, the aged-only condition
for both materials showed the shortest initiation life.

Fatigue crack initiation at partial penetration welds in the structure is believed to have
had a major effect on the life of the structure, so it would be useful to compare the initiation
life at partial penetration welds to the results from the test specimens of Fig. 2. The K/(r)"?
approach (/] can be used for this comparison. For the test specimen in Fig. 2, the two basic
parameters, K and r, are known. For the partial penetration weld in the structure, a finite
element solution is required to calculate K. Figure 9 shows the finite element grid; half of
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FIG. 9—Deformed finite element model of stiffener-to-bottom plate weld specimen.

the weld is shown because of the usual symmetry argument. Two notches formed by the
gaps between the stiffener plate and the slot in the bottom plate were modeled. The ratio
of total width of weld to the plate thickness, ¢, is 2.91; the ratio of the total plate plus weld
thickness, W, to ¢ is 1.27. The penetration of a typical weld into the bottom plate was up
to about 50% penetration, with a minimum of about 0% penetration (that is, no penetration
into the thickness of the bottom plate) as shown in Fig. 9. A 0% penetration weld corresponds
to a notch completely through the bottom plate, that is, ¢ = ¢, as shown in Fig. 9.

The K results from the finite element model for the double edge notch with S/W = 11,
corresponding to the tests of partial penetration. weld specimens cut from the structure, are
shown in Table 5. The results are compared with the standard single-edge-notched bend
specimen of ASTM E 399-83. Note that the dimensionless K parameter used in Table 5
includes the specimen span, S; this produces about the same value of the K parameter for
quite different values of S/W. Generally, the double-notch weld specimen results are about
10% higher than those of the standard single-notch specimen. We interpret this to be an
indication that the reduction in specimen depth, W, away from the center line of the weld
causes a significant increase in K for the weld specimen over that of the standard specimen.
This increase in K more than makes up for the decrease in K that is expected due to the
two cracks.

Fatigue lives from the standard specimen tests are compared directly with lives from weld
specimens cut from the structure in Fig. 10. The values of K for the r = 1.5 mm tests are
from ASTM E 399-87 relationships for the Fig. 2 geometry; for the r = 0.13 mm tests, K
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TABLE 5— Calculated stress intensity factor, K, for standard
single-edge crack specimen and double-edge crack weld specimen
loaded in three-point bending.

[KBW?>?/PS]; [KBW?*?/PS];
standard, S/'W = 4, weld, S/W = 11,
alW one crack two cracks
0.098 0.84 0.93
0.196 1.16 1.28
0.295 1.50 1.64
0.393 1.94 2.11
0.491 2.59 2.81
0.589 3.62 3.94
0.683 5.50 6.03
0.786 9.73 11.44

is from the Table S results and r is defined by the gap between the stiffener and the slot in
the bottom plate. Note that the ordinate of Fig. 10 includes the effective yield strength to
account for the important effect of strength on fatigue initiation life. Including Sy also makes
the values dimensionless and thus usable in any set of units. Note also that the data for
r = 1.5 mm is initiation life, whereas the data for » = 0.13 mm is total life. This is a
reasonable comparison because the total lives for the » = 0.13 mm tests are believed to be
predominantly initiation cycles.

The most significant feature of the results in Fig. 10 is that the fatigue lives of four materials
are well represented by a single expression. The straight line shown, obtained by power law

1/2
[1.12 K / ¢ Sy]
0 -
C ®
- ®
L ®
®
N ®
A
1 E e
Fl © 15-5PH; r = 1.50
| X 15-500;r = 1.50
Ll & 95-15 ;r = 1.50
| O 95-14 ;r =150
B 9514 ;r=0.13
0.1 1 11 ratnt 1 1 1 11t 1 L1t 111y 1 L e
100 1,000 10,000 100,000 1,000,000

INITIATION LIFE; cycles

FIG. 10— Fatigue life described by [K/t'Sy] parameter for specimens of different material and con-
figuration.
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regression of the r = 1.5 mm data, has the formula
N = 85 000[1.12K/r'2Sy} =57 (6)

and a correlation coefficient of 0.96. This expression can be used to describe (or predict,
for a courageous user) a fatigue initiation life for a notch with a radius of about 2 mm or
less and for which a solution for K is known. The lives for the weld specimens with r =
0.13 mm are typically about twice those from Eq 6, so the equation has some application
to the partial penetration welds as well, even though it is somewhat conservative. Of course,
higher lives for the = 0.13 mm specimens are expected, considering that these tests include
growth as well as initiation cycles.

Summary

1. J test procedures for the three-point bend specimen were developed using a near-
load-line bottom surface displacement for unloading compliance measurements of crack
growth. A new expression for a/W in terms of load-line displacement was developed.

2. J. toughness was measured for two plate and three weld-metal precipitation-hardening
stainless steels in various welded and heat treated conditions. Measurements were made
from samples that were cut from welds, including some samples that displayed cleavage
failure due to an incomplete heat treatment following welding.

3. Fatigue crack initiation life was measured for two plate and three weld-metal steels in
various conditions. Lives from 1000 to 1 000 000 cycles were measured using a 1.5 mm radius
notch in three-point bend specimens subjected to ligament stresses of about the yield strength
level.

4. The ratio of maximum notch-root stress defined by a K/(r)"? parameter to material
yield strength gave a good description of fatigue crack initiation for four steels. The approach
also gave an approximate description of initiation for other tests with one of the steels using
samples with a significantly different notched configuration.
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ABSTRACT: Crack initiation toughness tests were conducted using the J-integral as a fracture
characterizing parameter according to the ASTM Test Method for J;., a Measure of Fracture
Toughness (E 813-87). The specimens were made from a weldment of Type 304 stainless steel
(SS) base metal and Type 308 SS weld metal, and were fabricated such that the crack initiation
toughness (J;.) of the weld metal could be measured. A peculiar feature of all of the tests was
that crack growth occurred in an inverse tunneling mode. The provisional initiation toughnesses
(Jo) calculated from the test results were determined to be invalid because the validation
requirements on change in crack front curvature and on accuracy of the predicted crack
extension were not met. The accuracy of the predicted extensions was improved by applying
correction factors to the last measured compliances to account for crack front curvature, plastic
deformation, friction, and indentation. The excessive change in crack front curvature was
caused by the transition from tunneling growth during fatigue precracking (before the speci-
mens were side grooved) to inverse tunneling during slow stable crack growth. Crack growth
by inverse tunneling indicates a constraint condition at the root of the side-grooves that is
more severe than in the center. If this is the case, the measured initiation toughness should
be a valid indication of the lower bound for high constraint.

KEY WORDS: elastic-plastic fracture, test methods, J-integral, austenitic stainless steels, welds,
crack extension, unloading compliance, three-point bend test

Fracture toughness tests were conducted on a weldment of Type 304 stainless steel (SS)
base metal and Type 308 SS weld metal using the ASTM Test Method for J,., a Measure
of Fracture Toughness (E 813-87). The purpose of these tests was to determine the crack
initiation toughness of the weld metal. The results of these tests are examined in light of
developments in the field of fracture toughness testing since the last revision of ASTM E
813 in 1987. The developments considered here are those that specifically affect the cal-
culation of crack length from the compliance data for single-edge bend [SE(B)] specimens,
the determination of a provisional initiation toughness (J,), and the validation of that
initiation toughness.

Experimental Procedure

A weldment was fabricated from two pieces of 50.8-mm-thick Type 304 SS plate using
Type 308 SS fillter metal and an auto submerged arc process. The weld was two sided and
was formed in 27 successive passes. Tension specimens were removed from the weldment

'Engineering specialist, engineering specialist, and principal engineer, respectively, Idaho National
Engineering Laboratory, EG&G Idaho, Inc., Idaho Falls, ID 83415-2218.
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TS

FIG. 1—Diagram of weldment showing shape of weld zone and placement of specimens in weldment.
Letter designation refers to crack plane orientation (crack plane normal—crack growth direction).

to determine the mechanical properties of the Type 308 SS weld metal; the measured values
were: yield strength = 468 MPa, tensile strength = 653 MPa, and elastic modulus = 2.08
x 10° MPa.

Standard SE(B) specimens were prepared from the weldment with the machined notch
in the approximate center of the weld, as shown in Fig. 1. The specimen dimensions are
shown in Fig. 2. Five specimens were tested in this program, two of T-L orientation and
three of T-S orientation.

The three-point bending fixture was made according to the recommendations of ASTM
E 813-87 except that hardened steel bearing surfaces were added for the two end support
roller pins. Crack mouth opening displacement (COD) was measured with a clip gage, also
made basically according to the recommendations in ASTM E 813-87. The design of the
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FI1G. 2—Dimensions of SE(B) specimen.
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grooves at the tips of the gage arms was modified to ensure that the knife edge sat in the
bottom of the groove, and that there was sufficient clearance to allow for free rotation of
the knife edges up to full-scale displacement. These modifications to the bend fixture and
clip gage were found to reduce problems with apparent negative crack growth at low J(<17.5
kJ/m?).

The load point displacement (LPD) was measured with a linear variable differential
transformer (LVDT) mounted between the loading roller and the bend fixture. The measured
LPD was corrected for load train compliance using the procedure in Section Al.4.4 of
ASTM E 813-87.

The tests were conducted using a computer-controlled servohydraulic test machine. Au-
tomated J test software was used to calibrate the transducers, run the J test procedure using
the single specimen technique, and analyze data. The software followed the guidelines set
forth in ASTM E 813-87 for running the test and analyzing the data. Crack lengths were
calculated using the crack opening compliance, as measured with the clip gage.

Results

The results presented here are for one particular specimen, however, they are repre-
sentative of the results obtained for all of the specimens. In the following discussion, analysis
of the validity requirements will be presented for all of the specimens.

A typical plot of J versus crack length obtained during testing is indicated by square
symbols in Fig. 3. Two observations can be made from the crack lengths calculated using
the plane stress elastic modulus: (1) for low J values (<17.5 kJ/m?), the crack length appears
to decrease with increasing J; and (2) the crack lengths calculated by unloading compliance,
especially the initial crack length, are larger than the physical crack lengths measured on
the fracture surface (the latter being represented by Xs). The problems of apparent negative
crack growth and scatter in the crack length data for small amounts of crack growth have
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FIG. 3—1 versus crack length for Type 308 SS weld metal SE(B) Specimen WLC-1.
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been observed by other investigators for compact tension, C(T), specimens [I,2] and for
SE(B) specimens [3]. The apparent negative crack growth is believed to be caused by friction
and misalignment in the fixtures and, as mentioned previously, was reduced through careful
design of the bend fixture and clip gage, and alignment of the bend fixture.

The discrepancy between the calculated and physical crack lengths is due, in part, to the
choice of the elastic modulus in the calculation of crack length from compliance. The elastic
modulus is a function of the state of stress, or degree of constraint, of the specimen. The
automated J test software calculated the crack lengths during testing based on the assumption
of plane stress. This discrepancy can be reduced by calculating the effective modulus based
on the initial compliance and the initial physical crack length, and then using this modulus
instead of the plane stress modulus to calculate crack length. Using this approach, it is also
possible to correct for calibration errors. Taking the minimum of the measured compliances
as the initial compliance, the effective modulus for Specimen WLC-1 is 1.878 X 10° MPa.
One of the validity requirements for ASTM E 813-87 is that the difference between the
effective modulus and the elastic modulus must be less than 10%. For Type 308 SS weld
metal, the plane stress elastic modulus is 2.082 x 10° MPa and the difference is 9.8%, which
is just within the required limits. The crack lengths calculated using the effective modulus
are also shown in Fig. 3, where the points that exhibited apparent negative crack growth
have been omitted. The calculated final crack length is now less than the physical final crack
length, and the difference between them is 0.00047 m.

The standard does not specify requirements for accuracy of crack length determination
because the data analysis is based on crack shape or extension, not crack length. There are
two requirements that pertain to crack extension. One is that the crack front curvature
remain within certain limits. A diagram showing the initial and final crack fronts determined
from measurements on the fracture surface of a typical specimen is given in Fig. 4. The
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FIG. 4— Position of the initial and final crack fronts on Type 308 SS weld Specimen WLC-1 and the
allowable limits on curvature according to ASTM E 813-87.
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FIG. 5— Position of initial and final crack fronts on Type 308 SS weld Specimen WLC-1 and the limits
on change in crack front curvature according to ASTM E 813-87.

specimen was fatigue precracked before side-grooving, thereby causing a slight tunneling of
the initial crack front. The addition of the side grooves caused the crack growth mode to
change from tunneling to inverse tunneling. Section 9.4.1.5 of ASTM E 813-87 requires that
the difference between the crack length at any point and the average crack length be less
than 7% of the average crack length. The limits for the initial and final cracks are also
shown in Fig. 4. It is clear that the initial and final crack fronts are well within these limits.
It is also apparent that this requirement is not particularly restrictive, and that the standard
allows for considerable crack front curvature.

Section 9.4.1.6 of ASTM E 813-87 requires that the difference in crack extension between
the edges and the center be less than =0.02 W. This places a restriction on the change in
the crack front curvature between the initial and final crack fronts. The dashed line crack
fronts shown in Fig. 5 indicate the limits on the change in crack front curvature. It is apparent
that this requirement is quite restrictive since both the initial and final crack fronts are well
within the limits on curvature, however, the change in crack growth mode from tunneling
to inverse tunneling causes the change in curvature to exceed the limits. This was true for
all of the specimens tested, as shown in Fig. 6. The inability to meet this requirement caused
all of the provisional crack initiation toughnesses to be invalid.

A typical plot of J versus crack extension is shown in Fig. 7. The negative crack growth
is apparent as the crack extension decreases with increasing J for low values of J. The
problem with this negative crack growth is that it causes confusion over the true value of
the initial crack length. Sections 8.4.3.1 and .2 of ASTM E 813-87 specify that the initial
crack length shall be determined by the average of three compliance measurements made
at a maximum load of 10 to 40% of the limit load. Using this approach would cause the
crack extension in the early part of the test to be negative. The approach used for plotting
the data in Fig. 7 was to estimate the initial crack length as the minimum calculated crack
length. This choice of initial crack length shifts the crack extension such that all values are
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positive. This minimum crack length generally occurred for J of approximately 20 kJ/m?.
The crack extension due to blunting was considered to be negligible at this low J value, and
therefore was neglected. In the analysis of the data to determine the power law growth
curve and the provisional initiation toughness, the early points exhibiting apparent negative
crack growth were excluded.

The average physical crack extension, as measured on the fracture surface, is also plotted
in Fig. 7. Section 9.4.1.7 of ASTM E 813-87 requires that difference between the calculated
and physical crack extension be less than +0.15 times the physical crack extension for
extensions less than the maximum value, and =0.15 times the maximum value thereafter.
The normalized difference in crack extension is plotted for all of the specimens in Fig. 8.
For these tests, the unloading compliance method of determining crack length tends to
under-predict the crack extension, and the amount of under-prediction increases with in-
creasing crack extension. Three of the specimens fall within the required limits while the
two specimens with the largest crack extension do not. This implies that the accuracy of the
calculated crack lengths based on the compliance equations given in ASTM E 813-87 de-
creases with increasing crack length. The work of Steenkamp [4], Prantl [5], and Prij [6]
suggests that the accuracy of the final calculated crack lengths can be improved by correcting
the last measured compliance for the effects of crack front curvature, large deformation,
indentation, and friction. The corrections of Steenkamp will be presented, and the last
measured compliances will be reanalyzed using these corrections, in the next section.

Correction of the Measured Compliances

The equations for calculating crack length from compliance given in ASTM E 813-87 were
derived from theoretical relationships for a specimen with a perfectly straight crack front
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FIG. 9— The influence of crack front curvature on compliance [4].

undergoing small deformations under ideal three-point bending. In reality, the crack front
is never perfectly straight, the specimen may experience large deformation, and the rollers
do not exert point loading. A thorough study was done on the effect of these factors on
compliance for SE(B)-type specimens by Steenkamp [4]. The correction factors derived by
Steenkamp will be used to correct the final calculated crack lengths.

Steenkamp used elastic finite element methods to examine the effect of crack front cur-
vature on compliance. He considered only plane sided specimens, without side grooves, and
crack fronts that resulted from tunneling crack growth. The results of his analysis showed
that for the same average crack length, the effect of crack front curvature is to decrease the
compliance. He defines a compliance correction factor, F, which is the ratio of the com-
pliances of a curved and a straight crack, each with the same average crack length. The
correction factor is given for various amounts of curvature in Fig. 9. Dividing the measured
compliance by this factor will increase the compliance to the value for a straight crack with
the same average crack length.

The effect of large deformation on compliance was examined using elastic-plastic finite
element analysis [4]. Steenkamp found that the deviation of the compliance due to elastic-
plastic deformation is solely a function of the angle of rotation of the specimen halves. He
defines a correction factor, Fp,, that is plotted as a function of rotation angle (in radians)
in Fig. 10. The correction factor is always less than one, indicating that the effect of elastic-
plastic deformation is to decrease the compliance compared with an elastically deformed
specimen.

Friction between the rollers and the specimen will alter the effective bending moment
with respect to idealized three-point loading, and thereby affect the compliance. Steenkamp
derived analytical expressions for the effective bending moment, and used these to define
a compliance correction factor for friction, Fz. The correction factor was found to be a
function of the angle of rotation of the specimen halves, «, and the roller diameter, D. It
can be seen from the plotted values of Fy in Fig. 10 that the effect of friction is small.
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The final correction that Steenkamp derived was for indentation of the specimen at the
center roller. The correction factor for indentation, F,, was found to be a function of the
angle of rotation («), the material properties, and the specimen dimensions. Values of the
correction factor for one particular material and specimen size are shown in Fig. 10. It can
be seen that the effect of indentation is small compared to the effect of deformation,
especially for large rotation angles.

The compliance corrections derived by Steenkamp were used to correct the last measured
compliances for the tests of the Type 308 SS SE(B) specimens. The corrections for curvature
and'indentation are only approximate since the crack front shapes considered by Steenkamp
did not include those formed by inverse tunneling, and the material properties used to derive
the indentation correction factor are not the same as those for Type 308 SS weld metal.
The effect of inverse tunneling on compliance should be examined further; however, the
results of Steenkamp will be used to indicate the general trend of the correction. The
differences in crack extension between the calculated crack lengths, after correction, and
the physical crack lengths are shown in Fig. 11. The calculated crack lengths now over-
predict the crack extension for four of the five specimens; however, in all cases the normalized
difference in crack extension falls within the limits specified in the standard.

Discussion

The J,, values obtained from the test results are not valid initiation toughnesses because
the data failed the validation requirements on accuracy of the crack extension calculation
and on the change in curvature of the crack front. The accuracy of the crack extension
calculation was improved by applying compliance correction factors that account for devia-
tions of the actual test from the ideal case of a perfect specimen in pure three-point bending.

100 T —I T ‘h T I T
FRr
N,
- \\\
-~
assumed
point of F1

098 [—initiation —

op
-
u F
- 09 —
€ " ep.i-osssa
o FI given for St 52~3, 25x50 specimens
FRgiven for D/W=05
094 _
092 i 1 ! J | | | )
000 002 0.04 006 008 010

— al-)

FIG. 10— Compliance correction factors for deformation (Fp), friction (Fg), and indentation (F;)

(4]



222

ELASTIC-PLASTIC FRACTURE TEST METHODS

3.4
| X |
3.3
———— >

3.2 -0.1
= o 018 +045
E 3.4 | l
Z -
6 ° f |
z 297 | |
E g4 UNDER-PREDICTION | ‘ OVER-PREDICTION
x o B, N
uJ Y »
v 277 | I
Q
4 2.6 I |
x©
O 25 | f
2 SPECIMEN
L 24 | | —_—
2 a O WLC-1
> 23 [ [ + WLC-2
I
a a | | o WLC-4

22 i A WLD-2

2.1 ! . | X WLD-3

2 T T l T T ! T T
-0.4 -0.2 0 0.2 0.4

NORMALIZED DIFFERENCE IN CRACK EXTENSION
mCOMPU;\NCEAED )/Aa P (max)

FIG. 11— Accuracy of unloading compliance technique for calculating crack length in Type 308 SS
weld metal SE(B) specimens after incorporating compliance corrections.

After applying these corrections, the validation requirement for accuracy of the crack ex-
tension prediction was satisfied for all of the specimens.

This leaves the limit on change in crack front curvature as the sole validation requirement
preventing the measured J, values from being considered valid initiation toughnesses. A
peculiar feature of these tests was the change in crack growth mode from tunneling to inverse
tunneling. This behavior has been observed in other tests on Type 304 SS[7,8]. The tunneling
growth mode is caused by relief of constraint at the free surfaces. This implies that the
presence of the side grooves has increased the constraint at the edges to a level that is
greater than the constraint in the center. If this is so, the severity of the stress state in the
specimen is such that the measured initiation toughness should represent a lower bound. It
seems contradictory that both the initial crack front and the final crack front are well within
the limits on curvature, but the change in curvature exceeds the limits. The change in crack
growth mode causes the difference in crack extension between the center and the edges to
exceed the specified limits. Perhaps reevaluation of the reasoning behind this requirement
would allow for reinterpretation under the condition of inverse tunneling crack growth.

Conclusions

A peculiar feature of these tests was that crack growth occurred in an inverse tunneling
mode. The transition from tunneling growth during fatigue precracking to inverse tunneling
during stable crack growth caused the change in crack curvature to violate the validation
requirement on crack extension. Problems were also encountered with discrepencies between
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the final physical crack length, as measured on the fracture surface, and the unloading
compliance calculation of final crack length. Consequently, the provisional initiation tough-
nesses (J,) calculated from the test results were determined to be invalid measurements of
the initiation toughness J,..

The accuracy of the unloading compliance calculations of final crack length was improved
by applying correction factors to account for crack front curvature, plastic deformation,
friction, and indentation to the measured compliances. The corrections brought the differ-
ence between the physical and calculated final crack lengths within the limits specified in
ASTM E 813-87.

The large change in crack front curvature was caused by the transition from tunneling
growth during fatigue precracking (before the specimens were side grooved) to inverse
tunneling during slow stable crack growth. The validation requirements on crack curvature
and crack extension appear to be inconsistent for this case where the initial and final cracks
are well within the limits on curvature; however, the difference in crack extension between
the edge and center exceeds the limits by a considerable margin. Presumably, the require-
ments are intended to ensure that the stress state in the specimen is predominantly two-
dimensional plane strain. Excessive curvature of the crack front causes the stress state to
become three dimensional. For these tests, the initial crack fronts are within the required
limits on curvature, and the transition from tunneling to inverse tunneling indicates that
during the early part of stable crack growth, the crack front curvature was decreasing. The
curvature of the final crack fronts was also within the required limits, thereby satisfying the
intent of maintaining a predominantly two-dimensional plane strain state of stress, although
violating the crack extension requirement. The reasoning behind the validation requirement
on change in crack front curvature should be reexamined in light of the possibility of crack
growth by inverse tunneling.
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ABSTRACT: Some reactor vessel weldments have relatively high copper contents that, when
exposed to neutron irradiation, cause reductions in fracture toughness in the Charpy upper-
shelf energy temperature region. To address this concern, a large number of both unirradiated
and irradiated compact specimens were tested and the resulting J-resistance curves were gen-
erated. Key curves were developed from the load displacement records of single-specimen
unloading compliance test data for magnesium-molybdenum-nickel/Linde 80 submerged-arc
weld metals to study various aspects of toughness data behavior. In this paper, only a number
of representative compact specimen tests are analyzed using the Herrera and Landes individual
specimen key-curve approach to compare specimen size, temperature, and irradiation effects
as part of a J-resistance model development effort for the Linde 80 class of weld metals.
The results of this study indicate (1) that the key-curve method works when applied to the
Linde 80 type weld metals, (2) that a power law representation of the key curve provides a
means to extract the Ramberg-Osgood exponent from the key curve if there are no available
tensile data for the weld metal, and (3) that the irradiated specimens from both power reactors
and a test reactor do not exhibit significant differences in comparable key-curve characteristics.

