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ABSTRACT

Presented herein is an Annual Report of the U.S. NRC's Degraded Piping Program
- Phase II. This is the sixth program report on this program, Prior reports
were semiannual reports. The intent of this program is to experimentally
validate and enhance available analytical methods for evaluating the mechanical

be?avior of nuclear power plant piping containing circumferentially oriented
defects.,

Fifty-seven pipe experiments have been conductsd to date, These and

app;ox1m¢tely fifty additional pipe experiments from other programs have been
analyzed.

In the analytical effort, a screening criterion has been developed to show when
the net-section-collapse analysis is valid. This shows that even tough
materials such as stainless steel can fail at less than net-section-collapse
loads 1f the pipe diameter is sufficiently large, Numerous predictive J-
estimation schemes have been evaluated and modified. A finite length surface-
cracked pipe estimation scheme has also been developed and incorporated into a
computer code called NRCPIPE, This code provides a convenient way of analyzing
cracked pipe with a number of currently accepted analytical methods.

Supporting research efforts involve fnvestigating geometry effects on J-R
curves, as well as characterizing the material properties for each pipe tested.
The significance of all of the efforts 1~ date relative to pipe fracture
analyses and flaw assessment criteria are discussed,
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ACRONYMS AND ABBREVIATIOAS

ACRS Advisory Committee on Reactor Safeguards

AEC U.S. Atomic Energy Commission

ASME American Society of Mechanical Engineers

ASTM American Society for Testing and Materials

BMI Battelle Memorial Institute

BWR boiling-water reactor

CFR U.S. Code of Federal Regulations

CSNI Committee on the Safety of Nuciear Installations

CTOA crack tip opening area, angle

c(T) compact (tension)

DSA dynamic strain aging

DTRC David Taylor Kesearch Center, formerly David Taylor Naval Research
and Development Center (DTNRDC)

DEGR double-ended guillutine break

EDM electric-discharge machine, machining

EPFM elastic-plastic fracture mechanics

EPRI Electric Power Research Institute

FWFN(T)  full-width-face-notch[ed] (tension)

GDC G2neral Design Criterion

GE General Electric

GTAW gas-tungsten arc weld, welding

GMAW gas-metal arc weld, welding

HAZ heat-affected zone

IGSCC intergranular stress corrosion crack, cracking

J/T J-integral/tearing modulus

KwU Kraftwerk Union

LBB leak-before-break

LWR light-water reactor

MEA Materials Engineering Associates

NRC U.S. Nuclear Regulatory Commission

NRR Office ot Nuclear Reactor Regulation

ORNL Oak Ridge National Laboratory

PVP Pressure Vessel and Piping division of ASME
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(CONTINUED)
PWR pressurized-water reactor
PZSC plastic-zone screening criterion
SAW submerged arc weld, welding
SMAW shielded-metal arc weld, welding
SSE safe shutdown earthquake
TIG tungsten-inert-gas
ut ultrasonic testing
uTs ultimate tensile strength
VCE virtual crack extension
WOR weld-overlay repair
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EXECUTIVE SUMMARY

This is the sixth program report on the Degraded Piping Program, Phase II.

The objective of the Degraded Piping Program is to verify and improve fracture
mechanics analysis; methods for nuclear power plant piping. Results of this
program, which is now in its fourth and final year, will contribute to the
bases for evaluating pipe fracture analyses that are part of the NRC's leak-
before-break (LBB) analyses and in-service flaw assessment criteria.

It is now possible to evaluate the benefits that this program, when completed,
will provide to the NRC. Numerous tasks have been undertaken and completed to
satisfy regulatory needs. This executive summary briefly describes the tech-
nical issues that will have been addressed before the end of this program, and
the impact of these issues on current or future regulatory needs. Technical
concerns that may require further evaluation are also reviewed.

Technical Issues Addressed

Key technical issues were addressed by the Degraded Piping Program. Among
other efforts, the program

. Verified the ASME IWB-3640 (1imit-load) analysis for cracks in
austenitic piping

. Evaluated the complex crack geometry both experimentally and
analytically

. Provided for the writing and evaluation of an IBM PC code for
performing automated pipe fracture analyses

. Found that detailed finite element analyses consistently under-
predict the experimental maximum load for through-wall cracked pipe

. Evaluated the ASME IWB-3640 flux weld analysis through seven full-
scale pipe fracture experiments

. Tested cracked pipe with weld-overlay repairs, showing that at
light-water reactor (LwWR) conditions, large deformations developed
in the unwelded pipe adjacent to the weld overlay prior to fracture.

The ASME IWB-3640 (limit-load) analysis for cracks in austenitic piping has
been verified. Experimental results have shown that the analysis procedure
provides a better than average value for the advertised safety factor rather
than a minimum safety margin. The results have also shown that a correction
factor may be needed for the pipe radius-to-thickness ratio for surface-
cracked pipe. Surface-cracked pipe with a thinner wall fails at lower
stresses, probably due to ovalization effects.

The definition of the "fiow stress of the material” has been an issue in flaw
assessment and pipe fracture analyses., The concept of flow stress provides an
approximate means of accounting for the strain-hardening of the material. A
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large pipe-fracture database was developed and used to statistically evaluate
methods of defining flow stress fcr limit-load analyses, as applied to in-
service flaw inspection and pipe fracture analyses. This statistical analysis
showed that an average value of the flow stress was 1.15 (yield and ultimate)/2
for both stainless and carbon steel pipes. A 95 percent reliability level
relation (that is, two standard deviations below the average of the failure
stresses) was close to the average of the yield plus ultimate strength. A
simple screening criterion was developed to show when limit-load analyses can
be used in pipe fracture and in-service flaw assessments.

For low-toughness, large-diameter pipe with a through-wall crack, a large
safety margin between the load at crack initiation and maximum load was
experimentally demonstrated, Hence, current LBB analysis procedures, which are
primarily concerned with the load at crack initiation, could incorporate crack
growth considerations to take advantage of this margin.

The complex crack geometry was exp2rimentally and analytically evaluated. This
crack geometry involves a through-wall crack with a surface crack in the
remaining cross section. The Duane Arnold plant safe end cracks (due to IGSCC)
and the D.C. Cook plant feedwater thermal fatigue cracks are two examples of
such cracks found in service. For a pipe with a complex crack geometry, the
internal surface flaw was found to reduce the apparent fracture resistance
significantly.

For performing automated circumferential crack stability analyses used for LBB
assessments, an IBM PC code, NRCPIPE, has been written by Battelle and sub-
mitted to the NRC. This code takes into account existing and newly developed
through-wall cracked pipe elastic-plastic fracture mechanics analyses used in
LBB evaluations. These are approximate analyses typically called J-estimation
schemes. These analyses were generally found to be conservative when a
deformation theory material fracture resistance curve (J-R curve) was used,
The modified J-R curve parameter could lead to an overprediction of the loads
that would result in pipe failure, and is not recommended for use,

Detailed finite element analyses, which are more accurate than the approximate
J-integral estimation schemes, were found to consistently underpredict the
experimental maximum load for through-wall cracked pipe. This observation
results from several of this program's analyses and from the findings of an
international finite element round robin. Hence, licensing applications sub-
mitted with prudent finite element analyses of circumferential through-wall
cracked pipe should provide conservative estimates of the load-carrying
capacity of the pipe.

Conversely, recent evaluations of round-robin finite element analyses of a
surface-cracked pipe showed that if the mesh were properly refined, and {f the
finite element analyses were used with an appropriate material J-R curve, then
the predicted loads would be higher than the actual loads. The analysis on
this one experiment indicates a trend of nonconservative predictions of failur
loads for the finite element analysis of a circumferentially surface-cracked
pipe.
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The ASME IWB-3640 flux weld analysis was compared to the results of seven full-
scale pipe fracture experiments with through-wall or surface cracks. This flux
weld criterion was developed from a through-wall cracked pipe analysis. Exper-
imental data generated as part of this program showed that the through-wall
cracked pipe analysis is inherently conservative with respect to the s.rface-
cracked pipe analysis., As such, the flux weld criterion was found to have
inherent safety margins. However, in this program it was recently found that
the material property data used in this criterion were higher than typical
values for the flux welds. The experimental data indicate that the additional
margins seem to compensate for the higher than actual toughness values used in
developing the criterion. This result has been reported to the ASME Section XI
Flaw Evaluation Task Group.

Fracture tests at LWR conditions showed that cracked pipe with weld-overlay
repairs had large plastic deformations in the unwelded pipe adjacent to the
weld overlay., These large plastic deformations occurred prior to the fracture
of a crack in the overlay. In evaluating the design analysis procedures, it
was found that well-defined guidelines do not exist. One could predict either
very low loads relative to the experimental data, or loads slightly higher than
the experimental data, depending on rudius, thickness, or flaw depth used. In
an analytical round robin for weld overlay design calculations, different
assumptions were made by the different participants. The final predictions by
the participants, however, were very close to each other,

A large database has been developed from the pipe fracture experiments. This
has been used to develop a unified statistical criterion to predict maximum
loads for carbon or stainless steel pipe, and can be applied to through-wall or
surface-cracked pipe. This simplified procedure, which could easily be incor-
porated into a code procedure, can be used for in-service flaw evaluations or
pipe fracture analyses. The simplified plastic-zune statistical method was
presented to the ASME Section XI Pipe Flaw Gvaluation Task Group as a suggested
replacement to the existing criterion for evaluating flaws in stainless steel
and carbon steel pipe. It is to be published in the refereed journal Nuclear
Engineering and Design.

