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1
ABSTRACT

The work in this report was conducted in support of the issues studied by the US.
Nuclear Regulatory Commission (NRC) J//,, Workers Group during the period 19871989,
The maior issues studied were the J-R curve extrapolation techniques for using small
spec, est results 1o predict ductile instability in larger structures where the extent of
crack exwcasion from the small-specimen test was not sufficient. This i» luded the choice of
parameter in characterizing the J-R curve, deformation J, or modified J, 7, These issues are
studied both by comparing small- and large-specin.en J-R curves and by using J-R curves from
smaller specimens to predict the behavior of larger specimens and pressure vessel models.

An additional issuc was raised during the course of this work by the testing of a low-
upper-shell A 302 steel. The resuits from these tests were not typica! of ductile fracture in
many steels and suggested that smail-specimen J-R curves may not predict the behavior of
large structures in some cases. The causes of this behavior were studied as well as the
consequences of using the J.R curve results from small specimens of this kind of material.

Finally, a discussion and recommendations are given relating to the use f
extrapoiated J-R curves.
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L INTRODUCTION

The prediction of ductile fracture behavior in large structures requires a methodology
that incorporates a fracture criterion along with the material deformation properties. The

frecture criterion can be incorporated in a number of ways. For example, a single value of

toughness such as /., the fracture toughness of materials near the onset of stable tearing, can
be used. A second way 1o use toughness in a fracture methodology is in the form of 2 curve
such as the J-R curve, whick plots J vs ductile crack extension. The former criter'on often
tends 1o be too restrictive; hence a fracture methodology based on the J-R curve may be more
desirable.

The fracture methodology based on the J-R curve often uses crack extension from
small specimens to predict the stability behavior of larger structures. The small specimens
may not produce enough crack extension to develop a sufficient J-R curve for the large
structure; hence, extrapola.ion of the small-specimen J-K cuive may be necessary. Attcinpts
to establish rules for allowing J-R curve extrapolation led to some discussion between groups
involved in ductile fracture testing and applications. These groups included the Elastic Plastic
Fracture Subcommittee of the American Society of Testing and Materials (ASTM E24.08)
and the American Society of Mechanical Engincers (ASME) Section XI Task Group on
Reactor Vessel Integrity Requirements. Several issues relating to the use of J-R curves were
raised, including the proper parameter o use in characterizing the J-R curve, J or Jyi the
reasons {or the limits in the ASTM test methods, which severely restrict the amount of ductile
crack cxiension allowed in a J-R-curve test; and the methods for extrapolating the J-R curve
when necessary.

In order to address these issues, a Working Group (WG) was established by
M. E. Mayfield of the U.S. Nuclear Reguiatory Commission (NRC) with the goal of solving
many issues relating to the use of small-specimen J-R curves for ductile fracture prediction
in larger structures such as reator pressure vessels. The group was led by E. M. Hackett of
the David Taylor Research Center (DTRC) in Annapolis, Maryland. This group, known as
the Jyy Working Group, first met in August 1987 and subscquently met regularly until
September 1989, At least eight group meetings were held during this time. The University
of Tennessee (UT) participated in this group through the support of the NRC-sponsored
Heavy-Section Steel Technology (HSST) Program at Oak Ridge National Laboratory
{ORNL).

The work conducted at UT was focused on the issues raised by the J,/2,, WG, namely
the ones listed above. This was done by both examining the basic sharacter of the J-R curves
themselves and by constructing structural models through which these issues could be further
examined. In addition, new issues were raised auring the course of the WG meetings, and
additional work was done to ex"mine these new issues. This included work done under the
support of the above projects =nd unsupported work done to solve problems raised by the
WG. This report is a final summary of all of the work done at UT in support of the issues
raised by the J,//,, WG,



2 BACKGROUND

The estab'ishment of re Juirements for reactor vessel integrity requires a methodology
for ductile fracture. Many ductile fracture methods are based on the J-R curve fractu
toughness. The laboratory test method to develop the J-R curve is ASTM Standard
E 1152-87 (Ref. 1), which is based on an clastic unloading compliance method of crack
extension measurement. It has strict requirements for establishing a valid experimental J-R
curve, among chem being a limit on the total crack extension allowed during the test
Theoretically, tests on specimens (hat do not meet validity requirements can be repeated with
larger specimens; the size of the specimen would be increased until validity is satisfied
Practically, however, the tests to establish rez tor vessel integrity are often conducied on
irradiated specimens for which the size is predetermined. Tests that fail validity carnot be
repeated.

One major issue in developing adequate J-R curves for vessel integrity is the total
crack extension in the J-R curve, especially when the fracture methodology is based on ductile
instability prediction. For a large structure such as a reactor vessel, the ductile instability will
often oceur at a point on the J-R curve which has significant crack extension, something much
greater than the ciack extension that can be generated on a valid ASTM J-R curve test for
the small-size irradiated specimens. Hence, for reactor pressure vessels, adequate matenal
fracture toughness data often cannot be generated by the standard test method to use in a
methodology based on a ductile instability prediction.

There are several approaches to solving this problem. One is to use a different
methodology; the fracture point can be based on a measure of toughness before the ductile
instability point. The point of ductile fracture initiation, J,, has becn used in the past. As
an alternative, a fixed point on the J-R curve which presumably occurs before instability can
also be used. These are sometimes unsatisfactory because they do not allow a quantitative
margin of safety 1o be established. A fracture prediction based on an arbitrary point may
range from unconservative to overly conservative.

To use a fracture criterion based on instability, something must be done about the
restrictive validity requirements. The present requitements of ASTM E 1152 were largely
based on numerical results and did not have expenimental verification. A series of tests was
conducted to determine the consequences of developing J-R curves that went beyond the
validity limit on crack extension.” These tests were conduciea on various sizes of specimens
to try to determine at what value of crack extension the smalles-specimen tests failed o
predict the behavior of larger specimens. These results showed that the E 1152 validity limits
did not represent the point where test results gave inconsistent J-R curves. J-R curves could
be developed well beyond these limits with no apparent problem. The tests did raise o
question about the proper parameter to use in developing the J-R curve beyond the E 1152
limits. This method uses a measure of J called deformation J, J,,. It is t*.¢ J related to the J
integral of Rice® and is the characteristic strength of the crack-tip singular stress and strain
fields “or nonlinear analysis. Studies by Ernst® had suggested an alternawe parameter, the
modified J, J,,, as a more appropriate parameter for characterizing J-R curves at crack
extensions that exceed those allowed by the test standards.



The results of Rel. 2 showed that the J,, rather than the J,, appeared to correlate the
J-R curves of the various sizes of specimens that were tested to large crack extensions. These
results also suggested that the crack extension from small laboratory specimens, the type that
would be tested for a reactor vessel integrity evaluation, could be taken beyond the present
limits of ASTM E 1152. However, the longest crack extensions would net be sufficient to
deveiop a full ductile fracture methodology to predict instability in large structures.
Therefore, in addition to allowing lorger crack extension from the J-R curve, an extrapolation
would be required to develop the full extent of the J-R curve needed.