KEY WORDS: key curves, fracture, calibration, unloading compliance, fracture tests, elastic-
plastic fracture, test methods

Before 1972, a number of nuclear power plant reactor vessels were fabricated by the
automatic submerged-arc welding process using copper plated manganese-molybdenum-
nickel (Mn-Mo-Ni) weld filler wire and Linde 80 weld flux. This wire and flux combination
resulted in a relatively high copper content in the weldment. The copper was identified as
the primary cause of a reduction in the Charpy upper-shelf fracture toughness properties
under continued neutron irradiation. There are a number of reactor vessels containing
Mn-Mo-Ni/Linde 80 submerged-arc welds in their beltline region and they are recognized
for their susceptibility to reduced fracture toughness and, as a result, are the subject of an
ongoing program of fracture toughness data acquisition and analysis to assure the structural
integrity for all operating conditions.

For the last 14 years, a systematic fracture toughness acquisition program has been in
progress by the Babcock & Wilcox (B&W) Owners Group, which is composed of those
utilities with power plants that have reactor vessels with this concern. In this program, a
large number of compact specimens fabricated from the same material as used to fabricate
the reactor vessels were irradiated in commercial nuclear power plants. In addition, the

'Advisory engineers, Engineering and Plant Service Division, B&W Nuclear Service Company,
Lynchburg, VA 24506.
2Scientist, Alliance Research Center, Babcock & Wilcox, Alliance, OH 44601.
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Nuclear Regulatory Commission (NRC) conducted a research program within the Heavy
Section Steel Technology (HSST) program where a large number of the compact specimens
of the same materials donated by the B&W Owners Grop were irradiated in a test reactor
and then tested and evaluated.

As the products from these programs, two large databases for this class of weld metals
were established. Based on these databases, a J-resistance curve model development effort
was undertaken. As a part of this overall effort, a key-curve analysis was performed using
a small number of representative compact specimen test records taken from these two
databases. The results from this analysis are presented in this paper. The primary interest
is to determine if the use of the key-curve method would help in the study of the following
issues:

. specimen size effects,

. test temperature effects,

. differences in unirradiated weld metal data versus irradiated weld metal data, and

. differences in power reactor irradiated weld metal data versus test reactor irradiated
weld metal data.

AW -

Key-Curve Method

Ernst et al. [I] introduced the key-curve concept, which is based on flow properties of
ductile material. Joyce and others [2] experimentally constructed the key curve for a HY130
steel and demonstrated that J-R curves could be developed by the key-curve method. To
construct a generic key curve for a specific material and a type of test specimen, testing of
multiple specimens with varying initial crack sizes is necessary. Joyce [3] applied this ap-
proach to dynamic J-testing of a A533B low-alloy steel used in reactor vessels and generated
dynamic J-R curves from the key curve.

Recently, Herrera and Landes [4] applied this concept to construct an individual specimen
key curve using the flow properties of the specimen instead of using a multispecimen test
to construct a generic key curve. The basis for this approach is the assumption that the key
curve can be represented by a power law functional form. The two constants in the power
law equation are determined from the load-displacement pair at the final crack point, and
the Ramberg-Osgood exponent from a matching tension test. Alternatively, the authors
demonstrated that the load-displacement pair at the crack-initiation point can be substituted
for the Ramberg-Osgood exponent. Consequently, J-R curves can be generated from the
key curves without the crack extension calculations required by the unloading compliance
method.

Following Ernst {I] and Joyce [2], the testing of a precracked fracture specimen involves
three primary continuously changing variables, that is, load, P; displacement, v; and crack
length, a. The relationship among these variables can be represented by a function, F, as
follows

P = F(alW, vIW) (1)

where W is the width of the specimen. In Ref 3, it was shown that a separation of variable
approach can be applied to F resulting in the form

P = G(a/W)H(v,/W)
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where displacement v is separated into elastic and plastic components
V=V t+ vy

and from the compliance function, C(a/W), the elastic displacement is given by
Va = PC(a/W)

For bend-type specimens, G(a/W) can be described in terms of the remaining uncracked
ligament, b, in the form

P = BbW g(b/W)H(v,,/W) @)

where B is specimen thickness. The function, g, for the compact specimen is given in
Ref 5 as

g(b/W) = exp[0.522(b/W)]
and for the three-point bend specimen
gbiw) =1
and if a normalized load, P,, is defined as
Py = PW/[Bb%g(b/W)]
then from Eq 2

Py = H(v,/W) 3)

A plot of Py, versus v_,/W defines a key curve, or a calibration curve, for the material and
the specimen type.

Power Law Function, H

Following Ref 4, each key curve is analyzed assuming that the inverse of the H function
in Eq 3 is in a power law form as

va/W = BPY, 4)

where B is a constant and » is the exponent similar to the Ramberg-Osgood exponent.
Taking the logarithm of both sides of Eq 4

log(v,,/W) = log B + nlog Py
and rearranging
n = [log(v,/W) — log B]/log Py (5)

The exponent, n, is determined from the slope of a log-log plot of a key curve.



228 ELASTIC-PLASTIC FRACTURE TEST METHODS

J-Control Limit Assessment

ASTM Test Method for Determining J-R Curves (E 1152-87) allows crack growth of only
10% of the initial uncracked ligament in a compact specimen, however, many investigators
observed well-behaved J-R curves far beyond the 10% limit in actual tests of pressure vessel
materials [6]. To assess the maximum applicable limit, Joyce [6] suggested a plot of the
plastic portion of the load-line displacement, v,/W, and crack extension, Aa/W, as shown
in Fig. 1 for Specimen 21. After the initial blunting phase, there is a linear relationship
between these two variables. The crack length where the linear relationship starts to fail is
called as the J-control limit of this specimen. Joyce suggested that the crack extension validity
limit should be where the plastic displacement versus crack extension curve deviated from
the straight line by more than 5%. This point signifies the onset of a plastic hinge formation.
In the specimen evaluated in Fig. 1, the linear relationship holds until Aa/W reaches a value
of 0.22. This point corresponds to 44% of the initial uncracked ligament. This concept was
found very useful in analyzing key curves as discussed in the following section.

Key Curves for Linde 80 Weld Material

For a selected group of Mn-Mo-Ni/Linde 80 weld metals, key curves were generated using
Eq 3 and are plotted in Figs. 2 through 5. Some of the key curves are closely grouped,
which suggests the existence of a generic key curve for select groups of data. There are
some irregular key curves in these figures as would be expected from any experimentally
obtained set of data. These curves include the data from both unirradiated and irradiated
specimens.

Figure 2 contains five key curves from one weld metal. There are three different compact
specimen sizes and two test temperatures, 249°C (480°F) and 288°C (550°F). The legend in

Vpl/W
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FIG. 1—Singularity assessment.
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FIG. 2—Key curves for Group WI.

the figure indicates the specimen number followed by the specimen size and the test tem-
perature. The last number is neutron fluence, in units of 10'® n/cm?, to which the specimens
were exposed prior to testing. Two key curves for irradiated specimens (Specimens 41 and
21) show higher P, values compared with the rest. This is expected because of the increased
strength properties of the irradiated material. The key curves in Fig. 3 are all irradiated
data to the same neutron fluence, but tested at different temperatures in the Charpy upper-
shelf energy range. These curves are well grouped also, except for the 0.5T compact specimen
for which there is no obvious explanation. In contrast, Fig. 4 shows two 0.57 irradiated
compact specimens with almost identical key curves despite a difference in test temperatures.
One unirradiated 0.936T compact specimen data exhibited a slightly lower key curve but
its slope is not as steep as the irradiated key curves, indicating a lower Ramberg-Osgood
hardening exponent for the unirradiated material. The irradiated specimen curves shown in
Fig. 5 have a narrow scatter band except for the one unirradiated specimen curve. With the
exception of Group W2 shown in Fig. 3, the key curves of the irradiated data in Fig. 5
appear to be representative of the other groups as well. These specimens in Group W2 also
are characterized by low R-curves.

In Fig. 6, the key curve for Specimen 53 is compared with a normalized load displacement
curve without crack growth. This is an unirradiated 0.936T compact specimen tested at 288°C
(550°F). According to the first method described in Ref 4, when the hardening exponent
of 8.2 from a tension test record from a Ramberg-Osgood fit is used, the load displacement
pair at the last test point yields a § value of 2.95 x 10-'4. The key curve for Specimen 53
and the curve obtained from Eq 4 are in good agreement as shown in Fig. 7. This good
agreement means that the power law representation of the inverse H function works well
with this type of material. This also suggests that the key-curve method may be used in
reverse for obtaining the exponent, #, as illustrated in Fig. 8.
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The point where the two curves in Fig. 6 start to deviate from each other was used as the
crack-initiation point by Herrera and Landes, as a second method for determining the two
constants used in Eq 4. In this case, the crack-initiation point becomes two data points prior
to the maximum load point. Subsequent evaluation of numerous data revealed that the
maximum load point can serve as the lower limit of the valid crack extension range. The
upper valid crack extension limit can be determined by Joyce’s J-control limit as discussed
previously.

Figure 8 illustrates a logarithmic scale plot of the key curve for Specimen 53 with the
valid data range marked. A linear regression analysis of the valid data points provides a
Ramberg-Osgood exponent, n. A value of n of 8.9 was obtained from the key curve, and
it is comparable to the 8.2 value obtained from a corresponding tension test result.

Key Curves of Irradiated Weld Metals

Specimen 41 in Fig. 2 is a irradiated 0.936T compact specimen exposed to a fluence of
8.5 x 10 n/cm? and tested at 249°C (480°F). Specimen 21 is a 0.5T compact specimen
exposed to the same fluence and tested at 288°C (550°F). A J-control limit assessment
produced the upper limits of the valid test data points shown in Fig. 9. The upper valid
crack extension limit of Specimen 21 is 43% of the initial ligament size, b,. The same limit
of Specimen 41 is 51% of b,. The key curves for these specimens are shown in Fig. 10 with
their respective validity ranges marked. A linear regression of the valid data points in a
logarithmic plot resulted in n values of 10.5 and 15.2, which are reasonable values for an
irradiated Mn-Mo-Ni/Linde 80 weld metal. This relationship is presented in Fig. 11.

As a comparison, an irradiated 1.6T compact specimen was selected from the HSST
database. This specimen had a fluence of 9.44 x 10'® n/cm? and was tested at 288°C (550°F).
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In Fig. 12, the key curve for this specimen is compared with those shown in Fig. 10. The
fluence values are similar among these specimens but the nominal flux rate for the HSST
data was 1.5 x 10'? n/cm%s, approximately 20 times higher than the nominal flux rate for
the power reactors. A J-control limit assessment revealed that the crack extension is valid
up to Aa = 17.3 mm (0.68 in.), which is 46% of b,. All specimens of Mn-Mo-Ni/Linde 80
welds consistently exhibit the validity limit of 38 to 51% of the uncracked ligament, b,. A
regression analysis on the valid log-log key-curve data yields n equal to 12.0, as shown in
Fig. 13. Since the variation of the hardening exponent, n, is not as sensitive at high n values
(considering that the slope of the horizontal line in the log-log plot is infinity), one can
conclude that there is no significant difference between the test reactor data and the two
power reactor irradiated data as shown in Fig. 12.

Summary and Discussions

In general, the key curves for unirradiated Mn-Mo-Ni/Linde 80 weld materials lie in a
very narrow range relative to each other, indicating the homogeneity of the material and
suggesting the potential of the existence of a generic key curve for the material.

The Joyce J-control limit assessment method effectively defines the upper limit of the
valid data range for key-curve application.

A reverse application of the H function by a linear regression of the log-log key-curve
data between the maximum load point and the upper validity limit based on the J control
limit assessment consistently yielded good values for the exponent, n. This may be a useful
tool for determining the exponent, n, when there is a lack of any companion tensile data
for the particular material.

w0} SOLID SYMBOLS - VALID DATA
41 0.9336T 480F 6.45 21 0.5T S50F 8.45 62W-32 1.6T SSOF 9.44
—a— —e— ——
0 1 1 1 1 —
0 0.01 0.02 0.03 0.04 0.05
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FIG. 12— Key curves of irradiated specimens.



236 ELASTIC-PLASTIC FRACTURE TEST METHODS

LOG(PN)
16
L e AL VIR PP
14
12
1
i 66W-32
_B_
08 66W-32 VALID RANGE
0.6 1 | 1 .
35 3 25 2 15 -

LOG(Vpl/W)

FIG. 13— Logarithmic plot of key curve.

The limited study of the key curves for material irradiated in a power reactor versus one
for the same material irradiated in a test reactor indicates that there appears to be no visible
effect related to flux rate for the range of flux rates available in this database.

To make a meaningful comparison between the post-test crack measurement versus the
predicted crack size for the last load-displacement pair, the test should not be conducted
much beyond the J-control limit.

There was no distinctive difference in the key curves for the groups of material that varied
slightly in chemical composition. Specimen size effect does not appear to be important. The
effect of test temperature is not evident. The irradiated data showed higher and flatter key
curves than the unirradiated data. This trend is expected because of increased strength

properties and greater hardening behavior of the irradiated materials compared with unir-
radiated materials.
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ABSTRACT: This paper describes some of Battelle's experiences in developing J-R data for
nuclear piping materials. Compact specimens were machined from both carbon steel and
stainless steel pipe and subjected to testing at elevated temperatures, similar to temperatures
encountered in nuclear reactor coolant piping. In many cases, the specimens displayed tough-
ness levels above those considered valid by ASTM standard methods of testing. Furthermore,
cracks were grown by about 50% of the original ligament, well in excess of the 10% limit
imposed by ASTM Test Method for Determining J-R Curves (E 1152-87).

Topics discussed in the paper include: (1) monitoring crack extension using the direct-current
electric potential ‘method, (2) specimen thickness changes ahead of the growing crack, (3)
observations of fracture appearance and crack growth direction in ferritic versus austenitic
steels, (4) observations of ductile-crack jumps in carbon steels tested at 288°C (550°F), (5)
unusual effects of partial unloadings in testing carbon steels at 288°C (550°F), and (6) difficulties
with certain ASTM definitions in testing highly ductile materials.

KEY WORDS: ¢lastic-plastic fracture, test methods, J-resistance curves, nuclear piping steels,
electric potential method, ductile crack growth, crack instabilities, unloading effects

In 1984, the U.S. Nuclear Regulatory Commission (NRC) contracted with Battelle to
conduct a research investigation referred to as the Degraded Piping Program—Phase II.
The primary objective of the program was to provide the NRC with state-of-the-art fracture-
mechanics analysis methods for predicting the behavior of degraded, that is, cracked, piping
operating under light-water-reactor conditions. Full-scale pipe fracture experiments were
used to validate the analyses. Complementing the analyses and the pipe experiments were
material characterization studies, conducted on laboratory specimens machined from pipes
from the same heats of steel as those used in the pipe tests. This paper presents a number
of observations pertaining to laboratory tests performed to obtain J-resistance curves for
the various pipe materials.

Status of J-R Curve Testing at the Start of the Program

At the start of the program in 1984, no standard method had been formulated for con-
ducting J-R curve tests, though work was in progress within ASTM Committee E-24 on
Fracture Testing. Guidance for test procedures came principally from ASTM Standard Test
Method for J,., a Measure of Fracture Toughness (E 813-81).

ASTM E 813-81 recommended that a multiple-specimen method be used to construct a
graph of J versus crack extension (Aaq) for Aa values in the range of 0.15 to 1.5 mm (0.006

!Senior research scientist and research scientist, respectively, Battelle, Columbus, OH 43201-269
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to 0.060 in.). A value for J;, was produced by extrapolation of the least-squares straight line
through those data to the point of intersection with the blunting line, defined as

J = 20,Aa 4]

where o, is the average of the 0.2% offset yield strength and the ultimate tensile strength.

While ASTM E 813-81 advocated the multiple-specimen method of testing and dealt only
with determination Jy, it did allow use of single-specimen methods and provided mathe-
matical procedures for accounting for crack growth when calculating J values beyond the
crack-initiation event. With respect to single-specimen methods, the unloading-compliance
procedure [/] was the one most widely used in 1984 for monitoring crack extension. However,
extensive interest was being shown also in the direct-current electric potential (d-c EP)
method for calculating crack extension without the need for periodic unloadings [2-6].

The expression given in ASTM E 813-81 for accounting for crack extension in calculating
J values is

Jir = U+ Ay — Ai)/biBN] [1 - vda;s, — ai)/bi] (2)

The subscripts i and i + 1 relate to test record increments, and the parameters v, v, b, A,
and a are updated between each step and defined as:

2 + 0.522 bIW,

1+ 0.76 b/W,

[W - (ao + Aa)]

area under load-displacement curve, and
crack length.

I

Il

a8 o 3
!

I

The value of J so calculated was frequently called Deformation Theory J (J,). Thus, even
though the primary purpose of ASTM E 813-81 was to obtain J;_ values, it also provided
methods for developing curves of J versus crack extension, commonly referred to as J-
resistance or J-R curves.

During that same time period when the Degraded Piping Program was beginning, work
was in progress on developing alternative procedures for computing J values. One procedure,
developed by Ernst [7] to minimize specimen size effects and to ease restrictions on the
amount of crack extension permitted within the framework of J-controlled crack growth,
used an expression identical to Eq 2, except that a plasticity term was added. The result
was termed modified J (J,,), where

aj

+1
JM(i+1) = JD(H—I) + f Jpl("//b) da (3)

ao

where J, is the plastic component of J. Shortly thereafter, impetus arose for separating the
calculation of J into elastic and plastic components, that is

J=1J,+J, @)
where
Jo = K.2(1 — W2)E )
v = Poisson’s ratio

Young’s modulus of elasticity, and
‘]pl(i) = [Jpl(iﬂ) + 'ﬂi(Apl(.') - Apl(z'~1))/b.'BN] [1 = vda; — a;_ l)/bi]' (6)

y
I
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Initially, when J,, or J,, were calculated by separation into elastic and plastic components
(Eq 4), the results were termed J; and J;, to distinguish them from values obtained from
Eqs 2 and 3. At the present time, however, because of the general acceptance of Eq 4, the
terms J; and J; have been replaced by the simpler terms J and J,,, respectively. It should
be noted that J values computed by separation into elastic and plastic components (Eq 4)
do not differ appreciably from those calculated from Eqs 2 and 3.

Among the guidelines existing in 1984 for conducting J-R curve tests were these:

1. Either compact tension C(T) or single-edge bend SE(B) specimens were recommended.

2. The maximum valid value for J,, was determined from specimen dimensions (B =
thickness, a = crack length, and b = uncracked ligament length) and the material’s
flow strength (), using the relationship

Ji (max) = De,/25 7N

where D is the smallest of the three dimensions B, a, and b.
3. The maximum valid value for J beyond the onset of cracking was

J(max) = Do,/15 (8)

4. Crack extension should be limited to a maximum of 10% of the original uncracked
ligament.

5. For highly ductile materials, such as austenitic stainless steels, the methods described
in ASTM E 813-81 for determining J;, were not applicable.

Test Procedures Used in the Degraded Piping Program

The approach adopted at Battelle for determining J-R curves for the various pipe materials
being investigated in the Degraded Piping Program was as follows. Cracks were grown in
laboratory specimens, C(T) or SE(B) machined from pipes, to simulate as closely as possible
the growth of cracks in full-scale pipe tests. Relatively little attention was paid to adhering
to validity requirements for J,.(max), J(max), or maximum crack extension, Aa(max).

The rationale for testing specimens that, in many cases, did not meet established specimen-
size criteria and for permitting large amounts of crack growth can be stated simply. The
fracture resistance data that were to be developed were not for the purpose of characterizing
a certain material under conditions of plane strain; rather, they were to characterize a pipe
material in a thickness approximately equal to its wall thickness. The crack was allowed to
grow far in excess of 10% of the original ligament because pipe tests typically have large
amounts of crack growth.

In adhering to the preceding approach and rationale, the following guidelines and pro-
cedures were adopted:

1. C(T) or SE(B) specimens should be machined from pipe without flattening the pipe,
to avoid changing the properties of the material.

2. The specimen thickness should be no less than approximately 0.8 of the pipe-wall
thickness (to reasonably simulate the full-thickness pipe) and the lateral dimensions
should be as large as possible for that specimen thickness.

3. The notch tip geometry in the laboratory specimens should be the same as that em-
ployed in the pipe-fracture experiments; in some cases, this was a sharp-machined
notch and in others a fatigue crack.
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4. The orientation of the growing crack should be the same as in the pipe-fracture ex-
periments.

5. The test temperature should be the same as in the pipe-fracture experiments.

6. The rate of straining should be similar to that employed in the pipe-fracture experi-
ments.

7. The crack should be allowed to grow to a length of at least 50% of the original ligament.

8. The specimens should be side grooved only if required to grow the crack in the desired
direction.

9. A single-specimen method that employs the d-c EP method for monitoring crack
initiation and crack growth should be used to obtain J-R curves; the value of J at the
point of crack initiation, as revealed by the d-c EP data, should be called Ji,;.

10. Jp,-R curves should be calculated using the method of ASTM E 813-81 (see Eq 2);

in addition, values of J,,, J5, and J,, should be calculated as described previously.

Observations in Conducting J-R Curve Tests
Monitoring Crack Extension Using d-¢c EP

In the majority of tests in this program, Battelle’s experience in employing the d-c EP
method for monitoring crack growth in C(T) specimens was satisfactory. The procedure
adopted was similar to one employed by Schwalbe and Hellmann [3,4] in which constant-
current leads were attached to the top and bottom edges at W/2 from the load line, and the
potential was measured across the notch mouth (see Fig. 1). The load cell was electrically
isolated to prevent a current path through the load train. The point of crack initiation was
determined from slope changes in curves of U (electric potential) versus displacement and
U versus load, applying engineering judgment. To compute the amount of crack growth at
any point in the test after initiation, the ratio of U to U, (the potential at initiation) was
inserted into the Johnson equation [2,3]. As is noted in Ref 8, the agreement between
calculated and measured crack growth was improved by permitting the value of 2y (the
potential probe spacing) in the Johnson expression to increase in proportion to the load-
line displacement. When that modification was employed, crack extensions of up to about
70% of the original ligament were monitored with an error of no more than 5% in a 25.4-
mm (1-in.) thick 37-planform-size C(T) specimen of Type 304 stainless steel.

An inclusive summary of the crack-growth comparisons from 107 C(T) tests involving
both carbon steels and austenitic stainless steels and a variety of specimen sizes and thick-
nesses is given in Table 1. The results indicated that the d-c EP method met or exceeded
the performance described earlier, that is, maximum error of 5%, in 40% of the tests [9].
In 71% of the tests, agreement between calculated and actual crack extension was within
10%, and in 88% of the tests, agreement was within 15%. The average difference between
calculated and actual final crack extension was 7.7%, with a standard deviation of 6.3%.
Austenitic steel specimens, which exhibited greater crack-opening displacements and greater
thinning ahead of the crack than did ferritic specimens, showed performance results that
were approximately the same as those for ferritic steel specimens.