Correlations between Charpy data and fracture toughness have been verified for
ferritic nuclear piping materials at LWR temperatures. This is useful for in-
service flaw assessment criteria, and could be applied to mill quality control
requirements for new plant construction. This was incorporated into the sta-

tistical pipe flaw analysis described above,

Procedures for calculating material crack growth resistance curves were found
to be consistent among NRC contractors, adding support to the data used for

analysis of the experiments, and to the data provided to the NRC pipe material
property database.

Technical Issues Requiring Further Consideration

Certain technical issues will need further work to assess their impact on reg-
ulatory applications, Most of these evolved from investigations conducted
during this program. The most significant issues are summarized below.
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Included among the areas that may deserve further study are:

. Prototypical evaluations of cracks in carbon steel welds and thermally
aged pipe

. Through-wall-cracked pipe behavior under combined pressure and bending
at LWR temperatures

. Crack instubilities in many nuclear grade carbon steel piping
materials at 550 F (288 C)

. Theoretical finite-length surface-cracked pipe analysis

More data are needed for prototypical evaluations of cracks in carbon steel
welds and thermally aged pipe. These data are needed for verification of
tentative ASME carbon steel pipe flaw evaluations and plant life extension
evaluations. Several tests are being conducted as part of the extension to
this program. Additional ferritic shielded metal arc weld (SMAW) data are also
needed, but are not being evaluated in this program.

Through-wall-cracked pipe behavior under combined pressure and bending at LWR
temperatures may need further evaluation. Analysis of this behavior is the
central part of the pipe fracture analyses used in the NRC's LBB evaluation
procedure, One experiment conducted on a stainless steel pipe had a much lower
experimental maximum load than predicted by limit-load analysis. An additional
experiment on a lower toughness carbon steel pipe is to be conducted in the
near future in this program. These results, if also low, could affect the
margin of safety in the LBB analysis.

For pipe fracture analyses, the presence of allowable shallow surface flaws
(such as those allowed by ASME IWB-3514.3) could contribute to lowering the
apparent toughness of the pipe. The current complex-cracked pipe results show
that such a shallow flaw could lower the apparent fracture resistance by 25 to
50 percent, Further data are needed to assess this margin and evaluate its
significance for pipe fracture analyses.

Crack instabilities have been observed in many nuclear grade carbon steel
piping materials at 550 F (288 C) during the course of this program. These
instabilities have occurred in both laboratory and full-scale pipe experiments.
By contrast, only stable tearing was observed in 300 F (14¢ C) laboratory
specimen tests, Although the cause of the instabilities is not well
understood, it is believed to be related to dynamic strain aging that occurs in
many carbon steels. The net result is a significant reduction in the crack
propagatifon resistance. In addition, one particular carbon steel submerged arc
weld that had been stress-relieved exhibited crack instability immediately
after crack fnitfation in a laboratory specimen tested at 550 F (288 C). This
specimen simulated surface-crack growth in a girth weld. This dynamic strain
aging phenomenon needs further evaluation to:

(1) understand why some of the carbon steels are susceptible to unstable
cracking while others are not,
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(2) predict its effect on pipes using laboratory specimen data,

(3) assess its impact on fracture behavior at seismic as well as at normal
operating condition strain rates (given that dynamic strain aging is a
temperature and strain-rate sensitive phenomenon), and

(4) evaluate the possibility that dynamic strain aging may lower the
initiation toughness for a surface-cracked pipe under a seismic
loading.

The technical concepts involved in an energy balance approach used to predict
the onset of crack instability and arrest have been validated. This approach
could be used to predict a maximum crack opening area 1f a surface-cracked pipe
were to fail. Also, it would contribute to a technical basis for replacing the
double-end guillotine break (DEGB) criterion in the future,

The crack propagatfon toughness along a stainless steel SMAW fusion line was
recently found to be approximately half of the fracture resistance in the SMAW.
This is significant since the SMAW weld metal is currently believed to be one
of the lower toughness austenitic materials., Moreover, stress corrosion cracks
more frequently grow along the fusion line than into the weld metal. Further
attention should be given to evaluation of crack initiation toughness and crack
growth resistance along the fusion line of welds. This could impact both in-
service flaw acceptance criteria, such as IWB-3640, and LBB acceptance cri-
terfa. Neither of these analyses addresses the question of fusion line
toughness, since this observation is a recent finding. In addition, no data
exist for bimetallic welds such as those between carbon steel pipe and stain-
less steel safe-ends.

A theoretical finite-length surface-cracked pipe analysis is needed to verify
the approximate ASME Code criteria for conditions where there are no exper-
imental data. Pfoneering efforts to develop such an analysis have been com-
pleted in this program, Two slightly different analyses were developed and
compared to experimental data in a recent topical report. The comparisons
showed that the thin shell analysis overpredicted the experimental loads, while
a thick shell version consistently underpredicted the failure stresses, This
analysis would be useful in improving the ASME Section XI flaw assessment
criterion, where the length of the surface crack is not considered in the
current stress multiplier for low toughness effects. The analysis needs com-
bined pressure and bending modifications before it can be used to evaluate the
ASME Code procedure. In addition, experimental data are needed for shorter
length surface-cracked pipe under combined pressure and bending to evaluate
tentative in-service flaw acceptance criteria,

For determination of crack growth resistance curves from laboratory specimens,
when using the Modified J-integral approach, it currently appears that two
specimen sizes are needed to account for geometry effects. The results from
several series of specimen size effect tezts show that, when using the Modified
J analysis, a small standard size specimen gives a lower bound Jic: Wwhere a

larger specimen (of the same thickness) gave a lower tearing resistance.
Results to cate show that the larger specimen should have a planform size that
is four times larger than the standard specimen used for that thickness.
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The Modified J-‘ntegral fracture parameter was extensively investigated during
the course of this program. One concern is that to apply it to piping pre-
dictions, similar crack growth modifications, as employed in the Modified J-
integral parameter for specimen testing, should be incorporated into the piping
analyses. Another more fundamental concern is that the Modified J-integral
values continually increase with crack growth, whereas experimental measure-
ments show that the crack tip opening angle (and hence the associated crack tip
strain field) reaches a steady-state value. Incremental plasticity versions of
the J-integral fracture parameter, like the CTOA, also predict a steady-state
toughness, These analyses need to be developed into simple estimation schemes
rather than time-consuming and expensive finite element analyses. Such a
revision would improve pipe fracture analyses by simplifying the procedures to
extrapolate a crack growth resistance curve. An approach based on incremental
plasticity would also eliminate difficulties in evaluating crack growth into a
bimetallic weld, as well as evaluating possible history dependence from cyclic
loading during a seismic event,

Tests of submerged arc welds on stainless steel pipe of different thicknesses
were conducted. In this procedure, the root pass and initial hot passes of the
weld were made with a TIG weld material that was tougher than the rest of the
weld made with a low toughness flux weld. For the thinner weld, the composite
toughness was higher than that of the thicker weld. This result illustrates
that to evaluate the fracture behavior of a thick pipe, test results from a
thinner specimen should not be used.

It has been found that material anisotropy affects the fracture toughness and
direction of crack propagation in full-scale pipe experiments and in some
laboratory specimen tests. The anisotropy's potential for both beneficfal and
detrimental effects should be examined more closely., For instance, most cir-
cumferential cracks in seamless carbon steel pipe propagate in a helical direc-
tion, even under pure bending. What would happen if iLhe pipe were subjected to
combined pressure and bending stress or torsifonal stresses where the principal
stress is in the low toughness direction?

A large database on nuclear material properties has been developed and will be
incorporated in the NRC pipe material property database. This will help to
determine generic lower bound properties, but is not a statistically sig-
nificant sample size by itself. Further data are needed, particularly for
carbon steel welds, heat affected zones, and fusion lines.

The technical accomplishments of this program, and the issues and implications

raised, have provided a significant advaice in the fundamental and practica)
understanding of piping fracture mechanics.
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1. PROGRAM OBJECTIVES, RATIONALE, AND APPROACH

Accurate assessment of the mechanical behavior of degraded (that is, cracked)
piping is of vital importance to the safety of nuclear power plants. The U.S.
Nuclear Regulatory Commission (NRC) and their licensees, the nuclear power
plant operators, must account for and provide back-up safety systems for the
unlikely event of a leak or a rupture in the piping system of a nuclear power
plant to avoid both damage to the reactor core and a major accident fnvolving
loss of coolant, Adequate provision must be made to ensure that the effects
of potential piping breaks are controllable until a safe reactor shutdown can
be effected. Limits must be established regarding the sizes of piping defects
that can be safely tolerated without an unscheduled shutdown, The aim of
Phase 11 of the Degraded Piping Program is to provide the NRC with state-of-
the-art, proven analysis methods for predicting the behavior of degraded
piping under light-water reactor (LWR) conditions.