In order to develop a reactor vessel integrity requirement based on a ductile
instability analysis method, a number of questions had to be answered.

¢ Can the ASTM E 1152 validity requirement on total crack extension be relaxed 1o allow
longer crack extension to be developed in the J-R curve test for all materials of interest?
* If so, what is the new limit on crack extension that should be allowed?
What parameter should be used to characterize the longer J-R curves--J, ¢, J,,?
¢  When a J-R curve extrapolation is needed, what should the basis for extrapolation be?

The NRC Working Group on J,/J,, Issues organized by M. E. Mayfield and led by
E. M. Hackett was assembled to address these issues. The initial thrust was to use existing
data to reevaluate all of these issues. Additionally, a test program was plauned cn a low-
upper-shelf (LUS) A 302 steel which would be conducted on a range of specimen sizes such
that the values of crack extension in the test would exceed the E 1152 limits. ‘This set of data
was 10 supply the final calibration to the answers suggested by the Jy/,, WG.

The University of Teanessee participated in the activities of this group with the
support of Martin Marictta Energy Systems through the HSST Program at ORNL. At the
time the group was organized, they had recently developed a new method for analyzing J-R
curves from test-specimen load vs displacement records. This method, based on the
normalizing properties of plastic flow, could provide more accurate J-R curves than the
conventional elastic, unloading-compliance iaethod, particularly at larger crack extension.
This would be useful in evaluating the proper parameter for characterizing the J-R curve at
longer crack extensions and could provide a better basis for J-R curve extrapolation. In
addition, they were working on a ductile fracture methodology b.sed on the work of Ernst
and Landes® which could provide a format based on structural evaluations for assessing use
of the JJy, parameters as wei! as the methods for extrapolating the J-R curve.

The areas addressed at UT in support of the Jy//,, WG included

1. Study of the J, vs 7, issue. This work took data from the literature as weli as the new
data being generated by the WG and reevaluated all J-R curve results using the method
of normalization. The J-R curves at long crack extension from smal! specimens were
compared with those from larger specimens using both J, and J,,. J-R curves generated
with both parameters were used in the ducdle fracture methodology to predict behavior
of other specimens and structures.

2. Study of J-R curve extrapolation techniques. J-R curve extrapolation was studied,
siarting with the load ve displacement curve itself. Methods for extrapolating this curve
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were used 1o infer an extrapolation of the J-R curve. This approach was unsuccessful,
so further extrapolation studies were concentrated on the J-R curve itself. Extrapolation
based on simple fits were done. The range of crack extension over which extrapolation
could be made was also studied. The extrapolation techniques were further evaluated
by using structural models in a ductile fracture methodology to assess their predictive
qualities.

3. Use of VBA weldment J-R curves for r.edicting structural behavior. Data generated by
Babcock and Wilcox (B&W) on \ BA vessel weldment material was used to study the
predictive capabilities of the ductile fracture methodology applied to reactor vessels. A
method based on the ASTM A1l Committee analysis was used, along with a method for
predicting the VRA test vessel behavior. The A1l Committee approach was used in a
sensitivity study to look at the effect of various input variables on the prediction of
fracture behavior.

4. Evaluation of A 362 steel LUS data. The A 302 steel LUS data that were generated
as a final calibration of the work in support of the JyJ,, controversy and J-R curve
extrapolation techniques were not as successful as hoped. In addition, these test results
raised some new issues regarding the extrapolation of J-R curves from small-specimen
test data for prediction of behavior in larger structures. The method of normalization
was used to reexamine the J-R curve results for the A 302 steel. Various methods to
explain the results were attempted on the busis of ratios of elastic to plastic deformation,
test instability, and sampling position.

5. Evaluation of results relative to NRC LUS guidelines. The resuits from this work were
used to evaluate an NRC LUS position for vessel integrity. The work from the above
tasks was presented in the following sections. This represents a final report of the work
conducted at UT in support of the J,//y, WG concerns. Thus report combines results of
work conducted under two contracts by UT for the HSST Program and the work
conducted under no outside support. This unsupported work accounts for more than
half of the overall effort and is an integral part of the overall findings. It is included
here so that this report will have technical completeness.

REFERENCES
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1. DUCTILE FRACTURE METHODOLOGY

A fracture methodology is an integral part of a structural integrity evaluation. For
materials like those used in nuclear reactor vessels, the range of service temperatures is such
that any potentiel fracture would be by a ductile mode at a high value of fracture touginess,
For this, a ductile fracture methodology is needed. A ductile fracture methodology based on
the J-R curve and ductile instability was originally proposed by Paris et al.' This used the
normalized R-curve slope called material tearing modulus, 7, as the resistance to fracture,
The material T taken from the R curve was compared with the applied 7, the crack driving
force, 1o determine the condition for stability (Fig. 3.1). This approach is often used in a
format where J is plotted as a function of 7 in a J-T diagram.* An intersection between the
material and applied J-T curves niarks instability (see Fig. 3.2).

The J-T approach, although commonly used, does not present the stabdity point in
terms of parameters (amiliar (o engineers. An approach originallv proposed by Ernst and
Landes® was based on the J-R curve but presented the stability analysis in terms of more
{amiliar parameters such as load and displacement or strain.  This approach was further
developed at UT in cooperation with the US. Navy's David Taylor Research Center to
provide an easy-to-use ductile fracture methodology.* Although this approach was not
developed under the program, it is included hriefly in this report because it is used {requently
as a tool for examining the various sst.» related to choice of parameters and J-R curve
extrapolation techniques.

The ductile fracture methodology combines two separate pieces of information to
determine the total response (Fig. 3.3). The first s informatior on the deformation character
of the material; this is often called the caibration functions. It relates the various parameters
used in the analysis, usually load, P, displacement, v, crack length, @, and fracture parameter,
J. The calibration functions provide two equations to relaic the four parameters. For a
complete description of the behavior, a third equation is nceded. This comes from the
tracture behavior. For ductile fracture, the J-R curve is a usual way to supply this
relationship. The methodology is shown graphically in Fig. 3.4. The first calibration equation
gives the relationships between load and displacement for a fixed crack length.  This
represents a family of P-v curves, each for u fixed crack length. The second calibration
equation gives the relationships between J and load at a fixed crack length. The criterion for
changing crack length comes from the J-R curve fracture toughness and provides the third
equation to describe the relationship between the four parameters. A fourth equation or
condition, namely, an instability criterion, describes the behavior of the structure being
analyzed.

The deformation properties used in the calibration functions can be determined
cxperimentally or numerically. Experimentally, a load vs displacement can be developed for
a fixed crack length by testing a blunt-notched specimen for the geometry of interest.
Numerically, the load vs displacement behavior can be developed using finite-element analysis
with the flow properties of the material as determined from a tensile test. For certain
standard geometries, these numerical solutions exist in a handbook.” Methods for best using
these handbook solutions in a ductile fracture methodology have recently been outlined.*
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The fracture toughness in the J-R curve format forms the second part of the
methodology.  Fracture toughness may be a function of structural size, geometry, and
thickness.” Care must be taken in determining the correct toughness for the material and
structure being analyzed. Of particular concern is having enough of an R curve 1o complete
the analysis of structural behavior. When a small specimen is used to develop the matcrial
toughness property, it often does not contain sufficient crack extension 1o completely analyze
6 larger structure.