In another group of tests conducted at Battelle as part of an NRC-sponsored round-robin
program, excellent results were obtained using the d-c EP procedures described in this paper
[8]. Tests on three A106B steels and three aluminum-alloy 1T C(T) specimens gave excellent
agreement between calculated and actual final crack extensions; the average error was 2.7%
and the standard deviation was 1.9%. Crack growth in those tests ranged from 36 to 50%
of the original ligament.

The reasons for the relatively poor performance of the d-c EP method in 12% of the
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FIG. 1—Schematic illustration of direct-current electric potential method used at Battelle to monitor
crack extension.

TABLE 1—Ability of d-c EP method to estimate total crack extension in J-R-curve tests of compact
specimens (number of results examined: 60 carbon steel and 47 stainless steel).

Percentage of Results Showing Indicated Difference Between
Calculated and Actual Crack Extension

Material +5% (max) +10% (max) +15% (max)
Carbon steel 37 70 92
Stainless steel 45 72 83

Combined carbon steel

and stainless steel 40 71 88
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Degraded Piping Program tests are not known. No obvious procedural faults were apparent
in those tests where calculated and actual crack extension were in wide disagreement.
While the extent of crack growth calculated from d-c EP was generally in good agreement
with the actual amount, determination of the onset of cracking often included some uncer-
tainties. Figure 2 shows an example of a test in which crack initiation could be defined
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FIG. 2— Load-displacement-d-c EP data for an ASTM A351, Grade CF8M stainless steel C(T) spec-
imen to illustrate determination of crack initiation point, Point I: Specimen was 1.5 T planform-size;
thickness was 23.9 mm (0.94 in.).
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FIG. 2—Continued.

without difficulty from the test data. In that figure, determination of the point of crack
initiation was based on the point at which the curve of potential (U) versus load-line dis-
placement (v, ) deviated from a straight line (Point I). The slope change at Point [ in the
curve of load (P) versus U was used merely to corroborate that selection of the crack-
initiation point.

Figure 3, on the other hand, is an example of a test in which additional engineering
judgment was required in selecting the point of crack initiation. In Figure 3, the graph of
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FIG. 3—Load-displacement-d-c EP data for an ASTM A333 Grade 6 C(T) specimen to illustrate
several possible indications of crack initiation at Points A, B, or C: Specimen was 1T planform-size;
thickness was 12.2 mm (0.48 in.); 20% side grooved.
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U versus v;; did not show as distinct a deviation from linearity as in Fig. 2. In fact, three
different points, A, B, and C, appear about equally credible as crack-initiation points from
the U-v,; and the P-U plots. In this example, Point B was selected as the most likely point
of crack initiation, for reasons that are given in Ref 9. The value of J at crack initiation,
Jinit Calculated at Points A, B, and C, ranged from approximately 150 to 600 kJ/m? (875 to
3400 in - 1b/in.2) at Points A and C, respectively, with a most probable value of 325 kJ/m?
(1860 in. - 1b/in.?), calculated at Point B. Clearly, other investigators might have interpreted
the data differently and selected a different crack initiation point.
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The fact that uncertainties exist in unequivocally detecting the crack initiation point in
highly ductile metals from d-c EP data should, perhaps, not be surprising. Microscopic
examination of the crack tip region in a Type 304 stainless steel specimen as it was being
tested showed that, because of the large blunting that occurred, identifying the precise onset
of crack extension was a difficult determination to make, even at a magnification of x 30.

While the example shown in Fig. 3 gave a relatively large uncertainty in the value of J,,,
the large amounts of crack extension investigated in the Degraded Piping Program render
Jioie @ less significant quantity than it might be in certain other J-R curve applications.
Nonetheless, positive detection of the crack initiation point remains as one of the major
weaknesses of the d-c EP method.

Battelle’s experience in using d-c EP for monitoring crack initiation and growth is described
in more detail in Ref 9. It is important that standard procedures are developed soon for
this simple and very promising technique. Work towards that development is currently
underway within ASTM Committee E-24 on Fracture Testing.

Thickness Changes Ahead of the Growing Crack

It was common in the Degraded Piping Program to observe significant thickness changes
ahead of the growing crack in C(T) and SE(B) specimens. Figure 4 illustrates the extensive
thinning as well as the back-edge thickening that was observed in a fractured Type 304
stainless steel C(T) specimen. These thickness changes, which vary in magnitude with lo-
cation in the ligament and with the crack-tip position, are not accounted for in calculating
J values in any of the ASTM standard methods; instead, the thickness is assumed to be
constant and equal to the original specimen thickness.

In order to obtain data on the magnitude and distribution of the thickness change, meas-
urements were made on a 25.4-mm (1 in.) thick 37T planform C(T) specimen of Type 304
stainless steel as it was being tested at room temperature. Thickness measurements were
made along the crack line and at several locations near the crack line at ten different times
during the test. Figure 5 shows the load-versus-displacement curve indicates the ten times
at which thickness measurements were made. The first measurements were made just prior
to crack initiation and the last were made after the crack had extended a distance equal to
about 65% of the original ligament. Maximum load in the test occurred between the second
and third thickness measurements.

Figure 6 shows the results of the thickness measurements. Notice in Sketch 1 of Fig. 6
(just prior to crack initiation) that significant thinning was already present near the crack
tip and measurable thickening was already occurring near the back edge of the specimens;

R — { :
v 5::_ :“' :"\:-iq._ A T . f.’ {? )
S B AD-26

i adiz

FIG. 4—Photograph of fracture surface of Type 304 stainless steel compact specimen to illustrate
thinning (necking) and back-edge thickening: IT planform-size specimen; 7.3 mm (0.288 in.) thick, tested
at 288°C (550°F)).
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FIG. 5— Load-versus-displacement record for Type 304 stainless steel compact specimen: 3T planform-
size specimen; 25.4 mm (1.0 in.) thick.

at the crack tip, the thickness was reduced by 13.5%. Proceeding through Sketches 2, 3, 4,
and 5, in which the current crack-tip location is indicated by an arrow, the thickness reduction
at the current crack-tip location increased steadily until it reached approximately 35% in
Sketch 5. Thereafter, it remained essentially constant (Sketches 5 through 10). Thus, the
thickness reduction at the crack tip continued to increase for some time beyond the achieve-
ment of maximum load in the test, before reaching a steady-state value.

Beyond Sketch 4 in Fig. 6, the thickness-reduction contours above the crack line remained
nearly unchanged, except that they spread to the right along with the crack front. This
result, too, suggested steady-state crack growth was occurring. Thickening near the back
edge increased continuously as the test progressed, as would be expected from the steadily
increasing compressive strain in that region.

Clearly, it is incorrect to assume constant specimen thickness in J-R curve tests of highly
ductile metals, as is done in all ASTM standards that relate to the J integral. Examination
of the mathematical expressions needed to calculate J suggests that accounting for thickness
reductions would increase J values somewhat. However, the magnitude of the effect is
difficult to predict because the thickness change varies with distance from the crack line and
distance ahead of the crack tip. Additional experimental data and careful analysis are
required before an engineering solution is available that will permit thickness reduction to
be accounted for in calculating J values.

Observations of Fracture Appearance and Crack Growth Direction

Significant differences in crack growth behavior were noted between tests on austenitic
stainless steel and ferritic carbon steel specimens that were not side grooved. In the austenitic
steels, the fracture faces were essentially flat, with perhaps a slight cupping, and perpen-
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FIG. 6— Thickness changes in a Type 304 stainless steel 3T planform-size C(T) specimen, 25.4 mm
(1 in.) thick, tested at room temperature.

dicular to the loading direction (see Fig. 7a). As was just noted, they displayed extensive
thinning (necking) near the crack plane. The crack-growth direction in austenitic specimens
was nearly always straight, that is, in the intended direction, both in C(T) tests and full-
scale pipe tests that employed the L-C crack orientation.

The ferritic steels, on the other hand, displayed pronounced shear lips, either single shear
or double shear (see Fig. 7b). Often, the growing crack deviated drastically from the
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FIG. 7—Schematic illustration of fracture types observed in compact specimens tested at 288°C (550°F):
(a) austenitic stainless steel, and (b) ferritic carbon steel.

intended path, both in compact specimens and in full-scale pipe tests in which the intended
crack growth direction was circumferential (L-C orientation).

One of the carbon-steel pipes that displayed crack turning was an ASTM A333, Grade 6
steel seamless pipe; it had a diameter of 100 mm (4 in.) and a wall thickness of 8.6 mm
(0.34 in.). Metallographic investigation of the outside surface of this pipe revealed the
presence of elongated and clustered nonmetallic inclusions, oriented at an angle of 20 to 30
deg to the pipe axis. Since it is the nonmetallic inclusions that are largely responsible for
orientation effects in steel products, this observation may help to explain the tendency of
cracks to grow away from the circumferential direction both in pipe tests, in which the pipe
was subjected to four-point bending, and in compact-specimen tests. The source of the
inclusion orientation at an angle to the pipe axis stems from the process used to produce
seamless pipe; apparently, it is common for seamless pipe to develop a twist during the hot
forming as it is being manufactured [10].

Several 0.4T planform-size C(T) specimens having a thickness of 6.9 mm (0.27 in.) were
machined from the A333 Grade 6 pipe in several different orientations. Testing of those
specimens at 288°C (550°F) confirmed the presence of an orientation effect in this pipe. As
is shown in Fig. 8, regardless of the initial orientation of the notch plane in the compact
specimens, the crack tended to grow on a plane oriented about 20 to 30 deg from the pipe
axis, corresponding with the inclusion orientation determined metallographically. The ex-
istence of an orientation effect is indicated also by values of J,,;. As is shown in Table 2,
notches oriented in the circumferential direction produced J,;, values several times those
for the other two orientations investigated.

Even if the pipe had not been twisted during manufacture, it is possible that the crack
would have turned from the circumferential direction because of inclusions aligned in the
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FIG. 8— Photograph of tested carbon steel compact specimens 1o illustrate tendency of crack to grow
along a plane oriented at 20° to 30° from the pipe axis.

TABLE 2— Effect of specimen orientation on 1, values for pipe DP2-F11.¢

Specimen

Identification Jinit%s
Number Notch Orientation (kJ/m?) in.-1b/in.?
F11-17 circumferential (294) 1680
F11-18 circumferential (375) 2140
F11-23 longitudinat (71) 408
F11-24 longitudinal (81) 461
F11-25 30° to pipe axis 5 430
F11-26 30° to pipe axis (105) 599

“Material: SA333, Grade 6 pipe; 100-mm (4-in.) diameter, Schedule 80. Specimen type: 0.4T plan-
form-size compact, thickness 6.9 mm (0.27 in.). Test temperature: 288°C (S550°F).

At onset of crack growth, as determined from point of deviation from a straight line in a graph of
d-c EP versus displacement.
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FIG. 9—Surface crack formation in specimens that develop shear lips.

axial direction. Axial alignment of inclusions is common in pipes because the axial direction
is the principal working direction in manufacturing the pipes. The opportunity for turning
arises early in the test when a plastic hinge, associated with the formation of shear lips,
forms at the notch tip; the crack initially follows the boundary of the hinge at an angle of
about 45 deg from the intended plane of fracture. Once growing at a large angle to the
intended plane, the crack may continue growing with relative ease along a plane of lower
toughness.

As was noted previously, a plastic hinge forms at the notch tip in the early stages of shear
lip development. Crack growth at the specimen surface initially follows the hinge boundary,
both above and below the notch, as is shown schematically in Fig. 9. Eventually, either
Crack Direction A or Direction B predominates on each surface. If the same crack growth
direction is established on both the front and back surfaces, a double-shear crack will form
and crack growth will continue at a large angle to the original notch, that is, in a lower
toughness direction (Fig. 10a). If opposite crack growth directions are established on the
two surfaces, a single shear crack will form and the crack will grow in the same direction
as the original notch, though the plane of fracture will be tilted (Fig. 10b). In compact
specimens, the likelihood of double shear appears to be about the same as that for single
shear. However, in pipe tests conducted in four-point bending, some as-yet-unknown factor
may strongly favor the occurrence of cracks that turn from the circumferential direction.

Additional studies will be required to establish a more certain explanation for crack turning
and whether its occurrence can be predicted. Crack turning does not pose a serious problem
in compact-specimen testing because it can be prevented by side grooving the specimens.
In pipe tests, however, it presents a very real problem because of the mixed-mode nature
of the fracture and the difficulty in analyzing the pipe test results.

Additional studies will be required to establish a more certain explanation for crack turning
and whether its occurrence can be predicted. Crack turning does not pose a serious problem
in compact-specimen testing because it can be prevented by side grooving the specimens.
In pipe tests, however, it presents a very real problem because of the mixed-mode nature
of the fracture and the difficulty in analyzing the pipe test results.

Observations of Ductile Crack Jumps in Carbon Steels Tested at 288°C (550°F)

Approximately half of the carbon steels tested in the Degraded Piping Program exhibited
bursts of rapid fracture during tests of compact specimens at 288°C (550°F). All tests were
conducted under displacement control. An example of a load-versus-displacement curve for
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FIG. 10— Double-shear versus single-shear fractures observed in carbon steel compact specimens.

a specimen in which several bursts of rapid fracture occurred is shown in Fig. 11. Similar

behavior was noted in several full-scale pipe fracture experiments on carbon steels [17].
The behavior was not predictable, that is, one specimen from a particular pipe might

display crack jumps while a nominally identical specimen might show only stable tearing.
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FIG. 11— Load-displacement record for a carbon steel compact specimen that displayed several bursts
of unstable crack growth at 288°C (550°F).
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Likewise, one specimen might undergo numerous small crack jumps and another specimen
of the same material might show one large crack jump. Furthermore, there was not a perfect
correlation between crack jumps in compact specimen tests and in full-scale pipe tests. No
convincing explanation for unstable cracking has yet been advanced. Cursory analysis of the
data permits excessive machine compliance to be ruled out as a probable cause. A candidate
explanation discussed in Ref 77 is dynamic strain aging (DSA). Tension tests conducted at
several different temperatures on the carbon steels investigated in the Degraded Piping
Program indicated that all were susceptible to DSA, although some displayed greater sus-
ceptibility than others. However, no simple correlation appears to exist between degree of
susceptibility to DSA, as revealed by tension tests, and the occurrence of crack jumps in
288°C (550°F) tests of C(T) specimens. Additionally, even if the two phenomena were
related, no satisfactory explanation has been offered of how DSA can cause crack jumps.

Aside from the possible undesirable effects of crack instabilities on pipes in reactors, the
phenomenon also causes complications for calculating a J-resistance curve. From a theo-
retical basis, it is probably incorrect to calculate J beyond the instability point because that
basis assumes stable, continuous, ductile tearing in a homogeneous material. Nonetheless,
it may be important for engineering purposes that an approximate J-R curve be calculated
for materials that display unstable crack growth.

As is discussed in Ref 11, several possible calculation methods might be considered (refer
to Fig. 12). In Fig. 12, the solid line, ABC, represents a recorder trace of a single instability

Stable tearing

A-start instability

Load \C-resume

Displacement

FIG. 12— Schematic illustration of one burst of unstable crack growth in a fracture toughness test.
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event. Since the event often is faster than the recording equipment used in quasi-static
testing, the actual load-displacement relationship might have followed curve ADC. Fur-
thermore, the actual load drop during the instability would depend on load-train compliance;
for example, a very stiff load train could result in a near-zero load at Point D. Because of
the uncertainty in the actual curve during the crack jump and its dependence on compliance,
there might be some justification for simply performing a linear interpolation from Point A
to Point C. Curve AC clearly would yield higher J values than would Curves ABC or ADC
because of greater area under the curve.

After selecting an appropriate load-versus-displacement curve for the instability event, a
second decision relates to the number of points to be used in calculating the J-R curve in
that region. Should only the data from the points shown in Fig. 12 (Points A, B, C, and
D) be used or should an arbitrary number of intermediate points be added? That decision
is important because the displacement interval can have an effect on the calculated J-R
curve,

Figure 13 shows J-R curves at 288°C (550°F) calculated by the procedures of ASTM E
1152-87, for an A516 Grade 70 steel whose load-displacement record was shown in Fig. 11.
The specimen exhibited four distinct crack jumps, estimated to be 1.96, 1.48, 1.22, and 0.66
mm (0.077, 0.058, 0.048, and 0.026 in.) in length. With reference to Fig. 12, the calculations
were performed using Curve ABC, without using any additional data points between Points
A and B. Three of the four regions of unstable crack extension are evident on the J-R curve,
as is the change in slope of the curves at the first two instabilities.

Two other observations regarding calculation of J-R curves in the presence of crack
instabilities appear to be pertinent: (1) when crack jumps are relatively small, any of the
calculation methods just discussed will give approximately the same results; and (2) since J
by the methods of ASTM E 1152 or E 813 is a cumulative parameter (thatis, J,,, = J, plus
a crack-growth term), the J value just past the onset of an instability will be close to the
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FIG. 13—J-resistance curves for C(T) test that exhibited several bursts of unstable crack growth, as
shown in Fig. 11.
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previous value for stable crack growth, even though there may be a large instantaneous
change in the fracture toughness. Thus, the J-R curve calculation method may tend to mask
local regions of unusually high or low toughness.

Clearly, the findings described here indicate that further work is needed to develop suitable
engineering methods for computing J-R curves in specimens exhibiting unstable crack
extension.

Unusual Effect of Partial Unloadings in Testing Carbon Steel

Work reported in Ref 12 describes an unusual and unexpected effect of periodic, partial
unloadings of ASTM A106B carbon steel compact specimens tested at 288°C (550°F). In
two specimens that were partially unloaded several times at regular intervals prior to attaining
the maximum-load point, the load-displacement curve deviated from a straight line much
earlier and the maximum load was 15 to 20% less than in two nominally identical specimens
tested under monotonically increasing displacement. Figure 14 illustrates the behavior for
one of each of the two types of loading. Also, of interest to the preceding section of this
paper, both test procedures resulted in sizable crack jumps at approximately the maximum
load point in the tests. However, it should be noted also that C(T) specimens of the same
steel tested at Materials Engineering Associates, using the unloading compliance procedure
to detect crack growth, experienced only slow stable crack growth.

The cause of the reduced loads in the specimens that were partially unloaded, in the
manner of the unloading-compliance method for monitoring crack growth, is not known.
To the authors’ knowledge, such an effect has not been reported previously. The result is
puzzling because extensive testing was conducted on the unloading compliance method prior
to its adoption by ASTM as an acceptable method for monitoring crack extension in elastic-
plastic fracture-toughness testing [/]. That earlier work demonstrated that periodic partial
unloadings of approximately 10% of maximum load produced no significant effect on the
calculated J-R curve. In addition, Sutton and Vassilaros [13] observed no significant effect
on the J-R curve of unloadings as large as 90% of maximum load. Kaiser [/4] found similar
results for 100% unloadings, so long as the number of unloadings was not excessive. How-
ever, to the best of the authors’ knowledge, all of the demonstration experiments were
performed at room temperature. The tests reported here, on the other hand, were conducted
at 288°C (550°F) on a carbon steel susceptible to dynamic strain aging. Admittedly, the data
are limited but the results were duplicated in repeat tests. Therefore, the authors suggest
that it might be prudent for other investigators, who are using unloading compliance to test
carbon steels at elevated temperatures, to conduct a few preliminary tests to look for possible
effects of periodic unloadings on the load-displacement curve.

If subsequent experiments on other carbon steels at elevated temperatures confirm the
existence of unloading effects of the type illustrated in Fig. 14, a second caution should be
sounded. If a flawed structure experiences cyclic loading at an elevated temperature, it may
be unwise to employ monotonic loading in elevated-temperature compact-tension tests de-
signed to simulate the structure because they might provide an overestimate of the structure’s
load carrying ability.

Defining Crack Size, Specimen Width, and Load-Line Displacement in Ductile Materials

In highly ductile materials, testing of fracture-toughness specimens to large amounts of
crack extension causes problems in some of the fundamental definitions used in fracture
mechanics testing, namely, crack size (@), specimen width (W), and load-line displacement
(viL)- Each of those quantities requires selection of a reference plane in the specimen.
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FIG. 14— Load-displacement curves illustrating effect of periodic partial unloadings of compact spec-
imens tested at 288°C (550°F).

According to ASTM Terminology Relating to Fracture Testing (E 616-82), ASTM E 813-
87, and ASTM E 1152-87, the reference plane in a compact specimen is the one normal to
the sides and containing the load line. Figure 15a shows that reference plane and dimensions
a and W for a compact specimen. Load-line displacement is commonly measured between
Points C and D.

Figure 15b is a schematic illustration of the appearance of an austenitic stainless steel
specimen after it has experienced crack growth of 35 to 40% of the original ligament. Notice
that the displacement-measurement points (C and D) no longer lie along the load line,
which has now moved to Line GH. Thus, the displacements being measured are not truly
v Only if displacements were measured between Points B and E could they correctly be
called v, . Likewise, although it is customary to continue to measure a and W from Line
AC or Line DF, both should be measured from Line GH, the shifted reference plane and
load line, according to existing definitions.

The authors believe that the current ASTM definition of crack size and specimen width
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FIG. 15—Schematic illustration of change in load-line location after large crack growth in a highly
ductile C(T) specimen.

should be changed to refer to a reference plane normal to the sides of the specimen and
containing the original load line. That change would mean that current usage of the terms
a and W in specimens partially or completely tested would match the definition.

Beyond the question of definitions, this discussion casts some doubts about the accuracy
of the expressions for calculating J after large amounts of displacement and crack growth,
because the true meaning of the quantities ¢ and W becomes cloudy after the specimen
exhibits large shape changes. Attempts to deal with this question were beyond the scope of
Battelle’s investigation.

Discussion

The observations discussed in this paper indicate that needs exist in the following areas
of elastic-plastic fracture test methods:

1. Standardized procedures should be developed both for obtaining direct-current electric
potential data and for interpreting the data to provide accurate measurements of crack
extension.
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2. Work is needed to provide guidance in calculating J values when significant thickness
reductions occur in advance of the crack.

3. An engineering approach is needed for calculating J-R curves in the presence of rapid
crack bursts interspersed with periods of stable tearing, as are sometimes observed in
carbon steels tested at 288°C (550°F).

4. When using unloading compliance to test carbon steels at elevated temperatures, it
might be prudent to conduct preliminary tests to look for possible effects of periodic
unloadings on the load-displacement curve.

5. Consideration should be given to changing the definition of crack size and specimen
width in several ASTM standard methods.

In addition, consideration should be given in future versions of the J-R curve standards
to experimenters who are trying to measure the crack growth resistance of a material in the
same thickness as used in a specific application, especially when those tests produce results
that are invalid by ASTM E 1152-87.
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ABSTRACT: Fabrication processes in structural components can result in intended or inad-
vertent material behavior changes due to plastic deformation and residual stresses. In this
study, the effect of a residual stress field caused by prior plastic deformation of a beam in
four-point bending on the J-R curve of 12.7 mm (0.5 in.) thick specimens of HY-100 steel was
investigated. Specimen blanks were deformed in four-point bending to two different levels of
deflection prior to machining the starter notch. The resulting residual stress field in a companion
test specimen was measured on side surfaces and through-the-thickness by a multiple exposure
X-ray diffraction technique. J-testing was performed in three-point bending on undeformed
specimens and the two deformed specimen sets using a modified multiple-specimen technique.
A decrease in J, and tearing modulus, 7, with increasing specimen deflection was observed.
The decrease in J, was comparable to that observed previously in uniformly prestrained
specimens.