The approach being taken by Battelle to provide state-of-the-art analysis
methods consists of reviewing existing analytical methodolngy, enhancing it
where feasible and appropriate, and validating it by means of full-scale pipe
fracture experiments, The analytical methodology includes simple limit-load
analyses, elastic-plastic fracture mechanics (EPFM) techniques, and finite
element analyses., The behaviors of simple crack geometries and loading
systems were considered first. The work has progressed to the consideration
of more realistic crack geometries and loading systems. Because of the nature
of the operational loads and stresses imposed on nuclear plant piping, axial
crack propagation in such piping is generally thought to be of minor signi-
ficance. The main concern in this program is with circumferentially oriented
crack propagation: that is, whether a circumferentially oriented crack will
merely grow through the pipe thickness and become a leak or whether it will
become a double-ended rupture, As such, this work is confined to circumferen-
tially oriented flaws and the effects of longitudinal loads and stresses.

Progress on this project during the period from October 1986 through September
1987 is presented herein, Additionally, we have summarized significant
results from our five previous semiannual reports and appropriate topical
reports in the beginning of each section. Some of these sections now repre-
sent work that is completed. Recently the program was extended for one year,
until September 1988, The new work concentrates on more prototypical pipe
fracture experiments or materials, including thermally aged, centrifugally

cast stainless steel, carbon steel submerged-arc welds, and pipe under
combined pressure and bending.
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2. PIPE FRACTURE EVALUATIONS
(G, Wilkowski)

The research efforts on pipe fracture evaluations are divided into eleven work
packages. These work packages and the corresponding sections of this report
are listed below. Sections 2.1 through 2.10 are numbered consistently with
sections from the previous semiannual report; Section 2.11 introduces a new
work package. Since this is the last semiannual report prior to the final
report, each section contains a subsection summarizing results to date.

Section 2.1 Circumferentially Through-wall-Cracked Pipe in Pure Bending

Section 2.2 Finite-Length Internal Circumferentially Surface-Cracked
Pipe in Pure Bending

Section 2.3 Circumferentially Complex-Cracked Pipe in Bending

Section 2.4 Circumferentially Cracked Pipe Under Axial Membrane Stress
Section 2.5 Fracture Behavior of Weld-Overlay Repaired Pipe

Section 2.6 Stainless Steel TIG Welds

Section 2.7 Stainless Steel Flux Welds

Section 2.8 Circumferentially Through-wall-Cracked and Surface-Cracked
Pipe Subjected to Combined Pressure and Bending

Section 2.9 Instability of Surface-Cracked Pipe in Compliant Bending
Section 2.10 Carbon Steel Flux Welds
Section 2.11 Centrifugally Cast Stainless Steel

Each work package consists of subtasks involving analytical efforts, material
characterizations of labcratory specimens, and full-scale pipe fracture
experiments, Tables 2.1, 2.2, 2.3, and 2.4 summarize the full-scale pipe
fracture experiments that were generally conducted on surplus pipe purchased
from cancelled nuclear power plants, Table 2.4 summarizes the new experiments
planned during the last year of the program. Characterizations of these pipe
materials include chemical analyses, Charpy V-notch impact tests, true stress-
true strain tensile tests, standard laboratory specimen J-R curve tests, and
nonstandard specimen J-R curve evaluations (when necessary). Tensile testing
is conducted at room temperature, 300 F (149 C), and 550 F (288 C). These
material characterizations are discussed in Sectfon 3.1. Full-sca’- pipe
fracture experiments are conducted at 550 F (288 C). Analytical e:iforts
fnvolve assessment of limit-load analyses, finite element analyses (in some

cases), and the verification and improvement of engineering EPFM techniques
(that is, J-estimation schemes).
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In a carefully planned series of pipe fracture experiments, critical analytic
assumptions were evaluated one at a time. Conseguently, initial efforts
involved developing the necessary simple cracked pipc analyses (see Sections
2.1 through 2.4), Studies on prototypically cracked pive are continuing (see
Sections 2.5 through 2.11). The significance of the results to date is dis-
cussed in Section 4., By conducting the program in the manner described, the
sensitivity of analyses to different variables can be realistically assessed.
Ultimately, this will result in analysis methodologies with a known and
uniform degree of conservatism. Reduced margins of safety could then be
tolerated without a loss of safety. Added confidence in the analysis methodo-
logies would also facilitate licensing decisions,



Table 2.1

First-year pip:

icture test men:r'*x(a

)

Subtask and Wwall
Experiment Diameter, ,., Thickness,
Number inches Schedule:®) inches Material Type{C
Diameter Effects on 4111-0 4 <0 0,317 SA 331 GR?#8 No Fla
Through Wall Cracks -1 B 80 0,337 SA 333 GR26 Circum
Under Bending -2 28 NA 0.87% A 158-CK70-CL! Circum
-2 42 NA 0.25 SA 358 304 SS Circum
-4 42 HA 0.62% APl 5LX6% Circum
Thickness Effects 4112-1 16 40§ 0.375 SA 376 316 SS Intern
on Surface Cracks -2 & 40 0.280 SA 276 304 S5 Intern
Under Sending -1 6 120 0.562 A 375 304 S5 Intern
-4 5 XXS 0.8E4 SA 376 304 S3 [ntern
-3 § 0 0.280 A 106 8 Intérn
-8 6 120 0.562 A 106 B [t tern
-7 6 S 0.864 A 106 8 'ntern
Complex Cracks 41131 6 120 0.562 SA 3756 304 S5 Intern
Under Bending -2 6 120 0.5862 SA 376 304 S5 Intern
-3 € 80 0.432 Inconel 600 [ntern
-4 & 80 0.432 Incenel 600 Intern
-3 8 129 0.562 A 106 8B Intern
-5 6 20 0.862 A 106 8 [ntarn
Instability of 4114.1 6 129 0.562 Al06 8 Intern
Complex Cracks -2 6 12 D.562 SA 376 304 S5 |atern
Under Bending -3 16 100 1,031 SA 358 304 SS Intern
-4 16 100 1.031 SA 3858 304 S5 [ntern
Various Crack 4121-1 6 120 0.5862 SA 376 304 S5 Circum
Geometries Iinder -2 6 120 0.582 SA 376 304 §S Extern
Axial Tension -3 6 120 0.562 SA 3756 304 SS Extern
-4 10 100 0.719 SA 322 GR#8 Circum
-0 10 i00 g.71¢ SA 333 GR#6 Extern
Prototypical 4142-1 6 120 0.%82 SA 376 304 SS Intern
Cracked Pipe -2 6 129 0.562 SA 375 304 S5 Intern
Weld Overlay -2 6 120 0.562 SA 376 304 55 Intern
Repair
(a) March 1, 1984, to February 22, 1985,
(B) “XXS" desfgnates “extra extra strong" pipe, Typically greater than schedule 160.
() ASTM standards are designated "A", ASME standards are designatad SA,
fd) TWC » Through-¥all crack

s¢

—
o

s Syrface c¢rack,
SMN = Sharp machine notch (approx., 0.00

J-inch radius); F = fatigue,
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Table 2.2 Second-year pipe fracture test matrix(a)
Subtask and , Wail
Experiment  Diameter, Thickness, Y
Numoer inches Schedule inches Material Type(~f
Diameter Effects 4111-5 Z8 N/A 0.873 SA376 3188S Circum
on Through-4all SMAN
Cracks Under Bending
Thickness Effects 4112-8 15 100 1.031 106 Gr, B Intern
| on Surfaca Cracks 4112-9 1 40 0.500 A106 Gr. 8 Intern
| Under Bending
Instability of 4115-1 10 100 0.719 SA333 Gr, © Intern
Surface Cracks 41158-2 10 100 0.719 SA333 Gr, 6 Intern
Under Bending 4115.4 8 120 0.562 SA376 30458 Intarn
4115+% 6 120 0,562 SA376 30455 Intern
4115-7 6 120 0.562 SA378 304SS Inter
4118.8 6 120 0.562 SA376 30453 Intern
4118-9 6 120 0.562 SA376 30455 Intern
Combined Pressure 4131-1 ] 120 0.562 SA37& 304SS Circum
and Bending 4131.2 6 120 0.582 SA376 30455 Intern
4131-3 10 100 0.71% SA333 Gr. 6 Circum
131-4 10 100 0.719 SA333 Gr. 6 Intern
Supplementary to 4131-% 6 129 0.5862 SA376 30453 Circum
Combined Pressure 4131-% 6 120 0.562 SA376 30488 Inter
and 8end 4131.7 10 100 0.719% SA323 GR, & Circum
4131.8 10 100 0.719 SA333 Gr. 6 Intern
Prototypical Cracks 4141-1 6 120 0.562 SA376 3045S/SAd  Circum
in Weld Metal 4141-2 6 129 0.%62 SA376 304S5/SAW  Inter
, 4141-3 16 100 1.031 SA3%8 304SS/SAW  Circum
. 414)-4 16 100 1,031 SA383 304S55/SAW  Intern
Prototypical Cracked 41424 16 100 1.031 SAJ58 30455 Intern
Pipe Weld
Overlay Repair
J (a) March 1, 1988, to February 28, 1986,
, (») §S = Stainless Steel,
u (c) SC = Surface Crack
TAC = Through-Wall Crack
TWC/SC = Complex Crack,
(d) SMN = Sharp Machine Notch {Radius of 0.00% inch or less)
FC = Fatigue Crack,
|
S —