The methodology as originally proposed by Ernst and Landes® used the J-R curve as
characterized by the modified J, Jy, (Rel. 8), rather than the standard deformation J. This was
thought to take care of some of the size and geometry effects observed, especially at the
longer crack extensivns.” The work in these contracts shows that the deformation 4, Jp, will
give a more conservative analysis. Also, it is eas.er to use in the methodology because
deformation J is given in the calibration “unctions.

The steps involved in using the methodology are shown in Fig. 3.5, Ar initial defect
length, a, is chosen. The independent variable is the plastic displacement, v, As this is
incremented, all other parameters can he determined by combining the calibration curves with
the J-R curve. When it is not appropriate (o use displacement for a structure, & strain value
or J can be vsed a the independent variable  An example of the predictive capabilities is
given in Figs. 3.6 and 3.7. 1t is worth noting that the choice of v 8 the independent variable
is arbitrary. Another parameter such as crack length could be chosci s the wmdependent
variable. All other variables are determined as a function of crack length

CALIRRATION STRUCTURAL R CURVE
- CURVE  fmd GEOME™Y S o
- DESIGN

- .- R f .... -

CHOORE Av, o

CALCULATE P

ITERATE UNTIL ) AA VALUES MATCH
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INCRF MENT vy, REPEAT CALCULATIONS
CONTINUE UNTUL P v RANGE 1§

CALOULATION

- T A = W -

x X 4T
OUTFUT Pyaid T

Fig. 3.5 Flow diagram of steps involved in ductile fracture methodelogy calculations,
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4. NORMALIZATION ANALYSIS AND /R CURVE TWIST

A new method for analyzing the J R curve from an experimental load displacement
record labeled normalization analysis was developed at UT."® This method was based on the
key curve approach.' 1t uses the ductile fracture methodology of Fig. 3.3 in reverse. The
methodology takes the calibration functions and the J-R curve 10 determine the structural
load vs divplacement relationships. The normalization method starts with the load vs
displacement record and separates that into a calibration curve and o J.R curve. With ths
method the J-R curve can be developed without the usua « cack length monitoring equipment.
In using th: methodology of Fig. 3.2, two of the curves must be known 10 predict the third.
To use the normalization wethod, the calibration curve must be developed from calibration
pointa in the test, The method assumes a functional form with unknowr: constants ' These
constanis can be determined at points where load, displacement, and crack length are all
known, tamely, at the beginning and end of the test, where crack lengths are measured on
the fracture surface.

Using a calibration point at the end of the test based on a physically measured crack
length {orces the J-R curve to go through that point. That means that the (inal LR curve
point is at the correst crack extension as determined physically. This is an important factor
{or the extrapolation of the J-R curve. Automatic crack-length renitonng systems can giv 2
some ervor an crack-length measurement.  This error in crack length influences the
J caleulation. The totel effect is a twisting ot the J-R curve® (see Fig. 4.1) when a given point
has an error in crack-extension measrement. Errors in several successive points can lead
to an incorrect trend. When the J-R curve is 1o be used for extrapolation, this incorrect trend
at the end of the curve can give a largy error in the extrapolated R curve (see Fig 4.2).
Examples of R ¢n s with incorrect end trends along with the normalization cotrection are
shown in the follow..g two fgures. Figure 4.3 shows the result of incorrect complance
measurement for an A 508 steel J.R curve, along with the corrected J-R curve from
nortaalization,  Here, an overestimate of the compliance crack extension resulted in a
nagative J-R curve sfone.  Extrapolation of this J-R curve would give a continuing negative
slope, wluch would be grossly overconservative.  Figure 4.4 shows a J-R curve for a high-
strength low-alloy (HSLA) steel wi  the crack-extensic n estimate was too shart. Here, the
final trend is too steep and would . 10 an unconservative extrapolation. Considering these
examples, it is advisable 10 use the vormalization analysis 10 veanalyze J-R curves that will be
used for extrapointion.

RIFERENCES

1. J. D. Landes, and R. Herrera, "A New Look at J-R Curve Analysis® Int. J. Fracture 36,
R9-R14 (1988).°

“Available in public tochnical lihraries.
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5. MODIFIED J

The J-R cutve upproach to fracture toughness characterization was originally ha.scd
on deformation J.' These results often showed some evidence of size and geometry effects.”
A ductile fracture methodology, which uwses the J-R curve fiom & leboratury specimen (o
predict the behavior of a structure of much larger size end different geometry, must have 8
specimen J-R curve that is appropriate for the structure. A modified J parameter, J,,, was
propesed by Erust as a parameter that could help elinunate size and geomet y effects.” Size
effects were eliminated by J,, in the J-R curve for an aluminum alioy where the tests were
conduc’~d oa three sizes of compact specimens. Tigure 5.1 shows the J-R cuive for the three
specimen sizes plotied with deformation J (simply labeled J); these show a sia dependence
at longer crack extension. Figure 5.2 shows the same result plotted with modified J, Jy. The
size dependence ts eliminated.

A scries of tests sponsores by the Electric Power Reseacch Instivute (EPRI) was
conducted st Westinghouse R&D Center in which an A 508 steel was tested using vai'ous
sizes of compact specimens (see Fig. £3).' The results, when plotted with J, showed a size
dependenc. somuwhat like that of the aluminum data. At longer crack extension, the R curve
in *he smaller specimen goes below that of the larger one. Again, Jy, appeared 1o clminate
this size dependence (Fig $.3). Upon reexamination of the results, it was discoversd that the
J-R curves, eviluated by the standard elastic unloading compliance method, had an error
the final crack length which caused o mismatch twist.” This twist gave a trend in the J-R
curve behavior which s an arti’act of the tost technique and analysis wethod rather than a
true phwsical effect. The method of normulization was applied to the daty, and the J-R curves
were reevaluated with J (Fig. 5.4) and J,, (Fig. 5.5). The reanalysis showed that there was
some remaining size dependence for deformation J, although not so severe. The same data
olotted with Jy, showed a size dependence in aa opposite way, with the smuller Lpecimens
having a higher trend in the R curve than the larger onos.

{'o study this further, the normalization unalysis was applicd to all available sets of
J-R curve data generated on specimens of differeat sizes. In general, there was some scatter;
sometimes J correlated the deta better, and sometimes J,, was better  An exampie for an
HSLA steel shows a good corrciation with J, as given in Fig 5.6 The same set of data
plotted with J, showed some siee dependence (Fig. §.7).

Results from tests conducted by Hacket and Joyvc examined J and J, correlations
{or R curve data conducted (o very long crack extensiuns® {erack extension of about 70% of
the initial uncracked ligament) (Fig. §8). The correlation with  was acceptable over this
range, but J, always gave u wevere size dependence at longer erack cutension.