KEY WORDS: elastic-plastic fracture, test methods, J-R curve, residual stress, steels, pre-
strained specimens

The application of fracture mechanics to design and materials testing assumes that the
material to be evaluated is macroscopically homogeneous and that the stress fields within
the material are a result of the applied loads and the existing cracks. Metal working operations
such as rolling and bending, however, can induce considerable strain hardening that is not
necessarily homogeneous and can leave the material with nonhomogeneous mechanical
properties and residual stresses. Welding can also introduce severe residual stresses of up
to yield-stress magnitude. In these cases, the underlying assumptions may not be met by
the actual material conditions. Since the J-integral is related to the crack tip stress-strain
field, any changes in the material or its stress-strain state might be expected to influence
the evaluation of J;. and the J-R curve. This possible influence would be of concern to the
designer who was designing into the plastic range of the material, a practice that is becoming
increasingly more common as sophisticated analytical design methods develop.

This paper evaluates the combined effect of a residual stress field and prestrain caused
by four-point bending on the J-R curve of HY-100 steel. Using a three-point-bend, chord-
supported-arc specimen geometry, J-R curves from the deformed specimens are compared
to curves from unstressed single-edge-notched bend (SENB) specimens taken from the same
plate of material. The multiple exposure method for X-ray diffraction determination of
residual stress was used to assess the stress field in two specimens before and after fracture

'Research assistant, associate professor, and professor, respectively, Worcester Polytechnic Institute,
Worcester, MA 01609. Ms. Gallant is now at General Dynamics Corporation, Electric Boat Division,
Groton, CT 06430.
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toughness testing. The results are compared to the first stage of this research [/], which
examined uniaxially prestained material, to assess the effect of the residual stress field. To
allow direct comparison to the results of the previous work, specimens of the same nominal
dimensions were used and ASTM Test Method for J,., a Measure of Fracture Toughness
(E 813-81) was followed except where noted.

Background

Recently, work has been published on the fracture characteristics of uniformly prestrained
material []. The effect of uniform tensile prestrain on mechanical properties of HY-80 was
investigated by Novak [2]. A decrease in K level for overload fracture was observed in
precracked cantilever beam tests. Clayton and Knott [3] found that compressive prestrain
in crack opening displacement (COD) tests on four-point bend specimens decreased the
COD necessary to initiate ductile fracture in HY-80 steel. Fracture mechanism studies
indicated that differences in shear decohesion behavior occurred as a function of strain.
Mullican [4] correlated the decrease in J;. of prestrained HY-100 steel with a decrease in
fracture strain at the crack tip. Sanford [5] in a later report from the same program confirmed
this finding by noting that increased prestrain resulted in smaller stretch zone widths. Wer-
chniak [6] evaluated the effects of compressive and tensile prestrains on low cycle fatigue
life of HY-80 steel notched cantilever beam specimens. Compressive prestrain was detri-
mental to the fatigue life, while tensile prestrain increased the fatigue life when the stress
cycling was below the yield strength. For stress cycling above the yield strength, tensile
prestrain had little effect.

Thompson and Knott [7] found that 20% tensile prestrain in free-cutting mild steel de-
creased the COD for crack initiation. More macroscopic path deflections were noted in the
prestrained material with the paths corresponding to the predicted direction of maximum
shear. Bar-On and coworkers [/] found a decrease in J;, and tearing modulus for increasing
tensile prestrain in HY-100 steel three-point bend specimens. Secondary cracking and crack
path deflections were noted in the prestrained material and correlated with J-R curve an-
omalies.

Many studies have observed crack path deflections or crack meandering in ductile fracture.
Chipperfield and Knott [8] and Beachem and Yoder [9] found zig-zag crack paths occurring
in the ductile fracture of steel. You and Knott [/0] conducted a study on HY-80 and HY-
130 steels. The ductile fracture of HY-130 steel was dominated by shearing with distinct
shear steps on the fracture surface, while HY-80 steel exhibited shearing to a lesser extent.

Material

A 50.8-mm (2-in.)-thick plate of HY-100 steel was supplied in the normalized condition.
The compositional analysis provided by the manufacturer is summarized in Table 1. The
plate was flame cut into sections and stress relieved at 552°C for 2 h. The mechanical
properties, as reported in the work by Bar-On et al. [/], are given in Table 2.

Three-point bend blanks with a nominal size of 11.4 by 50.7 by 254 mm were machined
from the stress relieved plate with an L-S orientation. The blanks were separated into three

TABLE 1— Chemical analysis of the HY-100 steel as provided by the manufacturer.

C Mn P S Cu Si Ni Cr Mo \% Ti

0.17 0.30 0.007 0.012 0.19 0.28 3.16 1.74 0.48 0.003 0.003
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TABLE 2— Tensile properties of HY-100.

Ultimate Tensile

g, Strength af
MPa ksi MPa ksi MPa ksi Aef
Longitudinal 762.6 110.6 842.6 122.2 1670 2422 0.24
Transverse 772.2 112.0 842.6 122.2 1621 235.1 0.21

a

o, = —/; P, = final load, A, = final area.
A,
L =1

bAe, = ]

; Iy, I, = initial and final length, respectively.

sets: one set was deformed in four-point bending to a nominal deflection of 6.2 mm; the
second set was deformed to a nominal deflection of 9.5 mm; and the remaining specimens
were reserved for non-deformed control specimens. All three sets were prepared as SENB
specimens, with modifications applying to the two deformed sets. The deformed specimens
were notched on the compressive side of the specimen and a chord support, fulfilling the
recommendations outlined in Ref [1]], was machined to allow three-point bend testing.
Figure 1 shows the geometry of the deformed specimen sets.

Experimental Procedure

The fracture toughness tests were conducted under displacement control on a 250 kN
servohydraulic test machine. Originally, single specimen tests were performed, but severe
negative crack growth obscured trends to such an extent that a modified multiple-specimen
J test procedire was used, in which additional crack length information was obtained by
the introduction of marking inks [12]. These inks were forced into the crack by air pressure.

J-values were determined following ASTM experimental procedures for Jy, testing. J,
and tearing modulus were calculated by two procedures: (1) the linear best fit to valid data

L
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e 205 —— 102.0¢.5 =
|
i

Y
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(A W S—
L - ”f 545

FIG. 1—Specimen geometry of deformed specimen, including four-point bend loading points; Z =
0.1W and A = load points for deformation. (See Table 3 for individual d and W specimens. All dimensions
are in millimetres.)
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points as recommended in ASTM E 813-81, and (2) using the polynomial expression J =
A a® of ASTM E 813-87.

Residual stress was measured by an X-ray diffraction technique on a diffractometer with
a chromium radiation source tube and a nickel filter. Data were collected using a personal
computer interfaced with a microprocessor-based controller. Peak positions were determined
by least squares parabolic fit to seven intensity points spaced at an 0.2° interval, after
background and Lorentz-Polarization and adsorption effects were corrected. A sin?() method
with parafocusing was used for residual stress determination because of expected oscillations
in the interplanar spacing versus ¢ angle data [I3]. This is common in plastically strained
material and is believed to be related to the micro-stress system in the material [/4-16]. A
two-exposure method is inadequate for characterizing residual stress in plastically deformed
material.

The residual stress component acting on the crack plane in Mode I was measured for two
states using comparison samples. The dimensions of these specimens are given in Table 3.
An original stress state of a specimen from the 9.5-mm nominal deflection set before crack
propagation was measured on specimen R03. The stress component was measured along
both sides and through the thickness of the material in front of the crack plane. The location
and size of typical X-ray beam spots are shown in Fig. 2. The procedure in the SAE report
on X-ray determination of residual stress [/3] was used to correct the stress relaxation due
to material removal for through-the-thickness measurements. Specimen R10 represents the
final residual stress state of a specimen from the 9.5-mm nominal deflection set after crack
propagation. Only the internal stress component was measured in Specimen R10 because
of the side groove.

Results

The side and internal through-the-thickness residual stress fields in a comparison specimen
from the 9.5-mm nominal deflection set prior to crack extension by tearing are shown in
Fig. 3. It is important to acknowledge that an X-ray determined stress value represents an
average stress value incorporating both micro- and macro-stresses over a finite volume of
material. The volume of material sampled is delineated by the beam size and the depth of

TABLE 3—Individual specimen information.

Permanent

Specimen Deflection, Width, Thickness, Net Thickness,
Identification mm W, mm B, mm B,, mm
RO3 9.88 50.88 11.48 11.48
ROS8 9.26 50.83 11.63 9.07
R0O9 9.32 50.83 11.20 9.04
R10 9.48 50.75 11.30 9.25
R14 9.60 50.52 11.28 8.99
R15 9.53 50.55 11.30 8.79
R16 9.53 50.50 11.10 8.92
R22 6.21 50.88 11.41 8.71
R23 6.11 50.95 11.35 9.02
R24 6.15 50.83 11.10 7.90
RO6 6.08 50.67 11.33 8.84
R18 0.00 50.62 11.33 10.47
R19 0.00 50.75 11.51 9.22

M34 0.00 49.43 11.48 9.14
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FIG. 2—Illustration of X-ray beam sample spots.

X-ray penetration, with the depth of penetration being on the order of 10 to 50 wm. Figure
3 shows a difference in the quantitative and qualitative aspects of the surface and internal
residual stress fields. The differences between surface and internal yield and flow stresses
has been proposed as the origin for these differences.

The internal residual stress in a 9.5-mm nominal deflection representative sample after
crack propagation is compared to the internal stress field from Fig. 3 in Fig. 4. The sample
positions have been normalized with respect to the remaining ligament. Figure 5 summarizes
the results of propagating a crack into a residual stress field. All positions are normalized
with respect to the remaining ligament.

The results of the modified multiple-specimen fracture toughness tests from the non-
deformed baseline specimen set are compared to the noncrack-growth-corrected single-
specimen data from Bar-On and coworkers [7] for unprestrained specimens of identical size
and composition in Fig. 6. The data fall low on the curve, but their own comparison of
visual crack lengths to their single-specimen curves demonstrated that the single-specimen
technique tended to report a shorter crack length.

Figures 7 and 8 summarize the J-test results for the 6.2- and 9.5-mm nominal deflection
specimen sets, respectively. There is considerable scatter in the data, which is not surprising
since there are several possible contributing factors. The complex geometry of the deformed
specimens may have contributed to curve scatter. The difficulty of testing identical specimens
for the curve generation is compounded by the additional requirement of producing an
identical crack length that terminates in material that is prestrained to some exact percent.
Table 4 documents the variability in crack length and specimen deflection. Inspection of
the fracture surface after testing showed evidence of secondary cracking, irregular fracture
surfaces, and uneven crack front advance. In the work of Bar-On and coworkers {1], these
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TABLE 4— Precracking information for individual specimens.

Starter Final Delta Load

Specimen Crack Length, Crack Extention, Testing for Final
Identification a,, mm a, mm Procedure K, kN
RO3 3221 0.00 X-ray 5.95
RO8 32.62 1.50 single J 7.33
R09 32.75 3.10 single J 7.33
R10 32.75 1.65 single J, X-ray 7.37
R14 32.16 1.17 multi-specimen J 7.06
R15 31.79 1.02 multi-specimen J 7.15
R16 32.60 1.37 multi-specimen J 6.84
R22 32.11 1.70 multi-specimen J 7.19
R23 32.00 1.02 multi-specimen J 7.15
R24 32.09 0.91 multi-specimen J 6.97
RO6 31.86 1.22 multi-specimen J 7.06
R18 31.63 0.73 single J 7.81
R19 32.72 2.08 single J 7.55
M34 30.78 2.31 single J 7.41

NoTeE—Precracking was at 10 Hz, load ratio of 0.1.

features were also observed and correlated with discrepancies in the J-R curve. Micro-
structural effects related to the specimen orientation to the parent plate may affect J-R
curves. Irregular features and secondary branching of the crack can be seen in Fig. 9 and
10. Many such features were evident on the specimens of this study.

Figures 11 and 12 summarize the results of the J test for the three deflection sets. The
requirements of ASTM E 813-81 were applied within reason, the main exceptions being
the 0.5 T thickness, the chord-supported arc geometry, and the use of crack front inks. A
small but distinct drop in calculated J,, value with increasing specimen deflection can be
seen in Fig. 11. Figure 12 reports the relationship between tearing modulus, J value, and
nominal specimen deflection for the power law curve.

The possible conditions impacting the fracture resistance are the plastically strained ma-
terial at the crack tip, the residual stress field, the inhomogeneous character of the full

FIG. 9— Fracture surface of Specitmen R09 showing local out-of-plane crack propagation.
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FIG. 10— Fracture surface of Specimen R14 showing irregular crack front.
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specimen material, and the geometry. The geometry should have little effect as long as the
specimen curvature is small. The deflections used are smaller than the empirically determined
limits from Ref [11].

The plastic strain generated during four-point bending of the specimen was estimated
using the following assumptions: the material behavior is linear elastic—perfectly plastic;
the specimen is curved uniformly from end to end; the rotation of the specimen ends, with
respect to the perpendicular due to elastic deformation, is very small; and the plastic strain
distribution from the elastic core to the outer fiber is linear. This estimate predicts that only
1.2 to 1.7% plastic strain exists at the crack tip with a strain gradient of about 0.04% per
millimetre. Comparing this with the uniaxially prestrained specimens from the Bar-On and
coworkers study [I], a uniaxial prestrain of 10% was necessary to realize the same drop in
J value (see Fig. 13). It is an interesting observation, however, that the maximum prestrain
in the 9.5 mm nominal deflection specimens, that is, the strain in the extreme fibers, was
estimated to be approximately 8 to 10%. This is possible evidence that the far-field inhom-
ogeneous character of the specimen may effect the fracture behavior of the specimen. The
presence of the approximately 100 MPa compressive stress should, based on intuition,
increase the tearing resistance of a material, but the possibility that it could have a net
detrimental effect cannot be ruled out. X-ray diffraction is believed to account for the micro-
stress system in an average, global way. The exact nature of the theorized micro-stress
system is not understood, but could conceivably impact a micromechanical event such as
fracture initiation. Also, only one component of the residual stress field was measured. The
possibility that a three-dimensional stress state with severe conditions exists at the crack tip
cannot be eliminated on the basis of this work.

The results indicate, however, that the effect of the plastic deformation in the specimen
has a larger influence on the J-R curve than the residual stress at the crack tip. This is
especially interesting, since it could have been argued that the compressive stress at the
crack tip should increase the fracture resistance, whereas this work found an overall decrease
in the resistance to fracture. '

Conclusions

J-R curves were determined for three sets of bars of HY-100 steel with the nominal
dimensions of 51 by 11 by 254 mm. Two of the three sets had been permanently deformed
in four-point bending. One set had an average maximum permanent deflection of 6.152
mm; the other set had an average maximum permanent deflection of 9.512 mm. All three
sets of specimens were notched and then precracked to a nominal starter crack length-to-
width ratio (a,/W) of 0.64. The permanently deformed specimen sets were tested as three-
point bend, chord supported arc specimens; the non-deformed set was tested as single-edge-
notched three-point bend bars. A modified multiple-specimen technique, using inks to mark
several crack fronts for the Aa information, and either computer-monitored load-displace-
ment data or autographically recorded load-versus-displacement curves for the J values,
were used. This technique yielded data that were in good agreement with previous noncrack
growth corrected single-specimen curves from specimens with the same dimensions taken
from the same plate of material.

The residual stress field in a sample from the 9.5-mm deflection set before testing was
measured on both sides and through the uncracked ligament. There were significant dif-
ferences between side and through-the-thickness residual stress fields, particularly for the
portion of the ligament further than 2 mm from the crack tip.

The residual stress field through the thickness of a 9.5-mm deflection specimen that had
been torn 1.64 mm during J testing was measured. Compared to the untorn specimen on a
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fraction of remaining ligament scale, the fields qualitatively appear the same. The magnitudes
of the extreme stresses, however, were approximately double for the torn specimen, indi-
cating that crack extension does not result in residual stress relief.

A decrease in J, with increasing deflection was observed. J, dropped 47 to 50 MPa,
depending on the type of curve fit, for a nominal permanent deflection of 9.5 mm. The
magnitude of the decrease in J, from no deflection to 9.5-mm deflection was about the
same as observed in specimens that had been uniaxially prestrained 5 to 10% in the work
by Bar-On and co-workers. The plastic strain in the area of the crack tip had been estimated
to be only 1.5%. The maximum prestrain in the 9.5-mm nominal deflection specimens, the
strain in the extreme fibers, was estimated to be 8 to 10%. This is possible evidence that
the far field inhomogeneous character of the specimen may affect the fracture behavior of
the specimen of a larger extent than the plastic strain or the residual stress at the crack tip.
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ABSTRACT: Fracture toughness testing of steels in the ductile-to-brittle transition region is
complicated by a high degree of data scatter. Variations in the amount of ductile tearing prior
to cleavage initiation often accompany the data scatter. Dynamic toughness testing is shown
to be experimentally successful at reducing the incidence of prior ductile tearing. For the
displacement rates tested, dynamic toughness values are at or above the lower-bound static
toughness. Analysis of transition region toughness data using Weibull statistics, available
energy analysis, and a constraint correction procedure is discussed.
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There is a great deal of scatter in fracture toughness data for ferrous materials tested in
the ductile-to-brittle transition region. Data scatter for pressure vessel steels typically covers
half an order of magnitude. Some scatter resulting from experimental error and specimen-
to-specimen differences in metallurgical structure and specimen geometry is inherent to
fracture testing. In addition, cleavage fracture data is scattered because cleavage nucleation
sites have statistical spatial and strength distributions.

Pressure vessel steels tested in the transition region fail by cleavage or tearing alone, or
by ductile tearing followed by cleavage failure. Variations in the amount of ductile tearing
prior to cleavage failure contribute to the data scatter. Various analytical methods have
been devised for dealing with data scatter [/-8]. No experimental methods for suppressing
ductile tearing have been developed. This work represents the beginning of an investigation
into the use of dynamic loading to promote cleavage initiation without prior ductile tearing.

It is important to suppress ductile tearing prior to cleavage in laboratory specimens. The
structure to which the data are applied may not tear prior to cleavage because plasticity is
constrained by material thickness or geometry. Thus, laboratory experiments may predict
unrealistically high toughness values if tearing prior to cleavage cannot be suppressed.

Increasing the strain rate in fracture toughness tests of steels in the transition region
decreases the measured toughness, as shown in Fig. 1 [9]. The dynamic toughness versus
temperature curve is similar to the static toughness versus temperature curve, except that
the dynamic curve is shifted to higher temperatures. The mechanisms underlying this shift

'Research specialist, group leader, and scientist, Babcock & Wilcox; Alliance, OH 44601.
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FIG. 1-—Schematic showing the relationship between static and dynamic fracture toughness [9).

are not fully understood, although it is thought to result from an elevation of the flow
properties by the increased strain rate. Various theoretical explanations of the role of strain
rate in cleavage fracture have been presented in the literature [10—14]. Experimentally,
elevation of applied strain rate in otherwise conventional toughness tests conducted in the
transition region suppresses ductile tearing and promotes pure cleavage fracture [12].

Experimental Procedures

Test material was taken from a 20.3-cm-thick forged hollow cylinder of SA508C12 (Beth-
lehem Steel Heat No. 1218163) given a special heat treatment to produce mechanical prop-
erties typical of radiation-damaged material for the Pressurized Thermal Shock project of
the Heavy-Section Steel Technology Program [15]. The static fracture toughness as a function
of temperature fér this material is shown in Fig. 2 [16,17]. Most of the data in Fig: 2 were
collected for the Pressurized Thermal Shock project using 25.4-mm-thick (17) compact
specimens without side grooves. Ten of the 17 data points at 80°C (175°F) and the two
102-mm (4 T') data points were obtained from static tests of side-grooved compact specimens
in a program examining transition region data scatter [I7]. All specimens were in the
C-R orientation as described in ASTM Test Method for Plane-Strain Fracture Toughness
of Metallic Materials (E 399-83), and were taken from the parent forging at various depths.

Dynamic fracture toughness tests were conducted at 80°C in a servohydraulic loading
system capable of displacement rates up to 0.32 m/s. Compact fracture specimens in the
C-R orientation, as described in ASTM E 399-83 or ASTM Test for J,., a Measure of
Fracture Toughness (E 813-87), were loaded using a slip grip fixture. The slip grip fixture
allows the ram to move several centimetres before engaging to load the test specimen. In
this way, the ram is traveling at its maximum attainable speed when specimen loading
initiates. Eleven 17T and ten 12.5-mm-thick (1/27) fatigue-precracked compact specimens
were tested in this manner. The 17 specimens were precracked to a slightly greater depth
than the 1/2T specimens because of concerns about exceeding the load capacity of the test
machine. All specimens were side grooved to a depth of 10% of total thickness on each
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FIG. 2—Static fracture toughness as a function of temperature for the modified SA508C12 steel used
in this program [16). Solid triangles indicate side-grooved 1T compact results from a previous program
investigating data scatter [17]. Upper-shelf values are K calculated from J,.

side. Load and displacement data were recorded during testing using a digital transient
recorder. Load was monitored using an in-line 89 KN load cell. Load-line displacement was
monitored using a dual-beam displacement transducer mounted on knife edges in the crack
mouth. The dynamic response of the system was checked to ensure that accurate load and
displacement values were recorded.

Five dynamic tension tests were conducted at 80°C using the same test machine as for the
compact fracture specimens. Round bar specimens with a 12.5-mm gage length and 2.8-mm
diameter were tested according to ASTM Test Methods of Tension Testing of Metallic
Materials (E 8-86). Specimens were oriented such that the fracture surface of the tensile
bar is parallel to the crack plane of the compact fracture specimen. The displacement rate
between the specimen grips was monitored using a single-beam displacement transducer
and a digital transient recorder.

Additional dynamic fracture toughness tests were conducted at 80°C in a drop tower with
a striker velocity of 2.5 m/s. Three-point bend specimens in the C-R orientation as described
in ASTM E 399-83 or E 813-87 were tested in the facility shown in Fig. 3. The specimen is
supported by flat-hardened anvils. Crossed wedge-shaped absorbers of annealed 5086 alu-
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minum are used to eliminate surface contact shock, which produces oscillations in the load-
versus-time record. Load is measured by a full bridge of strain gages mounted at the quarter-
span positions on the specimen. Load-line displacement is measured using an optical probe.
A detailed description of the test apparatus is provided in Ref /8. Nine 17 three-point bend
bars, fatigue precracked and side grooved by 10% of total thickness on each side, were
tested in the drop tower facility.

Test Results
Tension Tests

Results of the dynamic tension tests are presented in Table 1. In all tests, the displacement
rate was approximately 0.23 m/s up to the yield point. All specimens fractured by ductile
void growth. At 80°C, the static yield strength is 590 MPa and the static ultimate strength
is 756 MPa [I6]. The dynamic values reported in Table 1 do not differ significantly from
the static values.

Fracture Toughness Tests

Dynamic fracture toughness test results are given in Table 2 and shown graphically in
Figs. 4 through 6. Figures 4 and 5 show typical load-displacement traces for dynamic tests
performed in the servohydraulic and drop tower facilities, respectively.