F“

|

Drientation Geometry Condition F Method % circumference % wall
:

F

l

; ! Initiar(d) Test
- Crack Crack(c) Crack Temperature, Loading Crack Leagth, Crack Depth,
erential TWC SMN 550 Bending 37 100
11 Circumferential SC SMN §50 8ending 50 66
1 Circumferential sC SHN §50 Benling 50 66
|
1 Circumferential sC SMN §50 Compliant Sending 37 66
I Circumferential sC SUN §50 Complian® Rendiag 37 66
| Circumfarential SC SN 550 Compliant Bending 37 66
1 Circumferential sC SMN 550 Compliant Bending 7 66
1 Circumferential SC SMN 550 Compliant Bending 100 66 :
1 Circumferential SC SMN §50 Compliant Bending 100 6
1 Circumferential SC SMN $50 Compliant Bending 100 66
erential TWC SMN 550 Pressure and Bending 37 100
1 Circumferential sC SMN §50 Pressure and Bending 50 72
gerential TWC SMN §50 Pressure and Bending 37 100
1 Circumferential SC SMN £50 Pressure and Bending 50 72
erential TWC SMN §50 Bending 37 100
1 Circumferential c SMN 550 Bending 50 72
prential T™WC SMN 550 Bending 37 100
1 Circumferential c SMN 850 Bending 50 72
erential TWC SMN £50 Bending 37 100
1 Circumferential sC SMN §50 Pressure and Bending 50 66
erential TWC SMN 550 Bending 37 100
|1 Circumferential ¢ SHN 850 Pressure and Bending %0 66
] Circumferential sC FC §50 Pressure and Bending 80 66
\
I
APERTURE
CARD |
Also Availabie On

Apecture Card 3805%@305- O&

25




Table 2.3 Third-year pipe fracture test mtr!x(a)

G

Subtask and wall
Experiment Diameter, Thickness, y
Number inches Schedule inches Material fype~b) Cr
Diameter Effects 4111-6 37 - 2.7% AS16 Gr, 70 Ciregl
on Through Wall with TP3I04L
Cracks Uncer Bending $S Cladding
Prototypical Cracks 4141.8 6 120 0.567 SA376 304SS/5AM Cire
in Weld Metal 4141.5 16 100 1.031 SA3S8 304S5/SAW  Inte
§4141-.7 k) - 3.%5 AS516 Gr. 70 Cir
with TP304L
$S Cladding
Prototypical Cracks 4143-1 15.73 - 1.968 31655 CF3M Inte
fn Therma'ly Aged
Centrifugally Cast 4143-2 12 160 1.312 SA3SL CFaM Cire

Stainless Steal

(a) March 1, 1986, to February 28, 1987,
() $S = Stainless Steel.
(¢) SC = Surface Crack
TWC = Through-Wall Crack
TWC/SC = Complex Crack.
(d) SMN = Sharp Machine Notch [Radius of 0.00%5 inch or less)
FC = Fatigue Crack.

Ll

e S R ————




. Inittalld) Test
Crack\f Crack Temperature, Crack Length, Crack Depth,
pck Orientation Geometry Condition F Loading Methed % Circumference % wall
mferential TWC SMN 580 Be:r ’ing 37 100
mfarentia TWC SMN §50 Bending 37 100
nal Circumferentia SC SMN 550 Pressure and Bending 50 72
mferential TWC SMN $50 Bending 37 100
nal! Circumferential §C FC §£0 Compliant Sending £0 s0
and Pressure
jmfarental TWC SMN $50 Bending 37 100
r
\PERTURE
-
CARD
Aso. Avuiiuble On
Apasiture Cund
28050030503
(,.lv'
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Table 2.4 Fourth-year pipe fracture test matrix

(a)

Sublask and
faperiment  Ulameter,

wall
Ihickness,

trace(c)

Crack Length,

Crack Depth,

Numte ¢ inches  Schedule  inches Material Type(®)  Crack Orientation Geometry % (ircusference % Wall
Prototypleal Cracks 4] 8 ie 100 1.031 ALD6 Gr. 8 Internal Circumferentlat SC S50 67
in Weld Metal alal 9 1% 100 .09 ALOS Gr. 8 Circumferent lal et ” 100
Lombined Pressure LIBIE ) L] 120 0.562 SAITE 304%S  (ircumferent fal Tt n 100
and Bending
Prototypical (racks a4y 1 Is.71 1 968 31655 (ram Internal Circumferent ia) SC (d) {a)
in thermally Aged 143 2 12 160 1.2 SAIS) Crom Internal Circumferent fal SC 50 67
(entrifugaily Cast ql43 3 12 160 1.2 SAIS) CFam Internal (ircumferenttal SC 50 67
Statniess Steel LILER ) 12 i60 1.312 SAIS] Cram Internal Circumferentia) SC 50 67

(a)

(o)
()
(4)

Tests conductled March 1, 1987 to September 30, 1988,

$3 « Stalnless Steel,

SC « Surfacs Crack: TNC < Through Wall Crack.

1o be determined.

Initial crack condition » sharp machine notch (radius of 0.005 inch or less); test
temperature ~ 550 | loading method - pressure and bending.



2.1 Circumferentially Through-wall-Cracked
Pipe in Pure Bending
(F. Brust, M. Nakagaki, P, Scott,
R. Olson and G. Wilkowski)

The objective of this effort is to develop experimental data and evaluate
available 1imit-load analyses and J-estimation schemes for the simplest of the
circumferentially cracked pipe geometries, a through-wall crack. One such
limit-load analysis method is the net-sectifon-collapse method. This approach
is of particular interest since it is currently used in several internationally
accepted criteria as a means of evaluating postulated cracks in nuclear piping
systems. A screening criterion validated by Degraded Piping Program experi-
ments has been presented. It allows assessment of those pipe geometry and
material toughness conditions for which the net-section-collapse method
underpredicts actual failure loads, as opposed to those for which it over-
predicts faflure loads.

Since the last semiannual report, - new topical report has been written
concerning this work:

“Approximate Methods for Fracture Analyses of Through-wall-Cracked Pipes”,
F. W. Brust, NUREG/CR-4853, February 1987.

The key aspects of this report are included in the summary below., Other
topical reports resulting from efforts reported in this section are

“NRC Leak-Before-Break (LBB.NRC) Analysis Method for Circumferentially
Through-wWall Cracked Pipes Under Axial Plus Bending Loads", R, Klecker, F,
W. Brust, and G. M. Wilkowski, NUREG/CR-4572, May 1986,

“An Experimental and Analytical Assessment of Ciccumferential Through-
Wall-Cracked Pipes Under Pure Bending”, P. M, Scott and 7. W. Brust,
NUREG/CR-4574, September 1986,

2.1.1 Summary of Results

The analysis of circumferentially through-wall-cracked pipe is an essential
part of the overall understanding of the behavior of circumferential cracks in
general, Whether or not such a crack fs stable or propagates to a double-
ended rupture under a given loading system is essential to predicting whether a
defect will leak before it breaks. Two analysis methods have been found usefu)
for analyzing through-wall cracks: limit-load analyses and EPFM methods based
on the J-integral. The progress in validating these methods for through-wall-
cracked pipe f< summarized in this section of the report.

One objective of this effort is to evaluate available limft-load analyses for
circumferentially through-wall-cracked pipes subjected to pure bending. One
useful limit-load analysis technique is the net-section-collapse analysis, The
net-section-collapse analysis was originally developed as part of Electric
Power Research Institute (EPRI) project RP-585 (Ref. 2.1.1). It is a simple,
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straightforward analysis procedv ~ frequently used to assess the load-carrying
capacity of cracked nuclear piping. The net-section-collapse analysis is of
particular interest as a means of evaluating postulated cracks in nuclear
piping systems. For example, NUREG-0313 Revision 2 (Ref. 2.1.2) and IWB-3640
of the ASME Code (Ref. 2.1.3) use this analysis procedure to assess circum-
ferential cracks in stainless steel base metals and nonflux stainless steel
weld metals. The use of this method is predicated on the assumption that
nuclear piping materials are tough enough to assure that gross yielding of the
net section occurs prior to failure, regardless of pipe size, pipe strength, or
crack size.