All of these results cast some doubt upon the original conclusions that J, war better
thau J as & parametey that eliminated size effects. Since the goals of this program were (o
extend ASTM Limits on crack extension aud to use these results for J-E cuive extrapolation,
it was important 1o gev a parameter that would climinawe the size cffect. The J-R curve
testing for vessel integnity would be forrsed on small specimens; therefore, it is eaually
important that the small specimens do not give unconservalive results, that is, a higher /-2
curve or higher toughness than actually found for @ pressure vessel geometry,
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The uncertainty about whether to use J or Jy, was one of the major issues addiessed

by the NRC WG, That and the development of m “hods for extrapolating the J-R curve
became the first st of tasks to be sddressed. In the following sections, the issue of J-R curve
extrapolation is treated as the primary one. However, this issue is examined with both J and
Jy 88 the characterizing parameters of the R curve so that the issue of how to extrapolate the
J-R curve can be evaluated relative to the correct parameter 1o use.
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6. J.R CURVE EXTRAPOLATION

The methods for J-R curve extr: polation are presented in this section. In order to
present a complete picture of «ne work, the unsuccessful ideas are presented along with the
successful ones. The section focuses on the basic deas of extrapolation. These include
(1) extrapolution assumptions on the load vs displacement (P-v) curve, (2) extrapolation on
the J-R curve, (3} compansons of J-R curve extrapolation, and (4) a set of guidelines for J-R
curve extrapolation. After the guidelines were established for this program, they were used
along with the ductile fracture methodology to make predictions of structural behavior. These
predictions were used to give confidence to the extrapolation guidelines as well as to further
examine the JJ, issue. The work on structural predictions is presented in later sections.

6.1 Pv EXTRAPOLATION

The first examination of J-R curve extrapoiation was centered on the behavior of the
load vs displacement (P-v) records of the test specimens. Typically, the P-v curve from a J-R
curve test has a characteristic shape (Fig. 6.1). The curve has an initial linear portion before
significant yielding begins and becomes nonlinear as the yielding begins to spread. Ductile
stable crack extenzion usually begins 01 the nonlinear region somewhere before maximum
load. However, as the crack extension becomes significant, the load-bearing capacity of the
specimen is greatly reduced, maximum load is reached, und the load begins to drop. With
increasea stable crack extension, the load continues to drop as displacement increases, giving
a negative and often nearly straight-line slope to the P-v curve. If the test has been run to
very large amounts of crack extension relative to the initial uncracked ligament, the P-v curve
begins to show a decrease in negative P-v slope.  Any test condacted with enough crack
extension to develop an R curve has usually reached the unloading region of the curve.

Since this curve is so nearly reproducible from one test to anc iher, it was thought
that the J-R curve could be extrapolated by extrapolating the P-v curve. This is shown
schematically in Fig. 6.2. The first idea was to do a linear extrapolation of the end of the P-v
curve (Fig. 6.3). The unloading portion of the P-v curve appears 10 be linear over a
significant region; so it was believed that a linear extrapolation of P-v would give a reasonable
extrapolation on the J-R curve. The result was not good. The method of P-v extrapolation
was important; it was, in fact, not lincar. When the curve was fitted from just below
maximum load until the end, the resultant J-R curve xtrapolation was different from the one
obtained from just fitting the last 10%. An extrapolation of a short amount was not bad,
however, when further straight-line extrapolation on P-v was inade (e.g., enough to
extrapolate J-R another 50%), the trends in the J-R curve were not characteristic. A typical
J-R curve as shown in Fig. 6.4 could have a rumber of results from P-v extrapolation. The
points may alternately go up and down, giving an oscillating character (Fig. 6.5), or they could
take a sharp turn vp or down. The sharp turn up is shown in Fig. 6.6 as the high-rise J-R
curve,

Since the linear extrapolation of P-v was not successful, a second idea based on load
vs displacement manipuiation was tried. This was based on an idea in which P-v records for
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different specimen sizes are compared.  Larger specimens reach o higher value of the
toughness parameter be’ we yielding than the smalier specimens do. At aay level of plastic
deformation, the larger spec’  ~ns have @ higher J value than the smaller 0 1es. Since the J-R
curve is only slightly size dey ent, the larger specimen gencrates much more J-R curve for
aivalent amount of plastic deformation than does the smaller specimen. The idea

pro tion of J-R curve extrapolation from a small specimen assumed that the shape of the

curve for a larger specimen could be inferred “om that of the smaller one. 1If & small
specimen is tested in a standard manner so that the final e * on the negative Py portion
well beyond the maximum load, a reasonable amount of crack extension would oceur. 1f a
specimen that is much larger were tusted Lo the same point on the Pov curve, much greater
crack growth would have occurred. Therelore, if the smaller and larger specimens have the
same P-v shape, a small specimen can be tested, the shape of the P-v curve can be transferred
1o & larger specimen, and the J-R curve can be analyzed from the larger-specimen Pv curve
in the usual manner. This method (Fig. 6.7) is a way to effectively extrapolate a J-R curve
by assuming a P-v curve shape for the larger specimen.

Methods to do this were attempted; these centered around a way to normalize the
P-v curve from the test so that the experimental result from the small specimen could be used
to generate the larger-specimen Pov curve without the test. The ‘oad, P, was generally
normalized by maximum load, P, The displacement was normaiized by a variety of
paramuiers, including » maximum displacement, Py, and a specimen dimension such as
uncracked ligament, b. The normalization with maximum load and plastic displacement was
reasonable (Fig. 6.8); however, this was not sufficient to infer the large-specimen P-v record
without a test. The problem came from the fact that a test was required on the larger
specimen to measure the normalizing parameter (maximum load in this case) so that the
normalized P-v record could be unnormalized in order to analyze it.

The use of Pv extrapolation to extrapolate the J-R curve was not successiul
Although it seerzd like a reasonable idea on one hand on the other hand, it appears o
violate the basic premuse of the ductile fracture methodology —tiat is, that structural behavior
under loading has two components of behavior. The deformation behavior (calibration
furctions) relates load to the elastic and plastic d '+, lacement. The fracture uetiavio relates
the loading to the crack extension. The fracture aud deiormation beheviors are different and
must be measured separately. Without a proper fracture toughness measurement, attempts
to infer fracture ougnness from deformation behavior fail.

62 J-R CURVE EXTRAPOLATION

The second approach to J-R cutve extrapolation worked directly wiih the J-R curve
isell. The choices that need to be maow "= what parameter to use for characterizing the
R curve and wha* functional form 10 use for e extrapolation. Two parameters were used
to look at extrupolation; deformation J (labeled /) anu ...ovnca J (labeled Jy).

The extrapolation technique was tormulated b, getting data from materials where
more than one size specimen was tested. The R curve from the smaller specimens would be
extrapolated; the result would be judged by comparing this extrapolated J-R curve with one
from a larger specimen of the same material. (Later structural models were used to further
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evaluate the extrapolation techniques. ) Initially, four steel alloys were found which would be
suitable (0 use in the extrapolation analysis. They were an A SO sieel,' an HSLA steel, &
SNi steel,” and an A 533 B steel.’ The A 508 steel had /R curves for compact specimens
ranging from 127 (W = 1.0 in) to 10T (W = 20 in). The /R curve from the smallest
specimen (127) had about 0.2 in. of crack extension, whereas the curve from the largest
(10T) had more than 3 in. of crack extension  This would allow an asscssment of
extrapolation vver more than an order of magnitude. The extrapolation in the other steeis
ranged from five times to two times in crack extension.