Dynamic fracture toughness values were determined by calculating the fracture energy
required to produce cleavage, J., and converting it to a critical stress intensity for cleavage,
K., according to

K, = UE(1 = v))”
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TABLE 1—Resulis of dynamic tension tests at 80°C.

Specimen Yield Ultimate Reduction
Number Strength, MPa Strength, MPa of Area, %
1 621 824 52
2 634 761 61
3 592 756 56
4 551 797 55
5 597 754 62

Fracture energy, J,, was calculated according to ASTM Test Method for Determining J-R
Curves (E 1152-87), except that it was not possible to calculate J incrementally because
crack growth was not monitored during testing. .

From Fig. 2, the lowest static toughness value for this material at 80°C is 75 MPa Vm.
Because 75 MPa Vm is the lowest of 24 1T toughness values and two 47T toughness values,

TABLE 2— Resuits of dynamic fracture toughness tests at 80°C.

Displacement

Specimen Initial Rate at
IEI)umber alW K5, MPa Vm Cleavage, m/s K, MPa \/m/s K,p, MPa \/m
1T COMPACT SPECIMENS
1 0.64 118 0.12 1.8 x 10* 109
2 0.64 225 0.11 1.9 x 10* 146
3 0.63 75 0.06 1.9 x 10* 75
4 0.63 273 0.14 2.0 x 10* 149
5 0.63 258 0.14 1.9 x 10* 149
6 0.64 88 0.06 1.7 x 10* 88
7 0.63 101 0.11 1.7 x 10* 101
8 0.63 101 0.09 1.9 x 10* 97
9 0.62 296 0.14 1.9 x 10* 150
10 0.62 157 0.09 1.8 x 10¢ 128
11 0.62 189 0.11 2.0 x 10¢ 137
1/2T COMPACT SPECIMENS
1 0.54 96 0.10 2.3 x 10¢ 93
2 0.55 288 0.23 5.0 x 10* 90
3 0.55 266 0.16 5.3 x 10¢ 98
4 0.52 167 0.11 3.0 x 10* 120
5 0.55 242 0.27 4.8 x 10* 129
6 0.52 348 0.25 3.5 x 10* 131
7 0.52 317 0.23 3.6 x 10¢ 130
8 0.53 98 0.08 2.8 x 10¢ 86
9 0.56 363 0.32 3.4 x 104 127
10 0.54 168 0.12 3.1 x 10* 111
1T THREE-POINT BEND SPECIMENS
1 0.58 133 0.49 7.27 x 104 110
2 0.58 201 0.51 6.88 x 10* 160
3 0.59 138 0.44 6.76 x 10* 124
4 0.58 189 0.60 7.56 x 10* 152
5 0.58 214 0.59 6.92 x 10* 158
6 0.59 231 0.66 7.70 x 10* 173
7 0.58 143 0.61 5.84 x 10* 129
8 0.59 276 0.79 7.95 x 10* 175

“K calculated from J at cleavage.
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FIG. 4— Load versus load-line displacement for a typical dynamic 1TCT test. The dashed line represents
the theoretical compliance of the specimen.

it is a good estimate of the lower-bound static toughness of this material at 80°C, and is
indicated by the horizontal line in Fig. 6. Also shown in Fig. 6 are static data from Fig. 2
obtained with side-grooved 17T compact specimens, and additional dynamic three-point bend
data [19], which are discussed later.

Also shown in Table 2 are testing rate data presented as the load-line displacement rate
at cleavage and K, the time rate of change in applied stress intensity. The displacement
rate at cleavage is determined by measuring the slope of the displacement versus time plot
in the latter half of the test, where the slope is usually constant. The value of K is determined
according to ASTM E 399-83, Appendix 7.

From Fig. 6, it is apparent that the effects of increasing displacement rate are sensitive
to specimen size and geometry. Data for 1T compact specimens show that increasing dis-
placement rate from 2 X 107° to 0.11 m/s increases the fraction of specimens that cleave
with no prior ductile tearing from 20 to 45%. There is only a slight reduction in data scatter.

Comparison of the 17" and 1/2T compact specimen data shows higher measured toughness
and more data scatter for the 1/2T specimens, although the average displacement rate for
the 1/2T specimens, at 0.19 m/s, is almost twice the average displacement rate for the 17
specimens.

Comparison of the dynamic 1T three-point bend results and the compact specimen results
shows less data scatter for the three-point bend specimens, and a greater percentage (88%)
of specimens that cleaved with no prior ductile tearing. The average displacement rate for
the three-point bend specimens is 0.59 m/s. Unexpectedly, the three-point bend specimens
also produced a higher mean toughness value than the 17 compact specimens, although the
compact specimens were tested at a lower displacement rate.



MIGLIN ET AL. ON DUCTILE-TO-BRITTLE TRANSITION 279

80
C = 0.017 mm/kN

3PB SPECIMEN 2 /

kN

LOAD,

LOAD LINE DISPLACEMENT, mm

FIG. 5— Load versus load-line displacement for a typical 1T three-point bend test. The dashed line
represents the theoretical compliance of the specimen.

Also shown in Fig. 6 are data for 19 17 three-point bend specimens without side grooves
tested in another drop tower facility [/9] at 1.7 m/s. All but one of these specimens (95%)
cleaved with no prior ductile tearing. The K, values for these specimens are higher than
for the side-grooved three-point bend specimens tested at 0.59 m/s. The absence of side
grooves may delay the onset of crack initiation, resulting in higher toughness values.

Data Analysis
Available Energy Analysis

The available energy method developed by Rosenfield and Shetty [4] is based on Seidl’s
[20] assumption that a cleavage crack is driven by the elastic energy stored in the specimen.
The available energy method uses the load and crack length at the onset of cleavage fracture
to calculate a K|, value, in a manner identical to the calculation of K,, in ASTM E 1152-
87. The energy expended in crack tip blunting and ductile tearing is not included in the
fracture toughness calculation; only the elastic energy expended in cleavage fracture con-
tributes to K. Figure 7 presents fracture toughness values for the specimens listed in Table
2 calculated according to the available energy method, designated K, .. Also illustrated are
the corresponding ranges in K, values. It is apparent that the scatter in K, values is less
than the scatter in K, values. Calculating toughness as K, does not change the lowest
toughness value for the two data sets obtained with 17 compact specimens. However,
calculating toughness by the available energy method reduces the lowest toughness value
for the data sets obtained with 1/2T compact and 17 three-point bend specimens.
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FIG. 6—Results of dynamic fracture toughness tests plus 10 static side-grooved 1T compact results

from Fig. 2 (data at left). The dashed line indicates the lowest measured static toughness value at 80°C
for this material from Fig. 2.

Weibull Analysis

Weibull statistics are used for modeling processes governed by a weakest link phenomenon.
Landes and Shaffer [/] proposed the use of Weibull statistics to model cleavage behavior,
assuming that cleavage initiates at a weak point in the material lying ahead of the fatigue
precrack. Wallin et al. [21] developed a theoretical argument predicting a Weibull slope of
four for large cleavage fracture data sets, but demonstrated that data sets with approximately
10 data points could have slopes ranging from 2 to 9.

The results of Weibull analysis of fracture toughness data are given in Table 3 and Fig.
8. Comparison of the Weibull results in Table 3 shows that the static 17 compact data and
dynamic 17 three-point bend (3PB) data provide the best Weibull fits, with R? (goodness
of fit) values of 95 and 94%, respectively. Both of these data sets have Weibull slopes of
approximately 4, the theoretically predicted value [21]. The dynamic 17 and 1/2T compact
data do not fit the Weibull distribution as well, with R? values of 91 and 92%, respectively,
and Weibull slopes of 2.4 and 2.9.

The results of Weibull analysis of the K, data are shown in Table 3. For all four K,
data sets, the values of R? are lower than for the corresponding K, data sets, and the slopes
are steeper than the theoretically predicted value of 4.
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FIG. 7—Available energy calculations for fracture toughness data shown in Fig. 6. Solid lines indicate
range of K, data from Fig. 6.

Discussion

The preceding work was designed to test the effectiveness of using dynamic toughness
testing to suppress ductile tearing, reduce data scatter, and predict the lower-bound static
toughness in the transition region. In the process, several interesting observations were made
regarding specimen geometry and data analysis techniques.

Dynamic Toughness Data Scatter

While some of the data scatter observed in the transition region results from ductile
tearing prior to cleavage initiation, the present data set also includes some scatter because
the test material was taken at various depths within the parent forging. Static fracture
toughness varies by approximately 47 MPa Vm from the outside diameter (OD) to the
inside diameter (ID) of the cylinder [16]. Given that the static fracture toughness values at
80°C exhibit a range of 270 MPa Vm, forging inhomogeneities are a secondary cause of
data scatter.

Increasing testing speed appears to be an effective means of suppressing ductile tearing.
Comparison of the static and dynamic compact results shown in Fig. 6 shows only a slight
decrease in data scatter at the higher rates, which is not surprising because the dynamic
tensile results are so close to static results. However, the fraction of specimens that cleave
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without prior tearing is more than doubled. Also, the lower bound for the dynamic tests
approaches, but does not go below, the lower bound for static data. This is important if
dynamic testing is to be used as a means of predicting the static lower bound.

In the transition region, increasing test speed is more effective at suppressing ductile
tearing prior to cleavage than decreasing data scatter. It appears that increasing test speed
suppresses tearing by raising the resistance to tearing initiation, J,.; Fig. 1 shows that dynamic
testing raises upper-shelf fracture toughness. Suppressing tearing may be useful, however,
because existing analytical methods for dealing with data scatter are largely limited to
specimens that do not exhibit ductile tearing prior to cleavage [17].

The data in Fig. 6 show an apparent increase in toughness with increasing test speed. For
the 1/2T compact specimens, this may be a result of decreased crack tip constraint in the
thinner specimen. Also, the 1/2TCT specimens had a slightly smaller a/W ratio than the
dynamic 1TCT and three-point bend specimens. The reason for the higher toughness in the
1T three-point bend specimens is unclear. Figures 4 and 5 show that the measured and
theoretical compliance are in good agreement for both geometries, and no other experimental
reasons for the higher toughness of the three-point bends is apparent. It is possible that it
is related to the differences observed between bends and compacts when performing Jix
tests on the upper shelf of the toughness-temperature curve.

Available Energy Analysis

It is apparent from Fig. 7 that the available energy method is very effective in reducing
data scatter. It brings the dynamic toughness values closer to the static lower bound without
depressing them below this value.

Calculating toughness as K, (or K,,) eliminates plasticity contributions to the fracture
toughness. However, the K, values obtained with compact and bend specimens are not
directly comparable. For a bend specimen and a compact specimen with identical K, values,
the compact specimen will have a lower K., value. This was observed for three pairs of
compact and bend specimens with nearly identical K, values taken from Table 2. This same
conclusion can be reached analytically using the expressions in ASTM E 1152-87.

Weibull Analysis

While dynamic testing increases the fraction of specimens that cleave with no prior tearing,
the data for specimens with no tearing vary widely, from 75 to 231 MPa V/m. Therefore,
some type of statistical data analysis may be necessary to characterize transition region
toughness, even if only cleaved specimens are included.

TABLE 3— Results of two-parameter Weibull analysis for K.
and K¢ data.

Sample
Size Slope R?
Kye
Static 1TCT 10 3.8 95%
Dynamic 1 TCT 11 2.4 91%
Dynamic 1/2TCT 10 2.9 2%
Dynamic 3PB 8 4.4 94%
Kae
Static 1TCT 10 15.3 76%
Dynamic 1TCT 11 5.6 87%
Dynamic 1/2TCT 10 7.9 84%
Dynamic 3PB 8 8.2 90%
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Weibull analysis has been used widely for analyzing static cleavage fracture toughness
data. However, the Weibull distribution tends to fit fracture data poorly at the low-toughness
end of the distribution, as shown for three large data sets in Fig. 9 [22]. The data in Fig. 9
are preliminary results of a round-robin testing program using SA508C13. All of the spec-
imens tested at —100 and ~75°C had no ductile tearing, yet the Weibull plot is not linear.
Wallin [23] attributes the nonlinearity to the use of the two-parameter Weibull distribution,
which assumes that the minimum possible toughness is zero, a physical impossibility. Wallin
begins with a three-parameter Weibull distribution, defines the minimum toughness as 20
MPa Vm, and sets the slope equal to 4. This improves the linearity, as shown in Fig. 10.

As a descriptor of weakest-link phenomena, one would expect the Weibull distribution
to fit dynamic data better than static data, because complications due to plasticity have been
minimized. Using the two-parameter Weibull distribution, this is not the case. Using the
three-parameter Weibull distribution with slope equal to 4 and minimum toughness equal
to 20 MPaV/m improves the fit for both the static and dynamic data (see Table 4). The R?
values for the two-parameter Weibull fit range from 91 to 95%, while the R? values for the
modified three-parameter Weibull fit range from 94 to 99%.

The applicability of Weibull analysis to K, data is questionable. The R? values are lower
than for static or dynamic K|, data, and the slopes are steeper than the theoretically predicted
value of 4, ranging from 5.6 to 15.3.

Constraint Correction

Another means of addressing transition region data scatter has been proposed by Dodds
and Anderson [24]. Limited to specimens with no tearing prior to cleavage, it corrects the

15
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FIG. 10—Round-robin test data from Fig. 9 analyzed using a three-parameter Weibull function with
the slope defined as 4 and the minimum toughness defined as 20 MPa \/m. The y-axis is a linearization
of the Weibull probability, P.
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TABLE 4—Results of three-parameter Weibull analysis.*

Sample
K, Size Slope” R?
Static 1TCT 10 4 9%
Dynamic 1TCT 11 4 94%
Dynamic 12TCT 10 4 97%
Dynamic 3PB 8 4 99%

“The value of the slope is defined as 4 and the minimum tough-
ness as 20 MPa v/m.

measured toughness for large-scale yielding by comparing the stress distribution ahead of
the crack tip for elastic and elastic-plastic cases. High resolution two-dimensional plane-
strain finite element models scale the applied loading to give matching contours of S,,, the
stress normal to the crack plane, between small-scale yielding and large-scale yielding. The
large-scale yielding J is plotted versus the equivalent J for small-scale yielding for several
values of work-hardening exponent, n, and a/W, crack length-to-width ratio. These plots
are used to convert experimental values of J to equivalent small-scale yielding values. The
constraint-corrected data are shown in Fig. 11. The reduction in data scatter is greater for
the 1/27 compact and 17T three-point bend specimens than for the 17 compact specimens.
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FIG. 11— Constraint-corrected toughness values for fracture toughness data indicated by solid symbols
in Fig. 6.
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The constraint-correction procedure does not depress any of the data below the static lower-
bound value of 75 MPa Vm.

In addition to available energy analysis, Weibull analysis, and constraint correction, there
are other methods of treating transition region data scatter [17]. Most of these methods are
recommended only for specimens that do not tear prior to cleavage. Recently, Wallin [23]
developed a method for correcting for tearing prior to cleavage. Anderson and Stienstra
[25] have proposed the use of order statistics, which allows data from specimens with tearing
to be censored but included in the analysis. The objective of the present work is to develop
the alternative of conducting dynamic tests to suppress ductile tearing, and applying one of
the analysis methods that does not permit tearing. Further work in this area will be directed
toward increasing testing speed using compact specimens, and selection of an analytical
method for reducing data scatter that is applicable to dynamic fracture data. Additionally,
fractographic examination will be performed to determine the influence of increased strain
rates on the microdeformation and microfailure mechanisms.

Conclusions

Based on the findings in this report, the following conclusions can be drawn.

1. Increasing strain rate in transition-region fracture toughness tests of modified SA508C12
increases the fraction of specimens that cleave with no prior ductile tearing.

2. Dynamic toughness values are equal to or greater than the lower bound static toughness
value for modified SA508C12 tested at 80°C at displacement rates up to 0.59 m/s.

3. Calculating dynamic toughness by the available energy method did not reduce dynamic
toughness values below the lower bound for static data.

4. The two-parameter Weibull distribution provides a good fit for static compact data
with a Weibull slope close to the theoretical value of 4. Dynamic compact data do not
fit the distribution as well, and available energy corrected data fit worse than dynamic
data. Using a three-parameter Weibull distribution with the slope set equal to four
and the minimum toughness equal to 20 MPaV/m improves the goodness of fit for both
static and dynamic data.

5. A recently-developed constraint correction procedure reduces data scatter for speci-
mens with no prior tearing, which exceed the limitations of small-scale yielding. Con-
straint correction of static and dynamic data did not depress the values below the lower
bound for uncorrected static data.
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DISCUSSION

B. Mukherjee' (written discussion)— What was the reason for choosing J at failure load
as the fracture parameter for examining data scatter in the transition region?

If a specimen fails in the rising part of the load displacement curve, then it can be argued
that J at that load is material dependent. However, if a specimen fails beyond the maximum
load, then J at failure load may be dependent on the specimen geometry as well. In view
of this, will the authors comment on the scatter of their data if only results for those specimens
that failed before reaching maximum load were considered.

Similarly, if J at crack initiation was selected as the fracture parameter for examining data
scatter in the transition region, will it alter some of the observations presented in this paper?
Perhaps it is necessary to examine both J at crack initiation and at maximum load to get a
complete picture of scatter in this region.

M. T. Miglin, C. §. Wade, W. A. Van Der Sluys, and J. A. Joyce (authors’ closure)—J
at failure load was chosen as the parameter to describe transition-region data scatter because
it corresponds to J at the onset of cleavage fracture. The objective of this work is to achieve
a means of conservatively estimating the lower-bound toughness in the transition region,
and the fracture mechanism for specimens that fail near the lower bound is cleavage. There-
fore, a measure of cleavage resistance is required.

All of the dynamic three-point bend specimens failed before reaching the maximum load.
Four of the dynamic compact specimens, one 17 and three 1/2 T specimens, failed by cleavage
slightly beyond maximum load. Cleavage occurred so soon after maximum load that the
associated loss of constraint and effect on measured J is assumed to be slight. Four of the
static 17 specimens failed by cleavage well beyond maximum load. For these four specimens,
the measured J value is probably elevated to some extent because of the associated reduction
in constraint.

A previous paper examined J at crack initiation.? Crack initiation occurs by ductile tearing
in most of these specimens. At present, there is no known relationship between tearing
resistance and cleavage resistance, and it is our objective to determine a conservative method
for measuring cleavage resistance. Therefore, J at crack initiation is not relevant. J at
maximum load is the J value when the plastic zone is first influenced by the back free surface
of the specimen. This also bears no relationship to cleavage resistance and was hence
disregarded in the current work.

!Ontario Hydro Research, Toronto, Ontario, Canada M8Z 554.

2Miglin, M. T., Wade, C. S., and Van Der Sluys, W. A., “*Analysis of Fracture Toughness Data for
SAS508C12 in the Ductile-to-Brittle Transition Region,” Fracture Mechanics: Twenty-First Symposium,
ASTM STP 1074, J. P. Gudas, J. A. Joyce, and E. M. Hackett, Eds., American Society for Testing
and Materials, Philadelphia, 1990, pp. 238-263.
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The Application of the Multispecimen
J-Integral Technique to Toughened
Polymers

REFERENCE: Huang, D. D., “The Application of the Multispecimen J-Integral Technique to
Toughened Polymers,” Elastic-Plastic Fracture Test Methods: The User’s Experience (Second
Volume), ASTM STP 1114, J. A. Joyce, Ed., American Society for Testing and Materials,
Philadelphia, 1991, pp. 290-305.

ABSTRACT: The multispecimen J-integral technique ASTM Test Method for J,., a Measure
of Fracture Toughness (E 813-87) has been applied to a series of rubber-toughened polymers
to determine the generality of the method for polymeric materials. The experimental proce-
dures produce results that are similar in form with those found in the metals and ceramics
literature. However, many of the procedures involving data analysis require reexamination.

In this study, the effects of side grooves, ligament depths, and the relationship between
critical initiation J and G values are examined. The use of side-grooved specimens for J testing
is a viable way of experimentally verifying plane strain conditions. The ASTM E 813-87
recommendation for the allowable range of ligament depths appears to be inappropriate for
toughened polymers. However, the recommendation of W/B = 2 as an experimental starting
point is sensible. Finally, the J,. to G, relationship was explored. In separate, nonstandard K
tests involving large specimens, the initiation point, G,, was defined at 2.5% crack growth.
Ji, as calculated by the ASTM E 813-87 construction, was as much as 50% lower than this
G, value. However, when comparing critical J and G values for specific crack growths, good
agreement between the two tests was obtained, provided the crack growth was small. Although
the current Jy, construction provides a conservative estimate of the G, value, it is an open
question whether the J,. value is appropriate for polymer design.

KEY WORDS: multiple specimens, J-integral, toughened polymers, ligament depth, elastic-
plastic fracture, test methods

Although linear elastic fracture mechanics (LEFM) techniques have been successfully
applied to many neat and reinforced polymers [I], they are often inadequate for fracture
toughness characterization of toughened polymers. These polymer systems are typically
multiphase systems in which the optimal toughener particle size is on the order of microns
or less. During fabrication of large parts, the toughener can agglomerate, leading to a
morphology that is not representative of smaller parts. Consequently, the J-integral as
proposed by Rice [2] is finding increasing use as a characterization parameter for fracture
toughness of these materials since significantly smaller specimens may be used. The J-integral
technique has been applied to a variety of tough polymers including rubber-toughened
polymers [3—10] and untoughencd polymers [11,12].

Because there is no current standard for J-integral testing of polymers, much of the earlier
work has followed some form of ASTM Test Method for J; ., a Measure of Fracture Toughness
(E 813). For example, Refs 3, and 8 through 10 followed the ASTM E 81381 method

'Group leader, Polymer Products Department, E. 1. du Pont de Nemours, Inc., Wilmington, DE
19880-0323.
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while Refs 5 through 7, 11, and 12 have applied the ASTM E 813—87 method. While the
form of the results in these studies have been consistent with results found in the metals
literature, it is still unclear whether the technique can be directly applied to obtain meaningful
fracture toughness values in polymers.

The primary differences between ASTM E 813-81 and E 81387 lie in the data analysis
and selection of the initiation value, Ji.. In ASTM E 813-81, the experimental data in the
form of a resistance (J-R) curve is approximated as a bilinear function. The first line describes
the blunting behavior of the material. It is defined as

J = 2o0,Aa

where o, is determined in a separate tension test on Ag is crack growth. The second line is
experimentally determined during the J test. The intersection of the two lines represents
J..

In ASTM E 813-87, the J-R curve is experimentally determined and fitted with a power
law, J = C, Aa“* where C, and C, are fitting parameters. J, has been redefined to be equal
to the J value at which 0.2 mm of crack growth has occurred. Consequently, J_is determined
by the intersection of the power law fit to the experimental data and a line of Slope 20,
that intersects the abcissa at 0.2 mm.

Both versions of the multispecimen methods of ASTM E 813 have been applied to two
rubber-toughened nylons [3-7]. In Ref 3, a modified form of ASTM E 813-81 was used
to characterize these polymers using small single-edge-notched bend (SENB) specimens that
were 12.7 mm thick. The values of J. were reported as plane strain values because the
specimen sizes either met or were slightly larger than the ASTM recommendation. Additional
tests on side-grooved specimens and on ungrooved specimens tested at slightly lower tem-
peratures, produced similar J, values, thus supporting the notion of a plane strain value [4].