Pipe Fracture Experiments and Limit-Load Analyses

Experimental data generated as part of this program indicate that gross yield-
ing of the net section may not always occur prior to the attainment of maximum
load. For example, for one large-diameter (42-inch [1,067-mm]) stainless steel
through-wall-cracked pipe experiment, the maximum stress was only 58.4 percent
of the predicted net-section-collapse stress. The reason for overpredicting
the failure stress appears to be that the maximum load occurred before the pipe
section containing the crack became fully plastic.

To separate the cases in which net-section-collapse conditions are met (fully
plastic) from those in which they are not (contained plasticity), a relatively
simple screening criterion has been developed and applied (Refs. 2.1.4, 2.1.5,
2.1.6). In this criterion, a simple Irwin-type model was used to estimate the
size of the plastic zone ahead of the crack tip. Wwhen the plastic zone becomes
equal to the tensile 1igament (that is, the distance from the crack tip to the
neutral axis), 1t is assumed that fully plastic conditions have been reached.

Experimental data from this program, as well as programs conducted at David
Taylor Research Center (DTRC) (Ref. 2.1.7), the Naval Academy (Ref, 2.1.8), and
Battelle for EPRI (Ref, 2.1.9), were used to assess this plastic-zone screening
criterion (P2SC). Table 2.1.1 presents a comparison of the experimental load
at crack initiation and the maximum experimental load with the predicted net-
section-collapse failure load. Figure 2.1.1 shows the experimental load at
crack initfation relative to the predicted net-section-collapse load as a
function of a dimensionless plastic-zone parameter for circumferentially
through-wall-cracked pipe in bending. These data show a well-defined exper-
imental trend curve., Figure 2.1.1 also shows a trend curve representing the
ratio of the maximum experimental load to the predicted net-section-collapse
load as a function of the same dimensionless plastic-zone parameter, [f the
dimensionless plastic-zone parameter is greater than 1.0, fully plastic
conditions exist and both the load at crack inftiation and the maximum load are
close to the predicted net-section-collapse load. However, if the dimension-
less ; lastic-zone parameter is less than 1.0, Figure 2.1.1 indicates that
contained plasticity exists and that the net-section-collapse load overpredicts
both the experimental load at crack initfation and the maximum load.



Table 2.1.1 Comparison of crack initiation loads and maximum loads from exper imental
results for through-wall-crack pipe experiments with maximum loads predicted
by net-section-collapse analysis.
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when simple 1imit-load techniques are not adequate (for example, when contained
plasticity exists), one must rely on other methods of analysis, such as EPFM,
Such techniques focus on the J-integral., The J-integral can be used in an
appropriate analytical expression to predict both the load at crack initiation
and the maximum load (that is, the failure load).

J-Estimation Scheme Analyses

Evaluating the fracture behavior of through-wall-cracked pipes subjected to
bending loads is a formidable task. When a cracked pipe is subjected to
bending loads, plastic deformation occurs at the crack tips. Because of this
nonlinear material behavior, precise theoretical closed-form solutions (o the
problem are not available., Such numerical techniques as the finite element
method are required to predict accurately the fracture behavior of piping
system components, However, because of the cost and time requirements neces-
sary for finite element analyses, simple engineering estimation schemes are
often employed.

For through-wall-cracked pipes subjected to bending loads, five predictive J-
estimation schemes are available:

1. EPRI/GE (Ref. 2.1.10)

2. NUREG/CR-3464 (Ref. 2.1.11)
3, LBB.NRC (Ref. 2.1.12)

4, LBB.BCL1 (Ref. 2.1.13)

5. LBB.BCL2 (Ref. 2.1.14),

Detailed descriptions of each method may be found in the cited references. In
addftion, detailed discussions of the accuracy of all of these methods may be
found in References 2.1.4, 2.1.5, 2.1.6, and 2.1.14,

In summary, when deformation J 1s used, all of the methods tend to underpiedict
crack initiation and maximum loads when compared with experimental data., This
is the case for stainless and carbon steel pipes at room temperature and at 550
F (288 C) and for pipes ranging in dfameter from 2 to 42 inches (50.8 to 1067
mm). The results cited in References 2.1.4, 2.1.5, 2.1.6, and 2.1.13 suggest
that, when using the Jp-R curve, the EPRI/GE method tends to give the lowest

predicted loads and displacements, whereas the LBB.NRC, LBB.BCL1, and LBB.BCL?
methods seem to be more accurate,

Additfonal work has been carried out on the use of J-estimation schemes for
predicting load versus load-line displacement for through-wall-cracked pipes
under bending. Two basic problems are associated with the use of these J-
estimation schemes,

1. All estimation schemes relate a far-field moment to a far-field
rotation. Certain assumptions are necessary to predict the 'ocad-line
displacement from the rotations so that it can be comparec with the
2xperimental data from the four-point bend pipe experiment. The
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To provide a benchmark for the accuracy of finite element analyses as applied
by varfous research groups, a finite element round-robin was conducted by
Battelle and the NRC., The purpose of this round-robin was to assess the
differenc.s in results between various participants throughout the world, Two
problems were analyzed, the compact (tension) [°{T7)] specimen and a through-
wall-cracked pipe. In general, the solutions %y the different participants
examining C(Tg specimens were very close for computed loads and the J-inte-
ral. For the problem of through-wall-cracked pipe, the predictions via the
fnite element method were reasonably consistent among the various par-
ticipants, although each tended tc underpredict the loads past crack initia-
tion, Hence, finite element analyses of through-wall-cracked pipes appear to
be in need of some improvement. A complete discussion of the round-robin
results fs found in Reference 2.1.15, and is reviewed in Section 3.5,

2.1,2 Discussion of Circumferential Through-Wall-uracked Pipe Bending Efforts

Prior to the start of this program, the net-section-collapse analysis was
believed to be generally applicable to nuclear piping. In many cases this is
true. The efforts in this program involved development of experimental data
to determine the accuracy of this application, From this, the P2SC evolved.
This method shows in a simple manner whe~ net-section collapse conditions are
satisfied and when they are not, and '.ence when EPFM analyses are needed. A
statistically based simplified plastic-zone criterion was subsequently
developed, as described in Section 4 of the last semiannual report

(Ref, 2.1.16). This is an easy method for estimating the maximum load under
confined plasticity conditions. It showed that the size of the pipe is as
important as the toughness of the material. The R6 analysis, another method
for predicting loads, can be applied to both crack initiation and max ‘mum
load., In principle these two methods are similar.

J-estimation schemes for circumferentially through-wall-cracked pipe also have
evolved considerably since the start of this program, The NUREG/CR-3464
approach evolved into the LBB.NRC analysis method by including the strain
hards ing of the materfal. The LBB.BCL methods were subsequently developed in
this program to eliminate the mixing o an approach based on plastic-zone
correction with one using power-law hardening assumptions of deformation

plasticity. The LBB.BCL1 method does this by using the EPRI/GE hy deformation
function to calculate the pipe rotation.

The LBB.BCL2 method eliminates the theoretical concerns by using an engineer-
ing approach to account for the rotation of the pipe, These methods are more
complicated than the simple EPRI/GE method, but give more accurate predic-

tions. All of these methods are included in the NRCPIPE Code (see Section 3.4
of this report).

Some important aspects worthy of further evaluation are the verification of
the current data trends, specifically the P2SC and J-estimation schemes, with
additfonal larger-diameter prototypical pipe experiments,

A second important aspect is that most of the pipe experiments used in the
analyses efforts fnvelved through-wall cracks that were 37 percent of the pipe
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Pipe Fracture Experiments

The 19 pipe fracture experiments conducted in this effort are summarized in
Table 2.2.1. The experiments involved carbon and stainless steel pipes with
internal circumferential surface cracks. The bulk of the test matrix was
designed to evaluate specifically the effect of the pipe radius-to-thickness
ratio, Stafnless steel and ferritic steel pipes were used, each in 6- und
16-inch (152- and 406-mm) nominal pipe diameter and each with three different
R/t ratios. To evaluate the effect of the pipe R/t ratio, the dimensionless
crack sfze was held constant at d/t = 0,66 and 2c/«D = 0.5, This reference
crack size was chosen because it had been evaluated in some experiments from a
previous EPRT program conducted at Battelle (Ref, 2.2.2). The test results are
also reported in Table 2.2.1.