The initial work was done with the A 508 steel because it gave an opportunity for the
longest crack extension extrapolation.  All of the data {rom the various specimens were
reanalyzed using the normalization procedure to get the correet final region of the J-R curve.
Results were plotted on log-log paper to see if @ power law relationship might fit the J.Aa
curve, The idea is shown schematically in Fig. 6.9, The J.R curve extrapolation for three
different sizes 12T, 1T, and 10T are plotted in a log-log format in Fig. 6.10. This was
done again for Jy in Fig. 611, The typical result is given by the plot in Fig. 6.10, A power
law relationship (straight line on a log-log plot) fits over an intermediate region of the curve.
There is an initial region for small crack extension which does not fit the straight line and a
final region for longer Aa that may not fit. The intermediate region does fit. The same was
true for Jy. Not only were the J vi aa plots on log-log axes nearly a straight line, the, also
agreed reasonably well between the different sizes. This was true for curves plotted b J and
Jy (Figs. 610 and 6.11),

Since the J-R curves were consistent between the sizes, the extrapolation procedure
was simply an extension of the straight line on the loglog plot.  That is, a power law
relationship was assumed graphically for extrapolation.  The extrapolated results are also
skown for J in Fig. 6.10 and for Jy, in Fig. 6.11. The J-Za extrapolation gave estimates from
the small specimen that are slightly lower than those of the large specimen (conservative), and
the extrapolation of Jy-Aa gave results that showed a slightly higher or unconservative trend
at longer extrapolations of crack extension,

To make the same assessment for the other materials, log-log plots were made for
the various sizes of specimens of HSLA steel (see Fig 6.12 for J and Fig. 6.13 for /). The
SNi steel and A 533 B steel were analyzed, but the results are not shown here. The trends
for all of these are consistent; the extrapolated J-Aa curves from small specimens re all exact
or slightly conservative with respect 10 the larger specimens. The J-Aa are slightly o
considerably unconservative. In each case, however, there is a region of linear J-Aa behavior
on the log-log plots, meaning that the power law assumption is valid over part of the J-Aa
curve. The worst result came from the SNi steel.

Since a power law extrapolation of small-specimen J-Aa curves always matched the
J-Aa (rom larger specit “ was conservative, this was chosen as the method for J-R curve
extrapolation. The Jy-.  «rapolation tended to be unconservative. In order to develop
guidelines for extrapolation, the log-log plots of J.As were examined to determine the
consiste..t region of power law behavior. Results from this are given in Table 6.1, This table
shows that power law behavior develops consi“tently over a middle range of the J-Aa curve.
The initial region does not fit the power .+ well. A final region did not fit well in some
cuses. In others, the test was terminated before the end of the power law region. In all cases
(except for SNi steel), the region of crack extension to initial uncracked ligament Aah,
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Table 6.1. Extrapolation of size analysis

criteria fo. conservative extrapolation
Specimen  Initial  Final End
Material size Aajb,  Aalb, condition
A 508 12T 0.10 045 End of data
steel
A 508 1T 007 031  End of data
A 533 12T u07 055 End power law
1T 0.025 058 End power law
HSLA 1T 003 041 End of data
HY130 1T 008 021 End power law*

HY130 1T (2nd fit) 011 026  FEnd power law

“Power 'aw never well-established.
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between 0.1 and 0.3 gave good power law behavior. Therefore, extrapolation of this region
was recommended. The guidelines for J-R curve extrapolation from this study are as follows:

i G5 2D o

The J-R curve should be reanalyzed using the normalization procedure.

LR curves should be plotted with deformation J for a conservative extrapolation.

The J-R curve can be plotied on a log-log plot to get the best power law fit.

The power law fit should be taken over the region of crack extension to initial
uncracked ligament, Aa/by, L tween 0.1 and 0.3 as a straight-line fit on the log-log plot.
This straight line can be extended to longer values of crack exteusion to achieve the J R
curve extrapolation,

REFERENCES

1. D. Landes, D. E. McCabe, and H. A. Ernst, "Elastic- Plastic Methodology to Establish
R-Curves and Instability Criteria,” EPRI Contract RP 1238.2, Final Report, Electric
Power Research Tostitute, March 1983

F. E. Link, J. D. Landes, R. Herrera, and Z. Zhou, "Something New on Size and
Constraint Effects for J-R Curves,” Proceedings of the Eurapean Symposium on Elastic-
Plastic Fracture Mechanics: Elements of Defect Assessment, October 9-11, 1989,
Freiburg, FRG, Institution of Mechanical Engineers, London, 1991,

J. A Joycee et al, "Application of the J-Integral and the Modified J-Integral 1o Cases of

Large Crack Extension and High Toughness Levels,” pp. BS-105 in Fracture Mechanics:
T'wenty-First Symposium, ASTM STP 1074, J. P. Gudas, J. A Joyee, and E. M. Hackeut,
Eds., American Society for Testing and Materials, Philadelphia, 1990,



23

7. EXTRAPOLATED R CURVES IN STRUCTURAL ANALYSIS

The guidelines for J-R curve extrapolation were based on the comparicon of small-
and large-specimen R cuives. Since the ullimate goal is 10 use the extrapolated J-R curve 1o
predict the behavior of & larger structure, it would be useful to usc these extrapolated curves
in the ductile fracture methodulogy to analyze some example structures. This was done in
two steps. The first used the methodology to predict the behavior of vanous test specimens.
The advantage of the specimen prediction is that there is a large choice of reasonably good
experimental results 10 use for comparing with the actual results. The second step for
modeling structural behavior was to use the pressure-vessel-type structures as examples. In
this case, there are not the large number of experimental results for comparison, but the
‘nformation is more relevant to vessel integrity assessment.

In the modeling of structural behavior, the load was predicted as a furction of an
independent variable related 1o strain or displacement. The load response could be applied
load, stress, or, for the case of the vessel, pressure.  The independent variable was a
displacement-related variable that could be a displacement measured on the structure or an
alternate strain-related parameter such as /. In predicting the load response, it is important
to be able to first predict the maximum load accurately. Maximum load corresponds to
ductile instability in a structure that is under load control or soft-loading conditions. The
second region that should be predicted well is the unloading region after the maximuam load.
This region corresponds to the arca where ductile instability could occur in a structure under
displaccient control or stiff-loading conditions. The first is more sppropriate for a vessel
under ‘nteraal pressure. The second would be appropriate to a piping system that could be
loaded, for example, by seismic displacements.