The plane strain assumption was further tested using smaller ungrooved specimens [5] of
the two rubber-toughened nylons. J tests were conducted on geometrically similar SENB
specimens down to thicknesses of 3.2 mm using the ASTM E 813-81 technique. How-
ever, a surprising trend of decreasing J,. versus decreasing thickness was found for both
materials [5].

By plotting the data for all the specimen sizes on a composite plot, the power law rela-
tionship described in ASTM E 813-87 was found. Furthérmore, for each material, within
experimental scatter, the J, values obtained by fitting the individual data for each specimen
size to its own power law relationship were similar to the J. value obtained using the
composite power law curve [6]. Since a unique J-R curve could be generated by a range of
specimen sizes, the composite curve was considered a plane strain resistance curve because
it described J-R behavior that was independent of the in-plane bend bar geometry. (This is
especially important since most applications involve thicknesses in this range of sizes.) Based
on these findings, the ASTM E 813—87 thickness recommendation for plane strain conditions
was found to be too conservative [6].

One explanation for the trend of decreasing J, values with decreasing thickness was
proposed in Ref 7. In order to stay within the J-controlled region of crack growth, crack
growths were limited to 6% of the ligament as recommended in ASTM E 813. Thus, the
amount of allowable crack growth was smaller with smaller specimen sizes. Since the power
law fits of the crack growth behaviors of all the specimen sizes were identical, the linear fit
proposed in ASTM E 813-81 actually described different portions of the power law J-R
curve. The bilinear fit for the smaller specimens described the early portion while the larger
specimens described the later portion. Since the slopes are steeper in the beginning, the
intersections of the J-R curves with the blunting line gave lower J. values.
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In this study, the data analysis scheme of ASTM E 813-87 is used to further consider
the applicability of the J-integral method to toughened polymers. The effect of side grooves,
the effects of different ligament lengths, and the relationships between critical initiation J
and G values are investigated for a variety of toughened polymers.

Experimental Details
Materials

The materials used in this study were rubber-toughened nylon 6/6 (RTN66, Zytel ST801),
rubber-toughened amorphous nylon (RTAN, Zytel ST901), acrylonitrile-butadiene-styrene
(ABS, Cycolac ABS, Grade GSE), and a toughened-polyphenylene oxide (TPPO, Noryl
EN265). Both rubber-toughened nylons were injection molded into plaques that were either
100 by 250 by 12.7 mm or 100 by 250 by 3.2 mm. The ABS and TPPO were obtained in
both 25- and 50-mm-thick extruded sheets from Westlake Plastics (Lanni, Pennsylvania).
The materials were tested dry as molded at 23°C and 50% relative humidity.

Specimen Geometries

Single-edged notched bend (SENB) specimens were machined from either the plaques or
the sheets. The specimens were deeply notched to half of the depth, W. Unless stated
otherwise, W was maintained at twice the thickness, B. The span-to-depth ratio was held
at 4 except as noted later. For the nylons, specimen thicknesses ranged from 12.7 mm to
3.2 mm. The thinner specimens (down to 6.4 mm) were made by milling equal amounts
from the outer surfaces of the 12.7-mm-thick injection molded plaques. In addition, 3.2-
mm-thick specimens were cut from the 3.2-mm-thick plaques. For the ABS and TPPO, 25-
mm-thick specimens were made from the 25-mm-thick sheet. Thinner specimens (down to
7.5 mm) were made by sawing the 50-mm sheet through the thickness. The sawn surface
was smoothed by milling. The specimens showed no curvature, so it was assumed that
residual stresses were minimal. In all cases, the thickness direction of the plaques or sheets
was maintained as the thickness direction of the SENB specimens. In addition, K. tests were
performed on 50-mm-thick SENB specimens.

For both RTN66 and RTAN, additional experiments were conducted using SENB spec-
imens that were side grooved with a blunt cutter (radius of curvature of 250 um). The total
depth of the grooves was 20% of the original thickness. ASTM recommends a total groove
depth of 20 to 25%. Additional information on specimen geometries are given in Ref 4.

Modifications to the Multispecimen J-Integral Method

The J-integral method that is under investigation is a multiple-specimen technique, similar
to ASTM E 813. It was originally proposed by Landes and Begley [13]. The first specimen
is completely fractured to determine the ultimate displacement. Subsequent specimens are
loaded to different subcritical displacements to obtain different levels of crack growth. From
the area under the loading curve of each test, a value of J is calculated. Crack growth is
marked and measured on the fracture surface. Resistance (J-Aa) curves are then constructed.
The test is considered a valid test if the specimen thickness meets the requirement that

B >25(J./a,)

The depth, W, should also be greater than twice the minimum B determined by this equation.
There is some flexibility allowed in the depth dimension, as discussed in a later section.
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In the current investigation, ASTM E 813 recommendations have not been strictly fol-
lowed. The following modifications are noted.

1. The crack growth (Aa) was marked by freezing the test specimens in liquid nitrogen
and then breaking them at 260 mm/s. An example of the crack growth region is shown
in Fig. 1. The crack front is bowed and the Aa value is measured at the center of the
specimen. The region next to the initial notch (between Lines A and B) is the crack
growth region for this specimen. In J testing of polyethylene, it was shown that a stretch
zone next to the initial notch formed first, followed by crack growth [I4]. This was
also observed on a variety of single-phase polymers [/7]. However, this was not ob-
served in the materials in this investigation. Region AB continuously grew with in-
creasing J levels. If it were the stretch zone due to blunting, it would increase with
increasing J and then remain constant at J values greater than J,.. The reason for the
second texture (BC) before the fast fracture region is unclear. Its texture resembled
that of the stretch zone found in the specimens that were loaded to sub-Jy, levels. In
these specimens, only blunting occurs and only one texture was seen.

Crack growth was measured at the center of the fracture surface with a traveling
microscope. Since the crack fronts were thumbnail shaped, this corresponded to the
maximum crack growth. This is the original proposal by Landes and Begley [13]. ASTM
E 813 recommends making nine equally spaced measurements and averaging them in
a prescribed manner. This recommendation was made because the average value would
more accurately map the crack front when significant bowing had occurred. The single-
point technique that was used here is more convenient and leads to a more conservative
J. value since it overestimates the crack growth.

FIG. 1— Fracture surface of RTAN.
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2.

ELASTIC-PLASTIC FRACTURE TEST METHODS

The span-to-depth (S/W) ratio was 3.5 for the 12.7-mm-thick specimens of RTN66 and
RTAN. ASTM E 813 recommends a ratio of 4. The span-to-depth ratio is important
in the calculation of J. J can be expressed as [15]

J=1J +1,

= (n, U, + m, U,)/Bb

where J, and J, are the elastic and plastic contributions to J; m, and m, are the elastic
and plastic work factors; U, and U, are the elastic and plastic components of the total
energy, Uy; B is the thickness; and b is the ligament. For bend specimens, the m, factor
is independent of S/W ratio. However, m, has an S/W dependence. When the S/W ratio
is 4 and the specimen is deeply notched (greater than 0.4), m, and m, are both equal
to 2. Therefore, for J calculations, the total energy does not have to be partitioned
into its elastic and plastic portions. For this geometry

J =2U,/Bb
When the S/W ratio is 3.5, m, equals 2.2 and m, equals 2. This leads to a maximum

error of 10% when the load-deflection curve is completely elastic. The error decreases
as the ratio of elastic to plastic energy decreases.

. The resistance curve was fitted using data points where crack growth was between two

offset lines drawn parallel to the blunting line. The minimum offset was 0.6% of the
ligament and the maximum offset was 6% of the ligament. ASTM E 813 recommends
using parallel lines that are offset by 0.15 and 1.5 mm. Shih [/6] has shown that the
value of J is accurately predicted by these estimation procedures if the crack extension
is less than 6% of the remaining ligament. This is a source of confusion in the standard.
ASTM E 813 recommends that the test specimens should be a minimum size, that is,
B,b > 25 (J,./0,). It also recommends fixed offsets for the maximum and minimum
crack growths. Since the ligaments can be of any size, the fixed offsets will not always
guarantee that the crack growths will be less than 6% of the ligament. However, the
6% criterion should not be considered definitive. In ASTM Test Method for Deter-
mining J-R Curves (E 1152-87), the allowable amount of J-controlled crack growth is
10%.

The loading rates varied from 0.26 to 26 mm/s. This led to loading times as small as
0.05 s at the fastest speed. ASTM E 813 recommends that the loading time be greater
than 6 s. ASTM made this recommendation to avoid the complexity of measuring a
dynamic fracture toughness.

The specimens were notched either with razor blades that were drawn through the
specimens or with cutters that were lapped to a radius between 5 and 12 um. ASTM
E 813 recommends a fatigue crack. In the current study, J;. is independent of notch
root radius in the 5 to 12 wm range. Earlier toughness studies of polymers have shown
that notching with either razor blades or sharp cutters can be acceptable [8,17].

. For the rubber-toughened nylons, yield strengths were measured in tension using

3-mm-thick injection-molded bars (ASTM Test Method for Tensile Properties of Plas-
tics (D 638-89), Type I). The elastic moduli for the room-temperature tests were
measured in flexure using injection-molded flex bars (3 mm thick). For the ABS and
TPPO, yield strengths were obtained from ASTM D 638-89 bars that were machined
from the extruded sheets. The moduli were calculated from the measured specimen
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compliance using the method of Haggag and Underwood [18]. Poisson’s ratios were
assumed to be equal to 0.41.

7. The reported yield strengths were measured at 26 mm/s according to D 638-89. ASTM
E 813 recommends using an effective yield strength that is an average between the
ultimate tensile strength and the 0.2% offset tensile vield strength.

Data Analysis

A computer controlled servohydraulic system was used for all mechanical testing. Software
was developed to run the machine, acquire data in the form of load-displacement curves,
and numerically integrate the curves to calculate energy values. After the specimen dimen-
sions and ligament length have been measured using the traveling microscope, a J value for
each specimen is calculated.

Because these J values are calculated from the total energy measured from the area under
the load-load point displacement curve, an indentation energy correction was also made.
This accounts for local deformation at the loading and support points. A fully supported
unnotched specimen of the same thickness and depth as the J test specimen is indented with
the load point. This test is conducted at the same rate as the J test. Again, a load-load point
displacement curve was recorded. The contact stiffness, S, was found to be linear up to the
maximum load, P,,,,, in the individual J tests. The energy due to indentation is then

U, = 0.75 (P2,./S)

where U,, = total indentation energy.

For an SENB specimen, the total J, J, = 2 (U,)/Bb, where U is the total energy, B is
the specimen thickness, and b is the ligament. The indentation J, J;,, can similarly be
calculated from Uj,. The real J value for each test specimen is equal to /- — J;,. Depending
on the size of the specimen and the amount of crack growth, this correction was as high as

14% of J ;.
Results and Discussion
Mechanical Properties
The mechanical properties of the four materials are listed in Table 1. The parameters,
C, and C,, are the power law parameters defined by the J-R equation

J = C, Aa©

The J, values are determined by the ASTM E 813-87 construction. Figure 2 shows the J-R
curves for the materials.

The data for the J-R curves were obtained using a range of specimen sizes. Because of
this geometry independence, they are all considered unique plane strain curves. Throughout

TABLE 1—Mechanical properties.

Material E, GPa g,, MPa C, C, Jie, kI/m?
RTN66 2.0 50 482  0.70 29.2
RTAN 2.0 69 35.7 0.68 16.3
ABS 2.3 48 15.5 0.70 6.1
TPPO 2.5 59 123  0.58 5.4
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FIG. 2—1J-R data and curve fits for RTN66, RTAN, ABS, and TPPO.

this paper, the J-R curves that are obtained for the various test conditions will be compared
to these curves to determine their validity.

Effect of Side Grooves

According to the ASTM size recommendation, RTN66 was the only material that should
not have been in plane strain as the largest specimen size. However, the specimens were
only 2 mm too small. For the rubber-toughened nylons, 12.7 mm is the practical limit in
thickness for injection molded plaques. Ideally, larger specimens should be used to test for
geometry independence and plane strain conditions. In larger specimens, proportionately
more of the crack front is placed under plane strain conditions leading to lower crack growth
resistance and lower fracture toughness values. One technique that also accomplishes this
goal is to side groove the specimens.

Results for 20% side-grooved specimens are given in Figs. 3 and 4 for the rubber-toughened
nylons. The J-R curves for the side-grooved specimens are in excellent agreement with those
obtained from the ungrooved specimens. The J-R curve for RTAN (Fig. 3) is virtually
identical to the unique curve shown in Fig. 2. The J-R curve for RTN66 (Fig. 4) is slightly
lower at larger crack growths, but is well within the experimental scatter of data shown in
Fig. 2. These findings reinforce the notion that a unique plane strain curve has been determined.
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FIG. 3—1J data for RTAN side-grooved (20% B) specimens.
Effect of Ligament Size

As mentioned earlier, ASTM E 813 does not clearly address the issue of the maximum
allowable crack growth when sub-sized (less than 25.4-mm-thick) specimens are used. Crack
growths between 0.15 and 1.5 mm are recommended for data selection. However, as de-
scribed earlier, Shih [16] has suggested that crack growth should be restricted to 6% of the
ligament in order to keep under J-controlled conditions. For small specimens with depths
equal to twice the thickness, it is not possible to satisfy both conditions.

Three different specimen sets of RTN66 and RTAN with different B/W ratios were tested.
Figures 5 and 6 show the results of 12.7-mm-thick SENB specimens that had W/B ratios of
1, 2, and 4 for RTN66 and RTAN, respectively. For comparison purposes, the plane strain
curves given in Table 1 are also plotted.

In Fig. 5, there seems to be little effect on the J-R curve due to changes in the ligament.
For the cases of W/B = 2 and 4, the data fit the plane strain curve within experimental
scatter. Interestingly, although the J-R data for the W/B = 1 set are consistent with the
plane strain curve, the data appear to be on the low end of the scatter of the other sets. At
small crack growths (three smallest crack growths corresponding to 6% of the ligament),
the data fit fairly well. At intermediate crack growths (middle data point at 1.06 mm, 9%
of the ligament), the J value is low but still acceptable. At large crack growths (greater than
17%), the J values are significantly lower.
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FIG. 4—1 data for RTN66 side-grooved (20% B) specimens.

These data are consistent with the findings of McCabe et al. [19] who tested specimens
of A508, Class 2A tube plate material with short ligaments. In that study, it was suggested
that the short ligament is not large enough to sustain crack growths for the full J-R curve.
Therefore, at small growths, the data fit well, but at high crack growths, the J values are
low. Because of the scatter in the data, more tests are needed to verify this finding.

The J-R data for the same specimen geometries for RTAN are given in Fig. 6. In this
data set, the data for W/B = 1 and 2 are reasonably consistent with each other and the
plane strain curve. However, the J-R data for the W/B = 4 specimen set produce a signif-
icantly lower J-R curve.

In order to explain these results, the minimum depth for plane strain J tests must be
considered. Since there are no general recommendations for polymers, the ASTM E 813
standard was used as a first approximation. ASTM E 813 recommends using SENB specimens
with 1 < W/B,,;, < 4 where B, is the minimum plane strain thickness (B, = 25 (Ji/0,)).
Using the J,. and o, values given in Table 1, B, for RTN66 is 14.6 mm and for RTAN,
it is 5.9 mm. For RTNG66, it is interesting that acceptable results were obtained on speci-
mens with W/B_;, = 0.87 and 1.7 while the low J results were obtained on specimens of
W/B. ;. = 0.44. Similarly, for RTAN, acceptable results were obtained on specimens with
WIB;, = 1.1 and 2.2 while low results were obtained when W/B,_,, = 4.2.

Based on these W/B,,, ratios, it would appear that W/B_;, ratios of slightly less than 1
to slightly less than 4 may be appropriate for polymers if the full J-R curve is needed. If
only the beginning of the J-R curve is needed, lower W/B,;, ratios may be appropriate. The
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FIG. 5—1 data for RTN66 specimens with varying ligament depths.

ASTM recommendation of W/B,,,, = 2 as a starting point appears to be sensible considering
the data. Also, longer ligament depths are preferable to shorter ligament depths within the
limits already described. Currently, it is premature to suggest that this specific calculation
should be adopted for J testing of polymers, because it is unclear whether the selection of
Jie, the ASTM E 813 recommended W/B,,,, ratios, or the B, calculation are valid for these
materials. However, this calculation does suggest that the limits to the ligament size should
be a function of a fundamental size parameter. Much more data on a variety of polymers
are needed to confirm this recommendation.

Initiation ], G_ Relationships

Begley and Landes [20] have shown that the J;. value determined in the J-integral test
and the G;. measured in a standard fracture toughness (K) test are equal, if both tests are
conducted under plane strain conditions. This relationship was demonstrated using two
different steels.

K tests were conducted on 50-mm-thick SENB specimens made from the extruded sheets
of ABS and TPPO. The K tests were based on the ASTM Test Method for Plane-Strain
Fracture Toughness of Metallic Materials (E 399-83) procedures with important differences
as noted later. The depths were 100 mm, and §/W was maintained at 4. The K tests were
conducted at the same rate as the J tests (25 mm/s). The notches were made by drawing a
fresh razor blade through a sawn prenotch. The nominal notch depth-to-specimen depth (a/
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FIG. 6—1J data for RTAN specimens with varying ligament depths.

W) ratios were 0.25 and 0.40. The load displacement curves were slightly nonlinear. As an
indication of the degree- of nonlinearity, the ratios of the maximum load, P,,, to Ps, the
load determined by the intersection of the curve and the secant line representing 95% of
the initial stiffness, were less than 1.1 except for one test where the ratio was 1.14.

Because of the difficulties associated with defining initiation when the load displacement
curves are nonlinear, ASTM E 399 recommends using P to approximate the initiation point
and is used in the K calculation. If the specimen is nominally notched to 50% of its depth,
P; corrresponds to the load at which the crack has grown 2.5% (maximum) [21]. Since the
notches in these K tests were not in the range of 0.45 < o/W < 0.55 as ASTM E 399
recommends, this construction is now inappropriate because P; corresponds to crack growths
significantly larger than 2.5%.

In order to identify initiation for these specimens, different constructions were necessary.
Asin ASTM E 399, the initiation point was selected as the point at which 2.5% crack growth
occurred. The load at initiation, P,, was determined by a secant line construction similar to
that of ASTM E 399. However, instead of using a 5% offset, a different offset value was
used. These offsets were calculated from the expression.

Adla = ($/(a/W))(AC/C)

where a is crack length, ¢ is the energy calibration factor given in Ref / and tabulated in
Ref 21, W is specimen depth, and C is compliance. Thus, the initiation points were deter-
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TABLE 2—K test results.

alWw K., MPa \/m G, kI/m? P,../P#
ABS
0.25 5.65 117 1.25
0.25 5.23 10.0 1.33
0.40 5.59 11.4 1.19
0.40 6.01 132 1.18
0.40 5.77 11.7 1.28
TPPO
0.25 5.40 10.6 1.20
0.25 5.80 12.2 1.10
0.38 5.44 10.8 1.18
0.38 5.62 11.5 1.11
0.38 5.89 12.7 1.03

“P, corresponds to the load at which 2.5% crack growth has
occurred.

mined using offsets of 1.2 and 3.2% for the specimens with a/W of 0.25 and 0.40, respectively.
The results are presented in Table 2. The ratio, P,,,./P; is also tabulated as an indication of
the degree of nonlinearity. Note that, for TPPO, some of the tests meet the P_, /P, re-
quirement even though these offset constructions are more severe.

Using this procedure to define initiation, the average K, values for ABS were 5.44 MPa
Vm for a/W = 0.25 and 5.79 MPA \/m for a/W = 0.40. Assuming a Poisson’s ratio of
0.40 and a modulus of 2.3 GPa, the average (calculated) G, values are 10.9 kI/m? and 12.1
kI/m?, respectively. For TPPO, the average K, values were 5.60 MPa VVm (a/W = 0.25)
and 5.65 MPa Vm (a/W = 0.38). Again, assuming a Poisson’s ratio of 0.41 and a modulus
of 2.3 GPa, the corresponding G, values are 11.4 and 11.7 kJ/m?, respectively. According
to the ASTM E 399 size criteria, the specimens would be in plane strain. However, since
nonstandard methods were used to determine initiation, it is not clear whether the size
recommendations are valid for these tests.

The G, vatues for both ABS and TPPO are more than twice as large as their respective
Ji. values listed in Table 1. Thus, J,. may have potential as a design criterion since it is a
conservative estimate of the G, values. However, it is unclear whether the J,. values deter-
mined in this manner are too restrictive for polymer design.

For these materials, the discrepancy between G, (for 2.5% crack growth) and J;. may be
due to either the definition of J,. as the J value required to extend the notch by 0.2 mm,
the arbitrary selection of initiation in the K test, or both. For a more valid comparison of
these measurements, it is necessary to consider the amount of crack growth, Aga, that has
occurred in the K tests. As a first approximation, a G, value should be equal to the J value
required for the specific amount of crack growth that corresponds to that G.. J can be
calculated using the plane strain J-R curve.

The results for ABS are presented in Table 3. The crack growths were determined by the
offset secant methods described earlier. The crack growths of 0.65 mm and 2.73 mm cor-
responded to offset secants of 1.2 and 5.0%, respectively, for the specimens with nominal
alW of 0.25. Crack growths of 1.02 and 1.59 mm corresponded to offsets of 3.2 and 5.0%,
respectively, for the specimens with nominal a/W of 0.40. The calculated J, values for these
crack growths were obtained by substituting the appropriate Aa value directly into the plane
strain equation of Table 1. While there is good agreement between the G, and J, values at
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TABLE 3—1J,, G, comparisons for ABS.

alW Aa, mm G, kJ/m? J2, kKIim?
0.25 0.65 11.7 11.5
0.65 10.0 11.5
0.40 1.02 11.4 15.7
1.02 11.7 15.7
1.02 13.4 15.7
0.40 1.59 12.3 21.4
1.59 12.7 21.4
1.59 12.9 21.4
0.25 2.73 14.3 31.3
2.73 15.4 31.3

“Calculated from plane strain J-R curve.

the smallest crack growth, the G, values increase at a slower rate than the J, values. At2.73
mm, the G, values are approximately 50% of the J, values. These results are plotted in Fig.
7.

Similar results are given in Table 4 and Fig. 8 for TPPO. The crack growths of 0.65 mm
(offset secant of 1.2%) and 2.73 mm (offset secant of 5.0%) were obtained on the specimens
with a/W = 0.25. The crack growths of 0.93 (offset secant of 2.9%) and 1.60 mm (offset
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FIG. 7—Comparison of ABS G, data to J-R curve using crack growths calculated from compliance
change.
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TABLE 4—1J,, G, comparisons for TPPO.

alW Aa, mm G., kJ/m? J.2, kJ/m?
0.25 0.65 10.6 11.5
0.65 12.2 11.5
0.38 0.93 10.8 11.8
0.93 11.5 11.8
0.93 12.7 11.9
0.38 1.60 13.2 16.2
1.60 13.6 16.2
1.60 14.1 16.2
0.25 2.73 14.5 22.0
2.73 12.1 22.0

“Calculated from plane strain J-R curve.

secant of 5.0%) were obtained with specimens with a/W of 0.38. In this case, the agreement
between G, and J, is good up to crack growths of 1.60 mm. At 2.73 mm, the G, values are
approximately 60% of the J, values.