Assessment of Net-Section-Collapse Analysis, Plastic-Zone Screening Criterion,
and the ASME IwB-3640 Analysis

Net-Section-Collapse Analysis

For the assessment of the net-section-collapse analysis, actual material
property data were used. The ratio of the maximum experimental stress to the
stress predicted by net-section-collapse analysis is compared with the pipe R/t
ratfo in Figure 2.2.1. As the pipe R/t ratio increases, the ratio of the
maximum experimental stress to the stress predicted by net-section-collapse
analysis decreases. This may result from the pipe's toughness, its cvaliza-
tion, or both, To determine whether lower failure stresses resulted from
toughness or ovalization, the PZSC, developed for through-wall-cracked pipe
(Ref. 2,2.3), was modified slightly and used to separate ovalization effects
from toughness effects. The data points for which the dimensionless plastic-
zone parameter was greater than 1,0, and hence fully plastic conditions were
developed, were used to define statistically an ovalization correction factor
for pipe as a function of the pipe R/t ratio. This correction for the predic-
tion of maximum load using the net-section-collapse analysis fs given in

q. 2.2.1a when o4 = I.ISYay * o,)/2

My = 1.222 - 0,0294(Ry/t), (2.2.1a)
and in Eq. 2.2.1b when g4 = (ay +o,)/2
M, = 1,403 - 0.0338(Rm/t). {2.2.1b)

For the case of combined pressure and bending, the following expression was
postulated:

Map = 1+ [op/(og * op)I(M, - 1) (2.2.2)
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JTable 2.2.1 Summary of test parameters and key experimental results for
surface-cracked pipe experiments

(Page 1 of 2)
Bending
dutside Axial Stress Max ioum
Pipe Pipe Test Memlr ane at Crack Bend i
Dismeter, Thickness, Pressure, Temperature, Stress {(a), Inftiation ib), Stress (b},
Relerence txper lment Pipe in in f law Dimens lons pst f kst kst ksi
omte Numtie o Material (=) (me) Y it (MPa) ©) (MPa) (WPa) {MPa)
1 412 1 Stainless 15.9% 0. 86 0.511  0.658 - 550 - 24.85 28 .42
Stee! (80%) (9.8) (788) (171 (196)
7 4112.2 Stainless 6.59 0.276 0.502 0.634 550 - 27.61 32.65
Steel (167) {r1.0) (288) (191) (22%)
3 a12-3 Statnless 6.64 0.536 0.518 0.6% -- 550 -- 35.%0 38.4)
~ Stee!l (169) (13.6) (288) (248) (265)
L
™ a 4112 4 Stainless 6.61 0.885 0.442 0.653 - 55C - 47.27 48.84
Steel (168) (22.5) (288) (326) (337)
5 41125 Carbon 6.6/ 0.293 0.58 9.631 -- 550 - 2.2 383
Stee! (169) (7.4) (288) (166) (265)
L3 4112 & Larbon 6.%9 0.582 0.53 0.680 - 550 -- 40.12 47.52
Stee! (167) (14.8) (788) 2 (328)
’ a2z Carbhon 6.62 0.84a5 0.52¢ 0.663 - 550 -- 44.9) 54.85%
Steel (168) (21.5) (288) (310) {376)
R 0 Stainless 4.5 0.35% 0.500 0.994 - ird -- 631.86 65.29
Steel (114) (9.0) (22) (a41) (451)
9 10% Stainless 4.50 0.365 0.50 0.5 - 2 - 60.39 62.99
Steel (114) 9.3) o2 (418) (435)
W 1115 Stainless 16.28 1.040 0.588 0.660 .- 2 - 4812 £2.51

Stee! (ala) (?6.4) (22) (337} (a31)
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Note that this hypothesized correction assumes that the ovalization effect
decreases linearly as axial stress ‘ncreases,

An important point about surface crack ovalization corrections is that they are
based on data for crack sizes where 2¢/#D = 0.5 and d/t = 0.66. The ovaliza-
tion correction may be different for other crack sizes. Some additional work
would be required to determine a generally applicable ovalization correction
factor.

Plastic-Zone Screening Criterion

The above ovalization correction factor was then used with the limit-lo.d
analysis to assess the surface-cracked-pipe PZSC. The results are showa in |
Figures 2.2.2 and 2.2.3. Figure 2.2.2 demonstrates that, in general, the load
at crack initfation for the surface-cracked pipe was very close 1. .he maximum
load, Figure 2.2.3 compares the surface-cracked-pipe data with the through-
wall-cracked pipe data trend curve, From Figure 2.2.3 it can be seen that a
surface-cracked pipe can have a lower toughness than a corresponding through-
wall-cracked pipe and still reach limit-load conditions. This is an important
point sirce the ASME IWB-3640 surface crack analysis procedure actually uses a
toughness correction for flux welds based on a through-wall-cracked pipe
analysis., Hence the IWB-3640 flux weld approach has an inherent safety factor
for surface-cracked pipe.

A simplified plastic-zone fracture criterion has also been developed. This
ciriterion 1s discussed in detail in Section 4,1 of Reference 2.2.5. The
dimensionless plastic-zone narameter for this simplified criterion is much
easier to use and define thon the parameter showi 1n rigures 2.2.2 and 2.2.3.
The physical crack dimensions are not needed ror this simplified parameter,
Figure 2.2.4 shows the ratio of the maxim. experimental stress to the net-
section-collapse stress as a function of this siplified dimensionless para-
meter,

Assessment of the ASM{ IWB-3640 Analysis

Stainless steel pipe data were used to assess the ASME IWB-3640 flaw evaluation
criteria for stainless steel pipe (Ref. 2.2.4). Table 2.2.2 gives the com-
parisons of the experimental data with the IWB-3640 analvsis procedure predic-
tions, The safety factors in the ASME code procedure were not included in
these comparisons. This comparison used the precise ASME stress analysis
equations, and the flow stress was defined as 35,. Note that, for the stain-

less steel submerged-arc weld (SAW) e.periments, base metal S, values were used
in the definition of the flow stress. In additior, the predicted failure
stresses were reduced by the Z-factor to account for the low-toughness flux
weld, Both the IWB-3640 Source Equations and the simplified tables were
evaluated. For the Source Equations, the average ratio of the experimental
stress to the predicted stress was 1.272 with a standard deviation of 0,207:
for the IWB-3640 tables, the average ratio of the experimental stress to the
predicted stress was 1.65 with a standard deviation of 0.243, This shows that
the ASME approach has an inherent safety factor for a case of cracks in
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Out s ide A tal Mas e M8 3640 Predicted
faper imental Pipe Memb; 1 ane Bend ing Fatluve Stress  (ogyg)
Reteren e 01ameter, Ihickness, Stress (Pg)(e) Stress (Py)(®) Using Source  Using (ParPy)/(Pgro; o)
L inch (mm) inch (mm) kst (MPa) x5l (MWPa) tquations lables m
tquations
I 1595 (405) 0.386 (9.8) 28.42 (196) 28.5%0 (197) 20.48 (141) 1.00 1.3®
2 6.99 (187) 0.276 (7.0) 32.65 (22%) 36.30 (2%0) 27.70 (191) 0.90 1.18
3 6.64 (169) 0.536 (131.6) 3841 (285) 34.36 (237) 24 .88 (172) 1.12 1.54
1 6.61 (le8) 0.885 (22.5) 48.84 (137) 37.41 (2%8) 32.87 (227) 1.31 1.8
L] 4.50 (1la) 0.35%5 (9.0) 65.69 (453) 45.54 (3la) 37.67 (260) 1.44 1.74
9 4.5 (119) 0.365 (9.3) 62.99 (43%) 46.77 (323) 39.33 (2n) 1.3 1.60
io 16.28 (413) 1.04C (26.4) - 62.51 (431) 38.38 (265) 29.36 (203) 1.63 2.13
1<) 6.8 (i67) 0.584 (14.8) 6.20 (42.8) 23.99 (166) 1€.31 (113) 11.84 (82) 1.34 1.67
11 6.63 (l68) 0.529 (13.4) 112 (78.7) 21.08 (145) 16.13 (111) 8.13 (%) 1.18 1.67
1% 6.2% (1%9) 0.5%3 (14.3) -- 3719 (257) 31.96 (221) 21.13 (146) 1.16 1.76
pric) 16.28 (411) 1.031 (26.2) 6.32 (41.6) 25.05% (173) 14.99 (103) 10.2% (7%) i.& 1.89
i) 16.39 (416) 1.080 (26.4) 6.30 (41.5) 21.78 (150) 14.33 (99) 9.57 (66) 1.36 1.n
(a) Py - pby/at
(b) Py, M /21 where | 00491 wo‘ 0,%) as suggested in Articles NC3652 and NEI6BI of the ASME Code for Class | piping systems.

() Stamnless steel submerged arc weld espes iment
reduced by the 7 factor 1o account for the low toughness flun weld.

Table 2.2.2 Comparison of experimental results with IWB-3640 predictions for

stainless steel surface-cracked pipe experiments (flow stress
defined as 23S, for base metal)

Base melal Sy value used in definttion of flow stress.

IW8 - 3640 predicted failure stresses



stainless steel base metals and welds, and the safety factor is higher {f the
tables are used rather than the Source Equations. Of the pipe experiments
evaluated, only one experiment - using a pipe whose yield strength approached
the minimum value in the ASME code - had a maximum 'cad below that predicted by
IWB-3640 analysis. The higher values for the ratio of experimental to pre-
dicted stress were for pipe tests conducted at room temperature instead of 550
F (288 C). If only the high-temperature data are considered, then the average
values are 1.20 and 1.60 for the IWB-3640 Source Equatfons and the tables,
respectively,

Development of Finite-Length Surface Crack J-Estimation Schemes

J-estimation scheme solutions for a finite-length, internal circumferentially
surface-cracked pipe did not exist prior to this effort, The existing
approaches were either for a 360-degree circumferentially surface-cracked pipe
(Ref. 2.2.6) or used a toughness correction based on a through-wall-cracked
pipe correction on the net-section collapse analysis (Ref, 2.2.4). Perhaps the
best available approach at that time for a finite-length surface-cracked pipe
was the R6 method that interpolates between a linear elastic solution and a
Timit-1o0ad solution.