T+ examination of these structural models is done in two sections. The first is the
specimen st result comparison where two materials, an A 508 steel and an HSLA steel. are
used in the ductile fracture methodology. The main objective is to use t5 J-R curves from
the smallest specimens (o predict the behavior of the largest specimens. The second is an
analysis of vessel structures. Again, the goal is 1o predict t»e behavior of the large structures
from small test specimens. As part of this analysis, & seasitivity study was done by
systematically varying important inputs in the methodology to observe the effo:t on the
predicted loading behavior,

7.1 TEST SPECIMEN PREDICTION

To try 1o predict large-specimen behavior, the ductile fracture methodology as
described in Sect. 3 was used along with the J-R curves from small specimens. The calibration
functions were taken from two sources; one was from experiments, and the second was from
the elastic-plastic handbook.! For the first case, the load vs displacement from a test ¢ sord
was used in a format that required the load (o be normalized with respect to the current crack
size. An alternative to this is to use a blunt-notch test record from the same material and
structural type which hos a constant crack length during the test.
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The calibration function from the kandbook' has the form
vy = aeah (PIPY (7.1)

where a and n sre 8 constant coefficient and exponent from a Ramberg-Osgood fit of stress
and strain, ¢ = o/E, where o, is @ yicld stress, @ is a crack length, and Ay is a tabulated
constant. Geuerully, load, displacement, and crack length are related by

VR, Y, (7.2)
where
v, = PClaw) (1.3)
C(a/W) is an elastic compliance.
The J s calculated by
Jedyody, (7.4)
where
KI
J, - % (1.5)

E' is effective modulus, and K is the elastic stress intensity factor.

N o
8 I'm : (76)

where g, is a coefficient, B is thickness, and b is uncracked ligament b = W - a.
Altemmvely a value of J, can be caienlated from a handbook’ equation.

When the ulnbuuon functions are taken frcm experimental results, the same basic
equations are used except for Eq. (7.1). The load and plastic displacement relationship is

given by the form
TR
P law(.%)"‘] [_____"J (1'1!] L (1.7
lN . lu]
W

where L., M, and N are fitting constants and W is specimen width.
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Fig. 7.6. Log-log plot of A 508 J-R curves showing conservative extrapolation.
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underpredicted by & SR curve extrapolation and overpredicied by the J-R curve
eampolotion.  All of the predictions of maximum load, however, are within 10% of the
experimentslly measuted maximum load. This would contespond 1o a prediction of instability
uader a sofloading tituation such as & pressurized vessel. The prediction of the Py slope
alter muximum losd is also compared with the experimental result.  This has mo e error.
Aguin, J gives conservative predictions, and Jy gives unconservative predictions.

The study for the HSLA stoel used 1T-CT J-R curves (both J and /i) 10 predict a
ST-CT Pov curve. When the handbook' calibration functions were used, predictions from
both ) and J,, were unconservative, particularly for the prediction of maximum load (Fig. 7.7).
When the experimental calibration curve is based on & straight line rather than a power law,
the J-R curve extrapolation was nearly exact (Fig. 7.8). For this case, the Jy-R curve did not
work as well. The conclusion was that the handbook' calibration curves based on power law
hardening will not work for some materials. In fact, further work showed hi* all calibration
curves have esseatia’y an initial power law hardening region und a final straight-line
hardening region (Fig. 7.9)." Materials that have limited plastic deformation remain in the
power law hardening region and can be predicted well with the power law-based handbook'
solutions. Materials that are more ductile get into the straight-line hardening region, and the
handbook' will not predict correct calivration curves. Therefore, care should be taken on
choosing the deformation information for a structural analysis. The HSLA results are
summarized in Table 7.2, The errors in prediction are greater here.  However, when the
experimental straight-line calibration functions are used, the maximum load can be predicted
within a few percent.

72 STRUCTURAL FPREDICTIONS

The same approach used in Sect. 7.1 was applied 10 structures more representiive
of reactor vessels. The two cases studied were a model suggested by the ASME Section X
Working Group on Flaw Evaluation and VBA pressure vessel wodel® To make the
predictions, calibration curves from various sources were used. Th e will be detailed in the
following sections. The J-R curve results were taken from a set of VBA weld metal specimen
tests described in the next section.

721 VEA Weld Metal J-R Curves

The VBA weld metal J-R curves were generated by W, A, Van Der Sluys at B&W
Research Center. The R curve results from seven 1T-CT specimens were reanalyzed using
the normalization procedure. These are plotied in Fig. 7.10. These show some scatter in the
J-R curves. To look at the extrapolation of the data, these were plotted in a og-log format
(Fig 7.11). Three of the seven specimens were chosen, representing an upper bound, VRA.7
(high); lower bound, VBA-6 (low); and medium, VBA-3 (mid) (Fig. 7.12). These three curves
were used in subsequeny structural analysis and were given to the Jyi;, WG 10 use as the
standard J-Aa R curves in future benchmark analyses. In Fig. 7.12, it can be seen that some
of the points at longer Aa fall above the upper-bound fit. These are points that go beyond
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Tab 7.2 Swmmwry of HSLA resul
lnput Prediction/iest result
Calibration
Size curve J-R curve Size Py,  Slope
IT HBKna =13 J 5T 112 1.8
IT HBK» = 13 Iy T 112 108
IT HBK# = 10 J T 114 L%
IT  HB3Kn =10 o ST 116 ue
IT HBKn =7 (a=11) J ST 095 09
IT HBK#n =7 {(a=11) Iy 5T 097 028
ST Test power law J 5T 107 063
IT  Test straight line J ST LO0 100
1T Test straight line Ty T 101 024
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Table 7.3, A1l model J calibration

Twly+dy
where
J,NK'IC'

Ja M ataga b’y (a, n) (PIFS

Ay = Bloom's Part Theowgh Crack (PTC) Modification
Py = Pya®)

a* = CEGB PTC Modification
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Table 7.4. A11 sensitivity study

Parameter
V= C a0 Range
) 1010 1.4
, 02 +04
E 27,000 to 33,000 ksi
a, 50 1o 90 ksi
n St 10
o w4

a, 210 2.5 in.
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comparison is made for the ORVIRT model in Fig. 7.25. The result from the finite-clement
calibration functions was sensitive to the manner in which the part through the crack in the
vessel was allowed 1o extend. For Fig. 7.25, the crack was extended proportionally, That
means that an increment of growth in crack depth, Aa, was accompanied by twice that
increment in surface crack length, A(2c), that is, A(2c) = 242 This did not exactly fit the
obser 2d pattern of growth, which was 100 complicated to model for the approach used here.

The resuits can be compared in terms of the test pressure at failure on the test vessel,
which was 143 MPa at its maximum point. This value of pressure is indicated on the figures
containing the VBA prediction. However, since the calibration functions may not have been
quite accurate, it is more interesting to compare the effect of inputs on the results. The J.R
curve analysis again appears to be slightly conservative, whereas the J-R curve analysis is
slightly unconservative. The variation in maximum predicted pressure between the upper- and
lower-bound J-R curves is about 410% for the LEFM model and 4 5% for the ORVIRT
model.

176

Maximym Pressure Prediction,
VBA ORAVIAT Mooe!
a/2¢ Proportiona!