These results suggest that the plane strain resistance curve may be used to calculate critical
G values if initiation is defined at a specific amount of crack growth and if that amount of
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FIG. 8— Comparison of TPPO G, data to J-R curve using crack growths calculated from compliance
change.
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crack growth is small. For these two materials, the best agreement between J.and G, occurred
when Aa was nominally 0.65 mm. In TPPO, the agreement was good over a larger range
of Aa. One possibility for this behavior is that the S0-mm-thick specimen size used in the
K test was closer to linear elastic plane strain conditions for TPPO than for ABS. Further
investigation is required to clarify this point.

While the discrepancies at large crack growths are significant, it is important to note that
they may be exaggerated by the different methods used to determine crack growth. The
crack growths in the J tests are measured from the fracture surfaces. The G analyses used
the offset secant method to calculate the crack growths. This method assumes that crack
growth alone is responsible for the change in compliance. Therefore, the calculated crack
growths are upper limits to the actual crack growth. A more comprehensive study of the
compliance-crack growth relationship in these polymeric systems is needed.

Conclusions

The multispecimen J-Integral method of ASTM E 813-87 was investigated to determine
its suitability to measure the fracture toughness of toughened polymers in a way that would
be useful for both characterization and design. Many of the procedural details appear to
provide results that are consistent in form with J results for metals. For example, the use
of side grooves for test specimens appears to be a satisfactory way of getting closer to plane
strain conditions.

However, some of the recommendations should be reexamined for use with polymers. In
particular, the minimum specimen thickness for plane strain conditions is conservative and
the allowable range of ligament depths requires a better definition. Finally, while J;. can be
used for ranking purposes and conservative estimates of G, it is yet to be determined
whether the selection of 0.2 mm of crack growth as a design definition is appropriate for
polymer applications.

As an alternative to using a predetermined critical J value for design, there appears to
be potential in using the resistance curves to calculate application-dependent critical J values
after determining allowable crack growths. In this study, this calculation was most successful
when the crack growths are small. More extensive investigations are needed in this area.
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ABSTRACT: Fracture tests have been conducted on polycarbonate in the elasto-plastic and
fully plastic regimes. The fracture behavior was well characterized by the J-integral. The value
of the J-integral at the initiation of crack growth, corresponding to J;., was 2.1 kN/m (12.2
psi:in.) for the 1981 ASTM Test Method for J,,, a Measure of Fracture Toughness (E 813-
81), and 3.3 kN/m (19 psi-in.) for the 1987 ASTM (E 813-87). It was found that the value of
the J-integral at 2% crack growth, 4.4 kN/m (25 psi-in.), corresponded well with values of K|,
in the literature. It is suggested that the value of J at 2% crack growth may be a better
parameter to characterize fracture than J at initiation. The value of the J-integral at popin or
unstable fracture, 7.3 kN/m (41 psi-in.), was consistent for all the experiments. No effect of
crack length or thickness was observed for any of these values of J. Two difficulties with the
use of the 1987 standard were found. The first was that the data did not coincide with the
blunting line. More crack growth was measured than predicted by the blunting line. The second
was that a valid data point between the 1 and 1.5-mm offset lines could not be experimentally
obtained because of the nature of crack growth in polycarbonate.

KEY WORDS: elastic-plastic fracture, test methods, polycarbonate, J-integral, fracture toughness

The purpose of this investigation was to study the fracture of polycarbonate (PC) in the
elasto-plastic and fully plastic regimes. Since linear-elastic fracture mechanics is invalid in
these regimes, nonlinear fracture-mechanics (NLFM) concepts must be used. The J-integral
was studied because it is the most widely used NLFM parameter. It has been used to
characterize the fracture of a number of materials [/-14].

Fracture in the elasto-plastic and fully plastic regimes is an important engineering problem.
Some materials, such as PC, are tough and can withstand large amounts of plastic defor-
mation prior to fracture.

The J-integral, which was proposed by Rice [15], is a two-dimensional, path-independent
integral around a crack tip for a nonlinear elastic material. The integral, derived earlier by
Eshelby [16], is defined for a crack parallel to the x-axis as

J=fr(Wdy—T-‘;—:ds> (1)

where I is a path starting at the lower crack surface and extending in a counterclockwise
direction around the crack tip to the upper crack surface; W is the strain-energy density; T
is the traction vector along the path; and « is the displacement vector along this path. The

Principal engineer, Southwest Research Institute, San Antonio, TX 78238.
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J-integral has been shown by McClintock [17], Hutchinson [18,19], and Rice and Rosengren
[20] to characterize the stress and strain field about the crack tip for a power-law hardening
material.

The J-integral is related to the stress intensity factor, K, by [15]

JE = K? (2)

where for plane stress, E' is the elastic modulus, E; and for plane strain, E' is E/(1 — 1?)
where v is Poisson’s ratio.

Experimental methods for measuring the J-integral and determining the beginning of
crack growth, called J;., have been developed by Begley and Landes [,2]. The ASTM Test
Method for Ji., a Measure of Fracture Toughness (E 813), covers the measurement of J;,
in metals. The original 1981 version determined J,_ by extrapolating a linear fit of the crack
growth data to the intersection with the blunting line. The current 1987 version determines
Ji. from the intersection of a logarithmic fit of the crack growth data with a 0.2-mm offset
blunting line, ASTM E 813 is applicable to metals. There is no corresponding standard for
polymers.

Crack growth in PC occurs by the formation of a crazed zone ahead of the crack tip,
followed by the rupture of the craze. As the craze breaks, the crack grows and a new craze
forms. Reviews on the subject of crazing have been made by Kambour [21], Brown [22],
and Kinloch [23] as well as others. Crazing in PC has been studied by Fraser and Ward [24]
and by Mills [25].

Previous studies of the fracture and crack growth behavior of PC have been made by
Parvin and Williams [26,27], Brinson [28], Mills [25], Fraser and Ward [24], and Key, Katz,
and Parker [29]. A brief review of these papers can be found in Ref 30.

Experimental Method
Material

The polycarbonate used was a standard-grade, unshrunk, 25.4-mm (1-in.)-thick sheet of
Lexan made by laminating two 12.7-mm (0.5-in.)-thick sheets together. The fracture tests
were conducted such that crack growth was always in the same section of the laminate.

The tensile properties of the PC are given as a function of the displacement rate in Table
1. As the displacement rate increased, the strength increased but the elastic modulus was
essentially constant. During the test, a neck formed and traveled along the gage length until
fracture. Fracture was caused by the formation of a diamond-shaped surface flaw. This flaw
grew until it intersected a corner of the “‘dogbone” specimen, at which point unstable fracture
occurred. This same failure mechanism has been observed by Cornes et al. [3]]. A detailed
description of the tensile behavior can be found in Ref 30.

Test Procedure

Three-point bend specimens, 108 mm (4.25 in.) long by 25.7 mm (1.01 in.) wide with
12.7-mm (0.5-in.) machined notches, were used. (Two of the specimens had notch lengths
of 6.35 mm (0.25 in.) rather than 12.7 mm (0.5 in.), but no influence upon the fracture
behavior was observed.) Crack lengths ranged from 13.7 to 20.6 mm (0.54 to 0.81 in.) and
the thicknesses were 3.18, 6.35, 12.7, and 25.4 mm (0.125, 0.25, 0.5, and 1 in.), as shown
in Table 2. Fatigue precracking was used to grow the crack from the notch. All specimens
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TABLE 1— Tensile properties of polycarbonate.

Displacement Elastic 0.2% Offset Ultimate True Stress
Rate, Modulus, Yield Stress, Stress, at Fracture, Reduction
mm/min MPa MPa MPa MPa in Area,
(in./min) (psi) (psi) (psi) (psi) %
50.8 2158 41.78 66.81 79.36 38.6
(2.0) (313 000) (6060) (9690) (11 510)
5.08 2165 39.65 64.4 71.56 35.4
(0.2) (314 000) (5750) (9340) (10 380)
1.27 2241 39.58 65.5 84.71 40
(0.05) (325 000) (5740) (9500) (12 290)
0.508 2310 35.92 62.06 76.51 36.3
(0.02) (335 000) (5210) (9000) (11 100)
Average 2220 39.23 64.68 78.05 37.6
(322 000) (5690) (9380) (11 320)

had the same orientation within the plate, and the crack was grown in the thickness direction,
T-S. Thus, the surfaces of the plate and the lamination in the middle of the plate were

avoided.

The J-integral tests were conducted in a screw-driven Instron machine under displacement
control. Two linear variable differential transducers (LVDTs), one on each side of the
specimen, measured the load-point displacement between the center tup and the rollers.
All tests were conducted at a displacement rate of 0.5 cm/min (0.02 in./min). (It should be
noted that Parvin and Williams [26,27] found no difference in the fracture properties of PC

for rates of 5.0 and 0.5 cm/min (0.2 and 0.02 in./min)).

The value of the J-integral was calculated using the equation for a three-point bend

specimen
2A
J = Bb 3)
TABLE 2— Load-displacement behavior.
Load-
B, Displacement Maximum Load, Ratio of Maximum
Specimen mm (in.) aW Curve N (Ib) Load to G&H LL~
3 25.76 (1.014) 0.54 A 1303 (293) 0.64
2 5.35 (0.998) 0.70 A 632 (142) 0.73
4 12.70 (0.500) 0.69 A 334 (75) 0.75
6 12.65 (0.498) 0.69 B 338 (76) 0.73
24 12.57 (0.495) 0.80 A 173 (39) 0.89
12 6.30 (0.248) 0.58 B 274 (61.5) 0.67
13 6.35 (0.250) 0.68 B 176 (39.5) 0.73
10 6.35 (0.250) 0.78 D 89 (20) 0.80
15 3.18 (0.125) 0.59 C 153 (34.5) 0.77
20 3.12 (0.123) 0.70 C 81 (18.1) 0.75
21 3.10 (0.122) 0.81 D 38 (8.6) 0.86

*G&H LL in Green and Hundley Limit Load (see Eq 4).
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where A is the area under the load-displacement curve, B is the thickness; and b is the
remaining ligament.

A full description of the test method can be found in Ref 30.

Crack Length Measurement

Since PC is transparent, an entire J-resistance curve could be obtained from a single
specimen. During the test, the crack was photographed using a 35-mm camera with a
telephoto lens and a bellows extension. This gave a magnification of approximately one.
Then the film was mounted into slide holders and projected onto a wall that magnified the
crack about 17 times. The crack length was the average length at the three-quarter points.
The surface crack length was not used because it usually could not be seen in the photographs.

Two methods of photographing the crack were used. In the first method, the crack was
photographed through the length of the specimen, with white light shining from the opposite
end of the specimen. This method was used for all but four of the tests—specimens 10, 12,
15, and 21. For these specimens, the crack was photographed from the side of the specimen,
which was illuminated by two light sources on each side of the crack. This second method
produced a sharper image of the crack front than the first method.

A photograph taken using the second method is shown in Fig. 1. There are three distinct
regions: the fatigue precrack, the crack growth, and a bright featureless region. This bright
region was identified as a craze for reasons discussed later. Figure 2 is a photograph taken
through the thickness of the specimen using the first method. The bright region at the tip
of the crack contains both cracked and crazed material. The division between these regions
was obscured by the photographic method.

Results and Discussion
Load-Displacement Behavior

Four types of load-displacement curves were observed, as shown in Fig. 3, and are given
in Table 2 for each specimen. They are: unstable fracture, Curve A; popin at maximum
load and thereafter stable, Curve B; popin before maximum load and thereafter stable,
Curve C; and stable with no popin, Curve D. Unstable fracture (Curve A) was exhibited
by the 25.4-mm (1-in.) thick specimens and two of the three 12.7-mm (0.5-in.) thick spec-
imens. Popin at maximum load and thereafter stable (Curve B) appears to be the same
process as unstable fracture except that crack arrest takes place. Once the crack arrests,
further crack growth is stable. This type of behavior occurred in one of the 12.7-mm (0.5-
in.) specimens and the 6.35-mm (0.25-in.) thick specimens with the shorter crack lengths.
For popin before the maximum load (Curve C), the load rises smoothly after popin, through
the maximum load. This behavior occurred in the 3.18-mm (0.125-in.)-thick specimens
having the shorter crack lengths. The 6.35 and 3.18-mm (0.25 and 0.125-in.)-thick specimens
having the longest cracks exhibited stable behavior with no popin (Curve D), similar to
metals with high toughness.

Key and Katz [32] reported similar popin behavior of PC as a function of the thickness.
However, it can be seen that popin also depends upon the crack length.

The maximum load and the ratio of the maximum load to the Green and Hundy limit
load are given in Table 2 for each specimen. The Green and Hundy limit load {33], P,, is

P, = 0.364 0,Bb? €Y



310 ELASTIC-PLASTIC FRACTURE TEST METHODS

CRAZE
CRACK T 4CRACK

ADVANCE
-

T~ FATIGUE

PRECRACK

FIG. 1—Photograph of the crack taken from the side of the specimen.

where o, is the yield stress. The maximum load was always less than the Green and Hundy
limit load because crack growth takes place before the maximum load is reached and prevents
this limit load from being reached. This was confirmed for all the specimens since the crack
was observed to grow before the maximum load was reached.

Crack Growth Behavior

A composite of all the crack growth data as a function of J is shown in Fig. 4. There was
no trend in the data with respect to crack length or thickness. The crack growth behaved
in a reasonably linear manner with respect to J, except at low values of J. The data were
also plotted on logarithmic coordinates since others have observed that logarithmic coor-

dinates linearize crack growth data in steels [10-12]. The logarithmic coordinates provided
a better fit to the PC data [30].
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CRACK GROWTH
PLUS CRAZE

FATIGUE
PRECRACK

MACHINED
NOTCH

FIG. 2—Photograph of the crack taken through the length of Specimen 6.

Experimental data were not observed to follow the blunting line

J = 2Aa, o, ®)

where Ag, is the crack growth due to blunting and oy is the flow stress, defined as the
average of the yield and tensile stresses. More crack growth was observed than was predicted
by the blunting line. This was due to a craze ahead of the crack tip. The craze should open
up as the load is applied, reducing the amount of blunting and allowing crack growth within

LOAD

{_d
DISPLACEMENT
FIG. 3—Types of load-displacement curves: Curve A is unstable fracture; Curve B is popin at maximum

load and thereafter stable; Curve C is popin before maximum load and thereafter stable; and Curve D
is stable with no popin.
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the craze. The craze was present due to the fatigue precracking, which forms a craze ahead
of the crack tip [34-36].

As the specimen was being loaded in the fracture tests, the craze from the fatigue pre-
cracking opened and gave the appearance of crack growth. This behavior was probably
responsible for the small amounts of crack growth recorded at low values of J. The maximum
values of the craze length were about 0.18 mm (0.007 in.). This value is almost twice the
craze length of 0.10 mm (0.004 in.) reported by Fraser and Ward [24], but it is of the correct
order of magnitude. (These small amounts of crack growth at low values of J were not used
in the calculation of J;., nor was the crack growth data shifted by these amounts of crack
growth. Sometimes this crack growth decreased in magnitude due to small measurement
errors, including lighting effects.)

The Dugdale Model [37] was used to predict the craze length. Using the true stress at
fracture of 78.1 kPa (11 320 psi) for the yield stress, the craze length is predicted to be 0.18
mm (0.007 in.) at aJ of 1.07 kN/m (6.1 psi-in.). (The true stress at fracture is approximately
equal to the stress in the necked region in the tension test.) This agrees with the maximum
craze length observed. Above this value of /, a longer craze length is predicted than observed.
Near this value of J, crack growth begins, and it is questionable whether the model is still
applicable.

The crack growth initiated and the crack grew a small amount when the specimen was
nominally elastic. Some, but not all, of this growth is due to craze formation. The majority
of crack growth took place when the specimen was in the elasto-plastic regime. This is shown
by measurements of the crack growth during the test, of which Fig. 5 is an example.

During crack growth, the crack would grow more in the center than at the edges, producing
a bowed crack front. The edges would separate, leaving a shear lip. In the 3.18-mm (0.125-
in.)-thick specimens, the crack front became a “V”” shape due to the shear lips.

Fracture Criteria

In this section, criteria for characterizing the fracture behavior of PC are developed and
discussed. These criteria are based upon finding a single value for J that describes the fracture
toughness of PC. Three values of / were examined: J at the initiation of crack growth, J at
2% crack growth, and J at popin.

J at the initiation of crack growth, J, ., was determined by the calculation procedure given
in ASTM E 813-81 and E 813-87 for the measurement of J;.. For the 1981 standard, a linear
regression of the data between the 0.15 and 1.5-mm crack growth offsets was made, and
the intersection of this line with the blunting line gave the value of J;(81). Table 3 contains
this value for each specimen. J,(81) ranges from 1.6 to 2.9 kN/m (9 to 16 psi-in.), with an
average of 2.13 kN/m (12.2 psi-in.) and a standard deviation of 0.43 kN/m (2.45 psi-in.).
No influence of the thickness or crack length on J;(81) was observed.

For the 1987 standard, a logarithmic fit of the data was made, and the intersection of this
curve with the 0.2-mm offset blunting line determined the values of J,(87). Table 3 shows
J1(87), which ranges from 2.3 to 4.0 kN/m (13.0 to 22.8 psi-in.). The average J,.(87) was
3.33kN/m (19.04 psi-in.) with a standard deviation of 0.55 kN/m (3.16 psi-in.). No influence
of thickness or crack length on J,.(87) were observed.

In addition, J,,, was estimated by examining the crack growth data to identify when crack
initiation began. These values are given in Table 3 under the column J,,-visual. The average
value of J;;, determined by this method was 1.37 kN/m (8.0 psi- in.) with a standard deviation
of 0.63 kN/m (3.5 psi-in.), which is lower than the value from the 1981 standard. The J,.(81)
and “‘visual” values of J,;, were compared for each specimen, and J;.(81) was on the average
0.71 kN/m (4.1 psi-in.) higher than the visual value.
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J1(87) was larger than J.(81) by 1.20 kN/m (6.9 psi-in). This is not surprising since the
1987 standard allows a finite amount of crack growth.

The values of J,(81) are in agreement with Parvin and Williams [26,27], who measured
a Jn; of 1.94 kN/m (11.1 psi-in.). However, Fraser and Ward [24] reported a value of 0.37
kN/m (2.11 psi-in.). This small value may be due to their very sensitive crack measurement
technique.

The second fracture criterion was J at 2% crack growth. The value of J was measured at
a value of Aa corresponding to 2% of the original crack length. (No secant offset line was
used because the blunting line is very steep, resulting in similar values of J with and without
an offset line. In addition, no offset value was added to the 2% crack growth, such as 0.2%.)
This has the advantages of determining J at a measurable amount of crack growth, and of
allowing more of the toughness of the material to be used. A value of 2% crack growth was
chosen because this is the amount of crack growth allowed in ASTM Test Method for Plane-
Strain Fracture Toughness of Metallic Materials (E 399-83) for K.

The values of J at 2% crack growth, J(2%), ranged from 3.3 to 5.4 kN/m (19 to 31
psi-in.), with an average of 4.36 kN/m (25.0 psi-in.) and a standard deviation of 0.61 kN/
m (3.5 psi-in.). They are given in Table 3. No effect of crack length or thickness upon
J(2%) could be ascertained.

Ji(81) is equivalent to a K of 2360 kPa \/m (2140 psi V/in.); J,(87) is equivalent to a K
of 2950 kPa \/m (2680 psi Vin.); and J(2%) is equivalent to a K of 3370 kPa V/m (3070
psi Vin.). Values of K, reported in the literature are 3630 kPa Vm (3300 psi Vin)), by
Banasiak [38,39] for the same sheet of PC as used in the present study (but in the T-L
orientation); 3620 kPa \/m (3290 psi V/in.) by Key and Katz [32]; and 3460 kPa \/m (3150
psi V/in.) by Fraser and Ward [24]. (The slightly lower value of K corresponding to J(2%)
may be due to the difference in crack growth direction in the present study. It was not
possible to obtain a valid K. because the specimens were not large enough in the W
dimensions.) Thus, J(2%) appears to be a better measure of K. for PC than J(81) or
J1(87). This should not be surprising since the standard for K, allows for 2% crack growth.?

The third fracture criterion considered was the value of J at popin. The motivation for
this is that PC has much more resistance to fracture than that given by either J, or J(2%).
It is desirable to use this additional toughness in design.

The value of J at popin is given in Table 3. When unstable fracture occurred, the value
of J at the fracture point was used as the popin value. The average value of J at popin was
7.32 kN/m (41.0 psi-in.) with a standard deviation of 0.33 kN/m (2.2 psi-in.). Specimen
thickness and crack length had no effect upon this value. This value is in agreement with a
value of 6.16 kN/m (35.2 psi-in.), measured by Parvin and Williams [27]. For those specimens
in which popin did not occur, the value of J at maximum load closely corresponded to the
value of J at popin.

J at popin may be due to the type of specimen geometry employed. Tests need to be
made with other geometries before J at popin is used to chracterize the fracture toughness
of PC.

2A definitive comparison of Ji. with K|, values requires that the crack growth be measured in the
same orientation, which is not the present case. However, little orientation dependence is expected in
a 1-in. sheet of polycarbonate because the processing conditions do not impart a texture. This lack of
orientation dependence is confirmed by experimental measurements in the literature. Parvin and Wil-
liams {26] measured the fracture behavior of polycarbonate for single-edge-notched specimens (T-L
orientation) and surface-notched specimens (T-S orientation). They found similar values for K, in both
cases, and did not report any orientation effects. Unpublished data by Buisson and Ravi-Chandar on
polycarbonate tested in the T-L orientation for Ji. (81) are 2.0 kN/m, which agree with the T-S values
in the present paper.
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Applicability of ASTM E 813-87 to Polycarbonate

Two aspects of ASTM E 813-87 are unsuitable for polycarbonate. These are the blunting
line and the 1-mm offset line. The lack of agreement of the blunting line and the experimental
data was discussed earlier in the subsection of crack growth behavior, and was attributed
to the formation of a craze ahead of the crack tip. Metals do not encounter this difficulty
since they do not craze.

The second aspect of ASTM E 813-87 that is unsuitable for polycarbonate is the require-
ment of at least one data point between the 1 and 1.5-mm offset lines. For almost all of the
experimental data, 1 mm of stable crack growth could not be sustained. Unstable fracture
occurred in the thicker specimens, and popin occurred for the intermediate thickness spec-
imens. Popin caused a discontinuous increase in crack growth, which made fitting a smooth
curve through the data impossible. For the thinner specimens, a highly nonuniform crack
front formed prior to 1 mm of crack growth. Despite the lack of data between the 1 and
1.5-mm offset lines, excellent logarithmic fits to the data were obtained that clearly defined
the intersection with the 0.2-mm offset line.

Both of these difficulties with ASTM E 813-87 could be avoided if J;. was defined at a
fixed amount of crack growth that included crazing and blunting. This amount of crack
growth should be large enough to allow the value of J;. to be bracketed by experimental
data both greater and lesser than this amount. Then, J;, could be determined by a linear or
logarithmic interpolation between this data, instead of an extrapolation. One such criterion
is the use of J at 2% crack growth.

Conclusions

The conclusions from this experimental study of the use of the J-integral to determine
the fracture toughness of polycarbonate are as follows:

1. The fracture behavior was well characterized by the J-integral. The values of J;. are
2.13 kN/m (12.2 psi-in.) by ASTM E 813-81 and 3.3 kN/m (19.0 psi-in.) by ASTM E
813-87.