The J-estima*ion methods developed in this effort can be best described with
the aid of Figure 2.2.5. As shown in Figure 2.2.5(a), a circumferential
surface crack of depth "d" {s assumed to exist in the pipe wal) of thickness
“t". The crack is located sufficiently far from the pipe ends. The pipe is
subjected to an applied moment, M, and the rotation of one pipe end relative to
the other is denoted by ¢. The pipe section containing the crack is shown in
Figure 2.2.5(b). The crack extends over an angle of 28 at the pipe center.
Although the present work assumes that the crack has a constant depth, this
assumption is not necessary; other crack shapes can be accommodated in the
develcpment of the J-estimation scheme formulae. The angles p, and Pon in
Figure 2.2.4(b) define the location of the neutral axis. Ry and R, are the

fnner and outer pipe radii, respectively, and b is the uncracked 1igament
length in the domain of 0 < 4 < 8.

The pipe material's unfaxfal stress-strain behavior is assumed to be elastic-
plastic. The stress-strain behavior in the plastic range is assumed to be
power-law hardening, as given in Eq, 2.2.3

e/ey = alo/a,)" (2.2.3)

where o, is a reference stress (that is, the yield strength), n is the harden-
ing exponent, and €, = o,/E (E 1s Young's moduius). In the analytic develop-
ment, it fs further assumed that the pipe deformations remain small compared
with all the dimensions, Therefore, ovalization of the pipe section, often
observed in the pipe experiments, is not inclided in the analysis modeling.

with the above assumptions, we now consider a plane normal to the clrcumferen-
tial plane at v 8, with dimensions t by 2L as shown in Figure 2.2.5(c). The
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Table 2.2.4 Summary of fracture mechanics amalysis results using
the SC.TNP method

(Page 1 of 2)
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Table 2.2.5 Summary of fracture mechanics analysis results using
the SC.TKP method

(Page 1 of 2)
B 4 = n o
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Pipe tracture N - - T
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a1z Linear Negression os 0.9 0. 0.8
Best it in Wigh Strain Range 0.7 o.s o6 0.7

Best Fit in Low Straln Range 0.s o8 o 0.7
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Figure 2.2.6 Comparison of experimental failure stresses with net-section-
colhr))se predictions for pipe pressurized to failure (Ref,
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To further assess the effect of surface-crack length, calculations were made
under pure bending using SC.TKP, and the maximum bending loads were compared
with those predicted by net-section collapse, Crack depth was held constant
at 66 percent of the pipe thickness, and the surface-crack length was varied.
The material and pipe geometry corresponded %o Experiment 4712-8, which
fnvolved 16-inch- (406-mm-) diameter, l-inch- (25.4-mm-) thick Al06 Grade B
pipe at 550 F (288 C). For the loads calculated by net-section collapse, the
flow stress was defined in two ways, one as 1.15 (o, * @,)/2 and the other as
(oy * 0y)/2. The compirisons are shown in Figure 272.7." These calculations

predict that as the crack length becomes shorter, the loads wil)l approach the
net-section-collapse load in approximately a linear manner., This trend for
pure bending over crack lengths of 25 to 50 percent of the pipe circumference
is marked)y different from the trend for pressure loading (axial membrane
stresses) shown in Figure 2.2.6.

To clarify this effect of crack length and loading (bending, pressure, and
combined oadin?), additional sensitivity stud{ calculations should be
conducted to define what experimental data would be the most useful in
verifying the current EPFM analyses and the margins of safety in the ASME Code
analysis,

2.2.2 Discussion of Finite Surface-Cracked Pipe Efforts

The efforts in this area involved the development of considerable pipe
fracture experimental data, A correction for the effect of pipe ovalization
as a function of the pipe R/t ratio was first developed as a result of this
program, The PZSC showed that the toughness required to obtain limit-load
conditions was lower for a surface-cracked pipe than for a through-wall-
cracked pipe., Finally, the development of finite-length, surface-cracked pipe
J-os§1n?tion schemes was a major accomplishment since no other solutions were
avatlable,

From these results arise several concerns, The first is how to account for
crack length in the ovalization correction factor; additional experiments may
be needed, Secondly, the ovalization correction must be included in the
finite-length J-estimation scheme, and the J-estimation scheme thould be
expanded to include the elastic contribution of J. The general concept of
including axfal tensfion with bending loads has been developed, but has yet to
be incorporated into the NRCPIPE code and verified., Finally, further applica-
tion of the fin!tc-\;:gth. surface-cracked pipe estimation scheme should be
made to assess the A surface-cracked pipe criterion, Currently, the ASME
criterion correction for toughness is independent of the size of the surface
crack, These are some aspects yet to be addressed, even though the efforts in
this area are now completed,
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2.3 Circumferentially Complex-Cracked
Pipe in Bending
(G. Kramer and V. Papaspyropoulos)

The objectives of this effort are to verify current limit-load and EPFM
analyses to predict loads and to improve fracture instability evaluations of
complex-cracked pipes under compliant loading.

A complex crack is a very long surface crack that may have penetrated the pipe
thickness for some of its length. Such a crack geometry has been found in
nuclear plant piping (Ref. 2.3,1) and is relevant to understanding the stabil-
ity of a long circumferentially surface-cracked pipe. Once the surface crack
becomes a complex crack, the stability of the resulting crack will be governed
by the stability of the complex crack.

Previous work at Battelle has shown that the calculated J-R curve from a
complex-cracked pipe experiment was significantly lower than that from an
experiment on the same pipe with a circumferential through-wall crack

(Ref. 2.3.2). This can have a great effect on <ompliant instability predic-
ticns.

Results from low-compliance, complex-cracked pipe tests were reported in a
prior topical report:

“An Assessment of Circumferentially Complex-Cracked Pipe Subjected to
Bending", G. Kramer and V. Papaspyropoulos, NUREG/CR-4687, October 1986,

These results are briefly reviewed in the following section. Current results
and plans for compiiant instability tests are then presented.

2.3.1 Summary of Results to Date

In order to verify the accuracy of load-displacement predictions from EPFM
analyses, experimental data were required on complex-cracked pipes. The
results of six low-compliance pipe fracture experiments conducted at 550 F (288
C) were used to assess the validity of these predictions. Two 6-inch (152-mm)
nominal diameter pipe fracture experiments were conducted on SA-376 TP304
stainless steel pipe, two on Inconel 600 pipe, and two on A106 Grade B carbon

steel pipe, Based on the results of these complex-cracked pipe investigations,
the following observations were made.

Small unstable crack jumps were observed in the two complex-cracked pipe
experiments on low-toughness A106 Grade B pipe. These instabilities occurred
even though the lengths c¢f pipe were relatively short (with a length-to-
diameter ratio of less than 10) and the pipes were loaded under displacement
control, Dynamic crack jumps have been observed in C(T) specimen tests on
similar carbon steel pipe materials. It is currently hypothesized that the
crack jumps may result from dynamic strain aging (DSA). The magnitude of these
crack jumps will increase with additional system compliance,
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A screening criterion developed for through-wall-cracked pipe under bending
was shown to be applicable for complex-cracked pipe under bending. Results of
the application of this criterion indicated that the net-section-collapse
analysis could be used to predict limit loads fairly accurately in the stain-
less steel and Inconel pipe experiments, but not in the A106 Grade B pipe
experiments, Net-section-collapse analyses also revealed that the actual net-
section-collapse stress (accounting for crack growth) of the Type 304 stain-
less steel pipe sections became much larger than the flow stress of the mater-
fal for large anounts of crack growth,

The n-factor analysis of the pipe experiments, using both the deformation-J
and modified-J parameters, indicated that J-resistance curves for the pipes
were lower than the curves generated for 20-percent side-grooved C(T) speci-
mens. Furthermore, the pipe J-resistance curves were found to decrease as the
ratio of surface-crack depth to pipe thickness increased.

Predictive J-estimation schemes [based on 20 percent side-grooved C(T)
specimens] compared well with experimental pipe load and load-line displace-
ment data up to maximum load. Once past maximum load, all J-estimation
schemes overpredicted the experimentally measured loads.

Comparison of J-R curves from through-wall-cracked pipes and complex-cracked
pipes suggested that an empirical constraint factor could be established to
predict complex-cracked pipe J-R curves from through-wall-cracked pipe data.
The experimental trend curve, see Figure 2.3.1, implies that a surface crack
even 10 percent deep increases the triaxial stresses at the crack tip to
reduce the J-R curve by 25 to 50 percent. Further detafls and discussions are
contained fn the topical report described at the beginning of this Section.