/ Maximum Test
Pressure

130 .3 v 2
] 1 2 3 4
Low Medium High

4R Curve Used

Fig. 7.25. Maximum predicted presture as a function of J-R curve for V8A
ORVIRT model
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8 A 302 STEEL ANALYSIS

As part of tne overal’ effort of the working group. a series of tesws on various sized
specimens of an LUS A 302 steel was 10 be conducted. These test resulls were 10 serve as
a benchmark celibration on all of the analyses and rules for extrapolation that were made.
However, when the results became available to the group, they caused confusion rather than
providing a final answer 1o the issues of J-R curve extrapolation and the Jy/Jy controversy.
The results showed some size effects that were unusual. Unlike the typical conservative
results from small specimens, the A 302 steel small-specimen resulis gave grossly
unconscrvative J-R curves. To examine these data further, three tasks were conducted. First,
the data were reanalyzed using the method of normalization, and these results were analyzed
10 determine the exact nature of the resulting J-R curves. Second, reasons for the unexpected
nature of the results wete postulated and examined. Third, structural models were analyzed
with the ductile fracture methodology to see what the consequences might be of using the
unconservative results in structural analysis.

81 REANALYSIS OF A 302 STEEL J.R CURVES

The A 302 steel test matrix contained five sizes of compact specimens with
proportional Gimensions (W = 2B). They ranged from 12T (W = 1 in.) 1o 6T (W = 12 in.).
The tests were conducted at Materials Engineering Associates (MEA), Lanham, Maryland.'
These tests were conducted using the standard elastic unloading compliance method of crack
length measurement. These J-R curve results are given in Fig. 8.1 for all sizes tested. The
unusual and disturbing aspect of the results is that the small specimens gave relatively high
and steep J-R curves, whereas the large specimens gave fow and flat R curves. All the
results were reanalyzed using the method of normalization. These are presented in Fig. 8.2.
They show no essential differcnce {rom the results analyzed Ly the compliance method. For
these materials, J,, was not used because it would cause the small-specimen results to show
even more difference from the lar, . -specimen results.

When selected results are plotted separately, they do show some consistency
Figure 8.3 shows selected 12T and 17T results which form a reasonably close scatterband
When these selec .d results are plotted with the 2T and 67T sizes, they show the gradual
reduction in the J-R curve slope with increasing specimen size (Fig. 8.4).

8.2 A 302 STEEL J-R CURVE EXPLANATIONS

The unconservative character of the J-K curve from the small-specimen tests is cause
for concern and should be explained if possible. Three reasons for the behavior of the small
specimens were proposed and studied here. They are (1) the sampling plen in the test plate,
{(2) the relative elastic-to-plastic behavior, and (3) the ductile instabilities (pop-ins)
encountered during the test.

—
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The A 302 test plate was approximately 6 in thick. The sampling plan is shown in
Fig. 8.5, The larger specimens 6T and 4T were taken from aentroi ' cation so that the plate
centerline went through the middle of the specimen. The 2T sp . meas were taken just
ubove and below the centerline. The 1T specimens werr. taken so that they were sentered
at 0.35 and 065 of the thickness, and the 12T specime as were taken at the 0.25, 0.50, and
0.75 thickness positions. Cousidering these locatio s, the consistent group of 12T and
1T specimen J-R curves came from the positions o ( touching the centerline (Figs. 8.3 and
8.6). The two 12T specimens from the centerline gave highes or lower J-R curves than the
consistent group. All of the other specimens—2T, 4T, and 6T—at least touch the center plate
position. Their J-R curves were all lower.

The observations relating to sampliag plan merely suggest that specimens taken from
the center plate position may not give results that are contistent with those taken from
positions nearer the surface. There is no proof that the center region gives the lowest J-R
curves,

The issue relating to the relative amounts of plastic and elasiic deformation was
proposed (0 explain this behavior.” The J value is generally calculated as a sum ot an elastic
and a plastic component from the expression.

The relative amounts of elastic-to-niastic contribution to J have been thought to
possibly control the J-R curve behavior. The A SOF specimen data, which gave relatively
consisteat J.R curve behavior among the various specimen sizes, were used in comparison.
Figure 8.7 shows a plot of the ratio of J//, for sot' s els at a fixed peint of crack extension.
The + “vd generally has a much greater contribui.on from \he plastic component of J. Even
for «ne targest specimen, the ratio J /4, is about 1 «© 1. The A 302 steel, on the other hand,
has an increasing ratio of /7, with increasing specimen size. For the largest specimen, the
contnibution is nearly all elastic. This looks convincing enough to conclude that the large
elastic contribution could cause the low J-R curve. Howe 1, when compared with a set of
SNi steel results, this conciusion is not clear. Figure 8.8 shows similar results for a 5Ni steel
that, when smooth-sided, showed no size effect but, when side-grooved, showed a lower J-R
curve with many ductile instabilities (Fig. 8.9). The J U, vatios increased with side grooving;
however, both side- (voved and smooth-sided had larzer J 47, vatios than those observed for
the A 302 steel. It appears from this that the large J/7, does not cause lower toughness.
For the A 302 steel, it appears rather that the low toughness cause: the high J 4l ratios.
This interpretation also follovs from Fig. 87 when the si~ull-specimen results alone are
analyzed. The 12T and 1T re sults from the A 302 steel have the same J, 10 J, as the A 508
steel. From a predictive pint of view, the small-specimen tasts of A 302 steel would not
indicate that a severe size e.ffect would oceur.

The last cause proposed to explain the A 302 size effect was the ductile instabilities
observed during the test. A plot of load vs displacement, P-v, is given in Fig. 8.10 for the
biggest specimen.  Just after reaching maximum load, the load drops about 10% very
suddenly, with no increase in displacement. This is a local instability caused by low J-R curve
behavior. It had been obseived v ith other material that low J-R curve behavior accompanied
this type of local ductite instability beha“or. In fact, the J-R curve could not be measured
in a meaningful way when these instabilvos were * 0 large. However, these instabilities could
likely be a result of low tougho: -5 rath.c. than & cause.
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The final conclusion of the analysis of cause is that no dear cause could be cited. The
issues of J, to J, ratio and local ductile instability could be a result rather than a cause of low
J-R curve behavior, The sampling plan issue may be a cause, but this does not completely
solve the problem of how to predict the large size effect observed here from small-specimen
test results alone. Ao, there was some evidence of longitudinal splitting in the fa: ger test
specimens. This behavior in the past often raised J-R curve toughness ra her than lowering
it. Again, this is not a behavior that could be predizted from small-specimen testing.

83 IMPLICATIONS TO STRUCTURAL ANALYSIS

The implication of the size effect observed for this material is that smell-specimen
tests cannot be used to predict the behavior of larger structures when this effect is present
To see if this implication is correct and to what extent for the A 302 stzel, the ductile fracture
methodology was used to predict behavior of specimens and pressure vessel geometries.