2. The value of J at 2% crack growth was 4.4 kN/m (25 psi-in.) and corresponded well
with values of K;. in the literature. J,, as determined by the ASTM standards was lower
than K.

3. The value of J at popin or unstable fracture, 7.3 kN/m (41 psi-in.), was consistent for
all the experiments.

4. No effect of crack length or thickness was observed for any of these values of J.

5. The experimental data showed more crack extension than predicted by the blunting

line.

. Valid crack growth data between the 1 and 1.5-mm offset lines could not be obtained.

7. 1t is suggested that J;_ be determined at a finite amount of crack growth plus crazing
and blunting, such as 2% crack growth. A sufficient amount of crack growth should
be allowed so that an interpolation can be made between data on either side of the
measurement point.
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Determination of J,. for Polymers Using the
Single Specimen Method
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the Single Specimen Method,”” Elastic-Plastic Fracture Test Methods: The User’s Experience
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Materials, Philadelphia, 1991, pp. 320-339.

ABSTRACT: The fracture toughness of several polymes is characterized using the J-integral
method. The single specimen method has been applied, and the tests were conducted on three-
point bend specimens of polyvinylidine difluoride, medium and high density polyethylene. The
results are compared with the J-R curves obtained from the multiple specimen method, which
is often used for polymers and has proved to be successful. This has enabled a good degree
of confidence be attached to the single specimen method. For each type of polymer, the J-R
curves obtained from both methods are in good agreement. Hysteresis loops are observed
during unloading and reloading because of the viscoelastic nature of the polymers, and the
shape of the loops was affected by the friction at the support rollers. The distinction of J,,
values determined according to the ASTM Standards E 813-81 and E 813-87 is shown. The
E 813-87 procedure predicts a more consistent J,. value than the E 813-81, but the adoption
of the 0.2 mm offset blunting line does not reflect the actual initiation point and the advantages
and drawbacks of each method are discussed. The blunting line suggested in the E 813 protocols
is found to be inappropriate for describing the blunting mechanisms of polymers. Some tests
were performed at different loading rates to determine the rate sensitivity of both the J,_ values
and J-R curves. It is suggested that the maximum allowable crack extension recommended for
the J controlled growth condition is too conservative for polymers, and it is noted that the
crack growth is difficult to measure accurately. A maximum allowable crack extension of 10%
of the uncracked ligament is considered to be appropriate.

KEY WORDS: J-Integral, fracture toughness, single specimen J test, multiple specimen J test,
ASTM E 813, blunting line, polyvinylidine difluoride, polyethylene

The J-integral approach has been applied to characterize the fracture toughness of tough-
ened polymers by various investigators [I-9]. The method provides a reduction of specimen
size required for obtaining valid plane strain fracture toughness when compared to K|, tests
because the plastic plane strain condition is sufficient to achieve a valid fracture toughness
value. Thus the specimen size required is much smaller for J testing. This gives an advantage
for testing polymers since there are considerable difficuities in manufacturing thick sections.

The use of the J-integral method is still in its infancy for polymers, but the multiple
specimen method described in the ASTM Standard Test Method for J;, E 813-81, or the
updated version of it E 813-87, has been adopted in all the previous studies. However the
standard was not strictly followed, and various modifications on the protocol were made by
workers in order to accommodate polymers. This method is simple and effective, but a large
number of specimens are needed to determine the J;. value, that is, the value of J at the

'Research student and professor of Polymer Engineering, respectively, Department of Mechanical
Engineering, Imperial College of Science, Technology, and Medicine, London, SW7 2BX, England,
U.K.
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onset of crack initiation. Included in the E 813-87 is the single specimen method, also known
as the unloading compliance method, which needs only one specimen to acquire the entire
J-R curve and which provides an alternative to the multiple specimen technique. The single
specimen method was first developed for metals, the technique is now well established but
has rarely been applied to polymers, and the validity of the method is still uncertain. In this
study, an attempt is made to determine the Ji, values of several polymers using the single
specimen method, and in order to enable a level of confidence to be attached to the method,
the resuits are compared with those obtained by the multiple specimen technique which has
been demonstrated to be successful for polymers. The effect of loading rate on Jy_ is also
investigated since the properties of these materials are strain rate sensitive.

Construction of the J-R Curve

For three-point bend specimens having a span to width ratio of 4 and a crack to width
ratio greater than 0.5, the parameter J can be determined experimentally using the equation

2U
= == 1
I =% 0y
where
U = total energy input,
B = specimen thickness, and

b = uncracked ligament.

This provides the basis for determining the J;. values using the crack growth resistance,
or the R-curve. The R-curve is constructed by plotting the J values against the crack extension
Aa from which the intersection of the blunting line, and the R-curve is defined as the J;.
value. The blunting line accounts for the apparent increase in crack length Aa, due to crack
tip blunting prior to material separation. Based on the assumption of smooth blunting at
the crack tip, the equation of the blunting line is given as

J = 20,4a )

where ¢, = yield stress.

This experimental value of J;, is considered to be valid only if it satisfies the size criteria
stated in the ASTM E 813 which ensures that the crack growth occurs under plane strain
conditions with the appropriate degree of constraint.

B, b>25 <(Jr—) 3)

¥

where J, = measured value of J,..

The R-curve can be determined according to the old E 813-81 or the new equivalent of
it, E 813-87. The R-curve is represented by a linear regression line in the former case and
the point where the regression line meets the blunting line is regarded as the J;. value. Most
of the J work in the past has been based on this method. A power law curve fitting to the
data is proposed in the new standard, and the J;. value is defined as the intersection of the
power law fitted R-curve and a 0.2 mm offset blunting line.
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Crack Length Prediction

For the unloading compliance method, the crack length is estimated from successive partial
unloading during the loading of the test specimen. Crack length can be predicted from the
crack mouth opening compliance and the various expressions relating the compliance and
crack length for the three-point bend specimen which can be found in the literature
[10-12]. The one developed by Bakker [12], rather than that suggested in the ASTM E
813-87, has been used for crack length estimation since the accuracy is better [12]. The
transfer function 8,,, of the inverse crack mouth opening compliance function developed by
Kapp et al. [11] is used by Bakker to calculate the first estimate of crack to width ratio,
a/W, as shown in Eqs 4a and 4b

8oy = 1 (4a)

", [ 395w
E'BC.,,, (exp)

9.56 x 10~ + 5.504 x 10-23,, — 1.0968 82, + 9.9706 53,

a

w (4b)

-~ 13.096 &%, + 5.1707 &3,

where

span,

width,

crack length,

C.,. (exp) = measured crack mouth opening compliance,
B = specimen thickness, and
E’ = effective modulus (see Eq 6).

a2 T
I

I

A correction on the first estimate was given by Bakker [I2], shown in Eq 5 to improve
the accuracy of the crack length prediction.

a a C,lexp) — C,(a/W)
—_ = — m 5
< )correcled W i dccm(a/W) ( )

d(a/W)

where C,,,(a/W) is the value of compliance calculated from the first estimate of a/W using
the following equation

w
E'BC, (aW) = > 9

Wm [8.737 - 8.681(0/W)0'5

(6)
+ 3.32(a/W) + 0.573(a/W)1.5]

In order to account for various uncertainties in testing, an effective modulus E' is evaluated
using Eq 6 by measuring the compliance of the first few unloadings where no crack extension
occurs. The value of E’ should not differ from the elastic modulus E by more than 10%.

Materials

High density polyethylene (HDPE), polyvinylidine difluoride (PVDF), and medium den-
sity polyethylene (MDPE) were tested and were supplied in the form of compression moulded
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TABLE 1— Material properties.

Supplier Designation Material E, GPa g,, MPa

DSM 8621 HDPE 1.7 26

Solvay & Cie 1010 PVDF 2.5 53

BP Chemicals Rigidex MDPE 0.8 17
002-50

sheets. Dumbell specimens were used to measure the yield stress ¢, and the elastic modulus
E. The maximum load and original cross section area were used to calculate the yield stress.
The properties are shown in Table 1.

Experimental Procedure
Specimen Preparation

Specimens were fabricated from the sheets and were notched to a crack to width ratio of
0.6 or 0.55 using a single point flycutter. The tip radius of the flycutter was measured using
an optical shadowgraph and were found to be approximately 16 wm. Notches prepared by
this method should provide sufficient sharpness at the crack tip {4,9]. For the MDPE, side
grooves of 1.5 mm were machined on both sides of the specimens after the notch had been
introduced. All the specimens were loaded in three-point bending with a span to width ratio
of 4, and the tests were performed on an Instron testing machine at room temperature. The
dimensions of the specimens are given in Table 2.

Multiple Specimen J Tests

Nine specimens for each material were prepared and loaded to different predetermined
displacements. The load line displacement was measured using the transducer which was
built into the machine. The load and displacement were registered by a personal computer
connecting to the testing machine, and the area under the load-displacement curve was
evaluated. The specimens were then broken open to reveal the crack extension by impact
after dipping into liquid nitrogen. The crack size was measured at nine equally spaced points
as suggested by E 813-87. The corresponding value of J was calculated using Eq 1.

Single Specimen J Tests

For the single specimen J tests, crack length was estimated from the crack mouth opening
compliance. The load line displacement and the crack mouth displacement were monitored
by a linear variable displacement transducer (LVDT) and a clip gage, respectively. The load
and displacements were recorded and plotted on Hewlett Packard X-Y plotters. Knife edges
were used to mount the clip gage in order to obtain friction free seating of the gage. The

TABLE 2— Specimen dimensions for J tests.

Side Groove,

Material W, mm B, mm S, mm Each Side, mm alW
HDPE 30 10 120 . 0.6
PVDF 22 10 88 Ce 0.55

MDPE 50 25 200 1.5 0.6
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layout of the apparatus is shown in Fig. 1. The energy for computation of J in Eq 1 was
obtained up to the point of unloading from the load-load line displacement graph, and the
crack mouth compliance was measured graphically from the load-clip gage displacement
plot. Equations 4a, 4b, 5, and 6 were used to evaluate the crack length at the point of
unloading. During the tests, each specimen was unloaded 12 to 18 times by 20 to 30% of
the current load. Loading and reloading were carried out continuously at the same cross
head speed. The effective modulus was estimated from the compliance measured between
10 to 30% of the maximum load. The change of morphology, not whitening, on the fracture
surface was taken as the extent of crack extension when direct measures of crack length
were made. At least two replicates were tested for each material or at each loading rate.

Energy Correction for Indentations

Energy corrections were made for elastic and plastic indentations of the specimen by the
loading pin and support rollers. This could be done by use of the actual test fixture and the
tested specimen with the arrangement as shown in Fig. 2. The support rollers were butted
together and a broken undeformed half specimen was placed on the rollers with the same
orientation as during the test. The specimen was loaded to approximately 1.25 times the
actual test limit load. The area under this load displacement curve at each load was then
subtracted from the one obtained during the fracture test.

—
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FIG. 1—The layout of the apparatus for single specimen J tests.
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LOADING PIN

BROKEN SPECIMEN

SUPPORT ROLLERS

SUPPORT BLOCK

A

FIG. 2—The test fixture for the indentation correction.

Results
Multiple Specimen J Tests

The J-R curves obtained from the multiple specimen J tests are shown in Figs. 3, 4, and
5 for HDPE, PVDF, and MDPE, respectively. It was found that the J. values determined
according to the new E 813-87 procedures tended to be higher than the ones obtained from

(5
£
~
ﬂ
X
3"
: ASTM Blunting Line
i sssacsvee: E813-81
,' .,-' E813-87
o545 ® J=3.4 Aq 0.25
0.0 ] T T v T A T v T — L T Y T T
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Aa, mm

FIG. 3—J-R curve for HDPE from multiple specimen J tests with loading rate of 1 mmimin.
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the old standard. From the figures it is also apparent that the conventional blunting line
given in Eq 2 does not describe the blunting mechanisms adequately for all the materials.
As a result, a best straight line through the data near the blunting region was drawn and
taken as the blunting line. All the tests, except for those of MDPE, satisfied the size
requirements stated in Eq 3. For the specimens without side grooves, severe crack front
curvature was found on the fracture surfaces, and the crack extension at the center was
normally larger than the near surface one by more than 0.02 W (where W is the specimen
width). The effect of loading rate on the J-R curves for HDPE is illustrated in Fig. 6 (the
construction of the blunting line and R-curve is not shown in the graph for clarity). It can
be seen that the J; values do not vary strongly with the loading rate, but the R-curves tend
to flatten slightly as the loading rate increases. However, due to the scatter of the data,
additional tests would be needed in order to better define the effect of the loading rate on
the R-curve.

Compliance Measurements

Typical load and clip gage displacement curves are shown in Fig. 7. Hysteresis loops
resulting from unloading were observed in both the load-clip gage displacement and load-
load line displacement plots for all materials. If fixed support rollers were used, rhomboid
shaped hysteresis loops resulted as shown in Fig. 8 and they appeared in both the load line
and crack mouth compliance. This shows that the friction at the rollers has an effect on the
specimen compliance for polymers, and the sharp corners indicate where the friction effect
reverses. Thus free rollers must be used in order to minimize error in compliance measurements.

In Fig. 7 it can be seen that the main difficulty in crack length prediction is to determine
the correct part of the unloading loop for the compliance measurement. Since an elastic
model was adopted to predict the viscoelastic behavior of the materials, certain assumptions

5 L
] o A
4-
oA o e
o~ m]
L4 (] o A A
- o
= o, A i
® o Loading Rate:
oa ® 0.5mm/min
1%. a O 1mm/min
] ‘D A 5mm/min
0 v L] v ) v H v LY v T v L] v L} hd L v L] v
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Aa, mm

FIG. 6—J-R curves for HDPE from multiple specimen ] tests at various loading rates.
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FIG. 7—Typical load-clip gage displacement curve for HDPE with free support rollers.
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FIG. 8—Typical load-clip gage displacement curve for HDPE with fixed support rollers.
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were made. Firstly, the material was assumed to behave elastically when it was subjected
to sudden changes of loading conditions or rate, and thus the slope taken for calculating
the crack length should be close to the point of unloading. Secondly, the region immediately
after the unloading point should not be included since pronounced curvature at that region
was caused by the redistribution of stress in the system after unloading. The position of the
intersection point of the loading and unloading curves, marked as Point A in Fig. 7, was
found to be fairly consistent and independent of the amount of unloading which had taken
place; hence, Point A could be considered as the end of the stress redistribution in the
system. The first linear region starting from Point A was used for crack length estimation
as shown in Fig. 7. The change of the slope along the unloading loops for the HDPE and
MDPE specimens is shown in Figs. 9 and 10, respectively, where both axes are plotted on
arbitrary scales. Despite the scatter in the data, it can be seen that the slope attains a fairly
constant value after the Point A, where the material was assumed to commence behaving
in an elastic manner; hence, the compliance measurements were taken in this region. The
estimated final crack extensions using this procedure were compared with the measured
ones, and the results are shown in Fig. 11. The ASTM E 813 standard suggested that the
accuracy of the predicted crack extension should be within +15% of the real value. However,
for small amounts of crack extension, this requirement is difficult to achieve. It has been
proposed [13] that a margin of +0.1 mm or =15% in crack extension, whichever is greater,
can be regarded as an appropriate requirement for crack length measurement accuracy.
Based on these criteria, it can be seen from Fig. 11 that most of the data satisfy this
requirement and those which do not are only marginally outside.

Single Specimen ] Tests

Figures 12, 13, and 14 shows the J-R curves obtained from the single specimen J tests for
HDPE, PVDF, and MDPE, respectively. The experimental blunting lines acquired from
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FIG. 9—The change of slope along the unloading loop for HDPE.
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the multiple specimen J tests were used for evaluating the J;. values. The new E 813 protocol
again predicts higher J;. values than the old one. The J-R curves for the HDPE at various
loading rates are given in Fig. 15, and the effect of the flattening of the R-curve for high
loading rates can be also observed. It can be seen that the scatter in the data is more
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FIG. 12—1J-R curve for HDPE from single specimen J tests with loading rate of 1 mm/min.

pronounced in the blunting region. The J-R curves obtained from the two methods are
compared and shown in Figs. 16 to 19, Despite the scatter of the data, the R-curves acquired

from both methods show good agreement. All the numerical results are summarized in
Table 3.
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FIG. 13—IJ-R curve for PVDF from single specimen ] tests.
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FIG. 18—Comparison of J-R curves from multiple and single specimen ] tests for MDPE.
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TABLE 3—Main results.

Jie» kKJ/m?
Loading Rate, Multiple Specimen Single Specimen

Material mm/min E 813-81 E 813-87 E 813-81 E 813-87
PVDF 1 10.1 15.0 10.2 14.5
MDPE 0.5 26.5 28.5 26 31
HDPE 0.5 2.6 3.0 2.3 2.8

1.0 2.6 2.9 2.8 2.8

5.0 2.1 2.7 27 3.0
Discussion

Application of the ASTM E 813 Test Method

For results to be considered valid in this method, the J-controlled growth condition must
be fulfilled, and this is achieved by limiting the maximum crack extension to less than 6%
of the uncracked ligament [/4]. In the ASTM E 813 standard, the 1.5 mm offset blunting
line is used also for data exclusion. Combining these two restrictions, it can be implied that
the specimen should have a minimum width of 50 mm and a thickness of 25 mm. This may
impose problems in producing specimens of such a size for polymers. It is suspected that
the 6% criteria is too stringent, and, on examination of the work performed by other authors
[1—4] and the results from this study, it is apparent that a geometry independent R curve
can exist at crack growths of up to about 10% of the uncracked ligament. It has been also
proposed that the limit can be relaxed to 15% for metals, and a size independent R-curve
still be obtained [15]. Therefore, it is suggested here that a maximum crack extension of
10% of the ligament is considered to be acceptable for polymers.

The nine point averaging technique used for crack extension measurements is considered
to be more appropriate than the maximum point taken as the Aa by most other investigators
[Z-5] in the past. Since J is a two dimensional analysis a straight crack front is assumed so
that the fracture area can be represented by the crack length. However, J is the energy per
unit area and this area change is better described by the nine point averaging technique if
the amount of curvature changes with Aa.

The data extrapolation procedure in the E 813-81 method can lead to an artificial size
effect on the J;, value as observed in Ref 5. The same effect could also result if the amount
of crack extension is small [9], and this is illustrated in Fig. 20a. It can be seen that the J;,
value depends on the amount of crack extension and the distribution of the data points. In
order to reduce the bias on the J;. determination, 8/, it is suggested that the data exclusion
and distribution schemes recommended in the standards should be followed if the E 813-
81 protocol is adopted. However, the curve fitting practice in the E 813-87 method will
provide a more consistent Jy. value [9] as shown in Fig. 20b.

Blunting Line

In E 813, the blunting line plays a crucial role in defining the J. value. However, it has
been reported that the conventional blunting line does not adequately reflect the blunting
mechanisms for polymers [1,2,8,9] and the same phenomenon can be seen in Figs. 3 to 5.
The reasons for this are still uncertain, but it has been explained as the effect of plastic
constraint at the crack tip [2]. From the results, this is considered to be inappropriate for
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the materials tested here since the constraint factor will be less than 1 in the cases of HDPE
and PVDF. It is believed that the problem lies on the crack length measurement and the
properties of the materials. Crack extension measurements from the fracture surfaces are
always difficult since the changes of fracture surface morphology are taken as crack advance.
For materials such as HDPE which craze before fracture, the craze zone is usually included
in the crack length measurements, and this is bound to give a less steep blunting line as
shown in Fig. 21a in which Ag, > 8/2. In case of the tougher polymers such as MDPE, the
material at the crack tip flows due to viscoelasticity, a layer of plastically deformed and
strain hardened material will be formed, and a larger crack opening displacement 3, COD,
and a steeper blunting line will result, as shown in Fig. 21b in which Aa, < 8/2. Figure 21c
shows the usual assumption of smooth blunting in which Aa, = 8/2 together with the other
two types of blunting line. Crack blunting measured from the side of the midsection by
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81 Crazing Effect
Aa, > d/2
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Crack tip Stretching
Aa, < 6/2

(©)

0 Smooth blunting
Aa, = 6/2

FIG. 21—Illustration of blunting processes for polymers.

sectioning of the specimen [9] provides an alternative, but the crack tip must be opened to
attain the same COD as before unloading took place since the crack tip will close up at the
relaxed state and no crack extension will be observed, The major difficulty with the appli-
cation of the J method to polymers is to define a suitable measurement point for J;., and
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the properties of the materials vary greatly from nearly elastic to highly viscoelastic. Direct
visualization of the initiation point is often impossible for opaque materials and the crack
tends to initiate at the middle. Since the blunting process is material dependent, a formulation
of the blunting line for polymers is difficult to establish. As long as the blunting line still
plays a role in defining the J;_, further investigation on the blunting process is necessary.

Comparison of E 813-81 with E 813-87

By comparing the new and old ASTM E 813 protocols, it is apparent that each has its
own advantages and drawbacks. The old protocol seems to reflect the initiation point more
correctly, but the representation of the R-curve by a regression line will cause some degree
of uncertainty in determining the J,., especially for toughened polymers where the R-curve
rises gradually, and a distinct change of slope, as expected in the protocol, will not be
observed. For the new E 813 procedures, the power law fit gives a better description of the
R-curve but the 0.2 mm offset blunting line for the J;. determination actually describes the
fracture toughness at 0.2 mm ductile crack growth which will always give a higher J;_ value.
However, the 0.2 mm offset blunting line offers an advantage of excluding the data in the
blunting region, which are often too small to be measured accurately for polymers, and the
lack of knowledge in the blunting mechanisms of polymers also makes the validity of data
in this region questionable. The new E 813 standard gives more consistent J,, values, albeit
it does not characterize the initiation point satisfactorily.

Effect of Loading Rate

The J; values and the J-R curve for the HDPE did not show a strong dependence on the
loading rate, but it can be seen from Figs. 6 and 15 that the J-R curves tend to flatten with
increasing loading rate. This indicates that the energy for crack propagation reduces as strain
rate increases. However, extra experiments are considered to be necessary because of the
restricted range of loading rate used in the tests and the amount of scatter in the data.

Single Specimen J Method

For the single specimen method, the point where compliance was taken for crack length
prediction was determined empirically, and it worked well for the materials tested here
which represent the characteristics of a range of thermoplastics. The results agreed well
with the ones from the multiple specimen method within the experimental scatter. Because
the compliance was measured manually, scatter in the data could not be avoided, and the
accuracy could not be evaluated quantitatively. Nevertheless, the single specimen method
was judged to be a possible alternative to the multiple specimen method.

Conclusions

The results from the multiple specimen tests and the single specimen tests were in good
agreement. The regions on the unloading and loading hysteresis loops for compliance meas-
urements were determined empirically, and it was observed that the friction of the support
rollers can change the appearance of the loops. For the use of the E 813-81 standard, the
data exclusion and distribution scheme suggested in the protocols must be followed in order
to gain an unbiased estimate of J;. values. The maximum Aa of 6% of uncracked ligament
recommended for attaining J controlled growth conditions was considered to be too stringent
for polymers. The conventional blunting line, which plays an important role in J,, deter-
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mination, was found to be inadequate for predicting the crack blunting behavior of poly-
mers. The J-R curves for HDPE tended to flatten slightly as the loading rate increased, but
the effect of it was still not clear due to insufficient data and the limited range of loading
rate used in this study.
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