The first set of predictions used the small-specimen J-R curve with the J-based
extrapolation scheme of Sect. 6 to predict the behavior of the larger specimens. This is done
using the 12T J-R curve for prediction and both experimental and handbook-based calibration
curves to predict the behavior of other specimens. First, the 12T was predicted from itself
(Fig. 8.11). Next, the 12T data were used to predict the 2T (Fig. 8.12), the 4T (Fig. 8.13),
and the 6T (Fig. 8.14). The 12T predicts itself exactly, as would be expected. Also, the 2T
prediction from the 12T J-R curve 1s not so bad - The maximum load is predicted fairly well,
but the unloading part of the P-v cure is not predicted well. The other specimens do not
predict well.  The maximum load estimate from the same 12T is much higher than the
measured maximum joad resulting in an unconservative prediction.

The second set of predictions used the models of Sect. 7 for the A1l prediction
(Fig. 8.15) and the V8A vessel (Fig. 8.16). For this, both the extrapolated 12T and the 6T
J-R curves were usad. The 12T model would give the predicted behavior from a small-
specimen J-R curve test that was extrapolated according to the guidelines established here in
Sect. 6. The 6T J-R curve was an attempt to model actual pressure vessei behavior, assuming
that it would behave more like the biggest specimen. The analysis predicted pressure vs crack
extension so that a maximum pressure for failure could be evaluated. For the A11 model of
Fig. 8.15, the maximum pressure from the 12T J-R curve is about 25% higher than that from
the 6T /- curve. For the VBA model, the difference is about 35%. If the assumption of the
model is correct (i.e., the vessel would behave more like the larger and thicker test specimen),
the small-specimen predictions are not good at all

84 DISCUSSION OF A 302 STEEL RESULTS

Of all of the work done on this study, the findings of this section have the most
consequence to the prediction of reactor vess.! integrity. The implications are that small
specimens cannot be used in some cases to predict the integrity of larger structures. This is
certainly true in the case when the severe size effect osbserved for the A 302 steel occurs in
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la. ger spec.mens, implying that this might also happen in large structures. Since this size
effect does not generally occur, there is some hope for the development of a predictive
methodology based on small-specimen results.  The example materials vsed to study size
effects in Sect. 6 did not show the severe loss of J-R curve toughness with increasing size that
the A 302 steel did. Howeve., having seen this one example, there is cause for concern. The
size effect does nol appear in the small-specimen results 12T and 1T, There is no warning
that it should occor from the causes studied and no way to guess waen it might occur from
present knowledge. Therefore, prediction of behavior based on small-specimen results could
be grossly unconservative.

Perhaps the cause of the size effect is related to some character of the material not
yet studied, for cxample, microstructure, processing or aging, or some aspect of the testing
[e.g.. the relationship of test temperature to fracture appearance transition temperatuie
(FATT)). 1t does appear to bt important to detensine the cause of this behavior and the
frequency of occurrence so that it can be recognized and predicted in other steels.
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load -anges from 0.4 in. 10 074 in. This runges from the maximum extent of the VBA weld
data of Fig. 7.10 to about a two times extrapolation of the J-R curve,

In contr = 0 the above, when the size effect of the A 302 sieel is operating
(Figs. 8.14 and 8.1.), the maximum pressure is already reached before crack extension is
0.0 in. Using 0.1in. as & standard could mean that the failure pressure is severely
overpredicted at a crack extensior. 0.1 in. For these mateaials, crack extensions are often less
than 0.01 in. at maximum load. Putting an arbitrary on crack extension limit does not assure
that conservation will be maintained. Therefore, an arbitrary prediction of failure at a fixed
point on the J-R curve does not seem 1o be a good criterion. It can range from too
conservative in many cases to unconservative when there is an unexplained material size
effect. A better picture of overall behavior can be obtained from a model like the ductile
fracture methodology that predicts load or pressure as a function of an independent variable.
This can predict a maximum load for instability which is more realistic than one tased on an
arbitrary point on the J-R curve. It also gives more information about behavior ruch as the
unloading slope after maximum load, which relates to instability in a stiffly loaded structure.
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10, DISCUSSION

Since this study was done on several different projects and contains results of studies
organieed with different objectives, it is good 1o iry o relate everything in a generd!
discussion. Two of the prevailing issues throughout the studies have been the method 10 use
tor J.R curve extrapolation and which parametor, J;, or Jy, 10 use for characierizing the J-R
curve. For this study, the extrapolation worked well by graphically fitting the J. R curve with
a power law by plotting results an iog-log scales, fitting a straight line, and then extrapolating
the straight-line fit, The use of J for the R curve always gave exact or conservative
extrapolation when smull- and large-specimen resulis were compared. The use of J, for the
R curve gave unconservative extrapolation, The same zends were observed when the ductile
tiscture methodology was used with the pressure vessel models, A1l and VRA,

The results from this study did show that extrapotation of the /-R curve s best dane
bietween the crack growth to initial remaining uncracke d ligament ratio, Aa/b,, of 0.1 10 0.3,
Since 0.1 is the present limit of &a/b, for the AST™ 1 test metho! E 1152 for experimentally
deterining J-R curves, it appears that this limit should be relaxed when J-R curve
extrapoiation is necessary. Al of the results sturhied in this work showed that the J-R cuive
could be developed in a consistent manner well beyond the limit of 0.1 &afb,.  Typically,
inconsistencies between the various specimen sizes either in J or Jy, liest developed in the
range of 0.3 to 0.4 aa/b,

The ductile fracture methodology could be used to predict structural behavior
reasonably well. The work done here showed that the chioice of calibration functions, which
relate load, displacement, crack lergth, and J, can be as criical to the prediction of instability
as the preoer choice of J-R curve. For the Al sensitivity study, the greatest  riation in
predicted maximum pressuce resulied from variations in the calibration function inputs such
as yield stress rather than from variations in the J-8 cuive mputs. Also, the prediction of the
HSLA steel ‘wrge specimen was not very accurate when an incorrect (handbook power law)
calibration function was used. Therefore, in the prediction of structvral bohavior and
instability point, careful atiention must be given to the deformation beba i r that goes into
the calibration curves as well as the fracture behavior resulting from the J-R curve.

An importani observation from this work came from the analysis of the LUS A 302
steel J-R curves. These results showed a size dependence that is not typically seen. The
small-specimen J-R curves were much higher than the large specimen J-R curves,  sny
predictions made from these small-specimen results wow ' he grossly unconservetive if the
structure to be analyzed had a fracture behavior like tha of the large specimen. These
results suggest that when such a size effect ocours, the small-specimen J-R curves cannot be
used to predict the cracking behuvior a~d instability of the lerzo+ structures, This observation
is impastant. Although this size effect is not frequently obse.ve g, there appears 1o be no clue

as 1o when it might happen.  Even the test recuits from the small specimens do not warn of
e impending problem encountered in (e larger specimens. This is an area that requires
further study if pressure vessel integrity is 1o be assuc 1 from small-specimen J-R curve
results,

A final observotion is that a criterion for tracture based solely on a selected point on
the J-R curve, such as &a = 0.1 in., is not sufficient. Depending on how the various inputs
interact, this point conld be either conservative or unconservative as a prediction of instability,
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A criteriou based on instability needs to he added. This method should relate instebility in
terms of design parameteis iike load, pressure, or displacement in the same way as does the
ductile fractue methodology presented here.
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