2.3.2 Status of Instability Experiments

Based on the data generated from previous complex-cracked pipe experiments
with Tow compliance, a series of experiments were defined to examine the
fracture instability behavior of complex-cracked pipe. This series of
experiments was designed to assess current analytical methods of predicting
the point of fnstability, as well as to develop experimental methods for
performing such types of experiments., Energy balance approaches will also be
evaluated for predicting whether or not crack arrest will occur in these
experiments, See References 2.3.3 and 2.3.4 for further discussions about
designing thcse experiments based on an energy balance approach,

The four instability experiments scheduled in this subtask are listed in

Table 2.3.1. To date, the first three experiments have been completed and
were discussed in Reference 2.3.5. A summary of the test parameters and
initiation and maximum load data are presented in Table 2.3.2. The fourth
(Experiment 4114-4) is being conducted at the time of this writing; its design
is described below.
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Table 2.3.1. Test matrix of complex-cracked pipe experiments under compliant bending.

Nominal Pipe

Nominal Wall

Experiment Diameter, Thickness,

Number Pipe Material inches  (mm) inch  (mm) 2c/x0(2)  2a7.0(b) 4yt(c)
4114-1 Al06 Grade B 6 (152) 0.562 (14.3) 0.37 1.0 G.465
4114-2 SA-376 TP304 SS 6 (152) 0.562 (14.3) 0.37 1.0 0.32
4114-3 SA-358 TP304 SS 16  (406) 1.031 (26.2) 0.37 1.0 0.33
4114-4 SA-358 TP304 SS 16  (406) 1.031 (26.2) 0.37 1.0 0.33

All tests conducted at 550 F (288 ().

(a) 2c is through-wall crack length, D is the pipe diameter.

(b) 2a is internal surface crack length.

(c) d is internal surface crack depth, t is the pipe thickness.
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Table 2.3.2. Summary of data from compliant bend experiments on complex-cracked pipe.

Experiment Number

4114-1 4114-2 4114-3 s114-4()
Pipe Material Al06 Gr. B SA-376 TP304 SA-358 TP304 SA-358 TP304
Pipe Material [.D. DP2-F31A DP2-A236G DP2-A8B DP2-A8
Outside Diameter, inches (mm) 6.50 (165) 6.560 “167) 16.3 (414) 16.3 (414)
Wall Thickness, inches (mm) 0.501 (12.7) 0.530 (13.5) 1.03 (26.2) 1.03 (26.2)
Through-Wall Crack Length/Circumference 0.370 0.370 0.373 0.37
Surface Crack Length/Circumference 1.00 1.00 1.00 1.00
Surface Crack Depth/Wall Thickness 0.465 n, 321 0.33 0.33
4 Pt. Bend - Outer Span, inches (m) @2.0 (2.34) 164.0 (4.17) 456.0 (11.58) 456.0 (11.98)
4 Pt. Bend - Inner Span, inches (m) 48.0 (. 22) 48.0 (1.22) 132.6 (3.35) 132.0 (3.39)
Test Temperature, F (C) 550 (288) 550 (288) 550 (288) 550 (288)
Tensile Yield Strength, ksi (MPa) 46.4 (320) 20.1 (139) 26.1 (179) 26.1 (179)
Ultimate Tensile Strength, ksi (MPa) 90.0 (621) 65.2 (450) 66.5 (466) 66.5 (466)
CVN Upper Sheif Energy, ft-1b (J) 110.0 (149) N/A N/A N/A
Initiation Load, 1b (kN) 14,000 (62.3) 5,850 (26) 32,850 (146)(b)
Maximum Load, 1b (kN) 18,650 (83) 6,540 (29.1) 35,475 (157.8)(b)

(a) Experiment to be completed in next reporting period.

(b) Corrected for dead-weight loads.



Design of Experiment 4114-4

A simplified instability analysis can be developed for Experiment 4114-4 using
the load versus load-l1ine displacement data from Experimert 4114-3, 1In this
analysis, the compliance of the uncracked pipe and the compliance of the
machine are not considered since the pipe geometry and basic load frame con-
figuration are the same in each experiment.

A schematic of the load frame configuration for Experiment 4114-4 is shown in
Figure 2.3.2. In this arrangement, two additional springs have been incor-
porated into the load train, each with a compliance of Cs. Figure 2.3.3
illustrates the determination uf the inctability point for this arrangement.
Suppose that the loaa-displacement response of the low-compliance experiment
is shown by Curve A in this figure and that the load-displacement response of
the combined spring assemblies is given by Curve C. The response of the
entire structure is given by addiag Curves A and C. The resulting load versus
total displacement will appear as Lurve B8 in Figure 2.3.3,

Instability occurs when the slope of Curve B becomes infinite, or when

bGT
— 0 (2.3.1)
P
But from Figure 2.3.2, & = § + PCg/2. Eq. 2.3.1 is satisfied when
36 -C
-64 = =2 (2.3.2)
P

Thus, a value of C, can be determined quite easily from the measured !oad-
displacement data without any transfermations or conversions. However, this
approach can only be used when identical experiments are being performed,

In order to provide the spring compliance required for Experiment 4114-4, two
adjustable Belleville disc spring assemblies were installed into the load
train. Figure 2.3.4 is a photograph of the spring assemblies mounted on the
hydraulic actuator at one load point, Each assembly has been arranged into
four stacks with 122 disc springs per stack. This initial configuration was
des:gned based on the manufacturer's compliance data from a single disc
spring.

In order to determine the actual compliance of the entire spring assembly,
measurements were made of spring assembly load and deflectior when loads were
applied to an uncracked pipe specimen. The resulting load-displacement data,
averaged for both spring assemblies, is shown in Figure 2.3.5 for three cycles
of loading. Although the hysteresis was larger than anticipated, the three
loading cycles showed excellent repeatability.

Finally, in the manner shown in Figure 2,3.,2, the load-displacement data from
Experiment 4114-3 (shown in Figure 2.3.6) was added to the total load-dis-
placement data of the combined spring assemblies. A correction was made to
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the spring assembly data to account for differences in dead-weight load
between the uncracked pipe used and the actual test specimen. These results,
shown in Figure 2.3.7, predict that a crack will become unstable at an applied
load of approximately 26,000 pounds (116 kN).

2.3.3 Discussion and Future Plans

The method used for designing the instability experiments of Section 2.3.2 was
based on results of previous low-compliance pipe fracture experiments. This
should provide the most accurate method of determining the instability compli-
ance for these experiments. Although the predictive J-estimation schemes
offer a more universal methed of calculating the compliance needed for insta-
bility, their accuracy must be improved before they can be used with con-
fidence.

Critical factors in the design of these instability experiments on complex~-
cracked pipe was found to be the compliance of the test frame and the actual
compliance of the spring devices used. It is very crucial to the success of
these experiments that each of these compliances be well-documented both
before the experiment for design purposes and during the instability experi-
ment for interpretive purposes.

As discussed in previous semiannual reports, the accuracy of the critical
compliance needed to produce an instability is dependent on the material used
in the experiment. It was found that the Al106 Grade B carbon steel (Experi-
ment 4114-1) was much more sensitive to changes in critica) compliance than
the higher-toughness Type 304 stainless steel (Experiment 4114-2). Because
the critical compliance value was so small for the A106 Grade B carbon steel,
even a small change in system compliance would have significantly affected the
extent of crack propagation,

Future plans call for the completion of Experiment 4114-4 and an analysis of
the static and dynamic data. The actual point of fnstability in the experi-
ment will be compared to pretest predictions and other current instability
analyses. In addition, energy balance predictions will be evaluated with
respect to the measured load-displacement data.

References for Section 2.3

€+3.1 U.S. Nuclear Regulatory Commission, “Investigation and Evaluation of
Stress Corrosion Cracking in Piping of Light Water Reactor Plants”,
NUREG-0531, Chapter 7, February 1979,

229t Kanninen, M, F., and others, “Instability Predictions for Circum-
ferentially Cracked Type 304 Stainless Steel Pipes Under Dynamic
Loading”, Final Report on EPRI Project T118-2, EPRI Report Number
NP-2347, April 1982,
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Semiannual Report, April 1985-September 1985, NUREG/CR-4082, Vol. 3,
March 1986.

2.3.4 Wilkowski, G. M., and others, "Degraded Piping Program - Phase II",

Semiannual Report, October 1985-March 1986, NUREG/CR-4082, Vol. 4,
September 1986.

2:3.5 Wilkowski, G, M,, and others, "Degraded Piping Program - Phase II",

Semiannual Report, April 1986-September 1986, NUREG/CR-4082, Vol. 5,
April 1987,
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2.4 Circumferentially Cracked Pipe
Under Axia! Membrane Stress
(0. Guerrieri and G. Kramer)

The objective of this effort is to develop an understanding of the fracture
behavior of circumferential defects in pipes subjected tc axial membrane
stress. This effort will contribute to the case of pressure-induced axial
membrane stresses combined with bending stresses. Before the interactions of
pressure-induced axial tension stresses and bending can be understood, however,
the effects of each loading condition must be studied separately.

This effort could have involved experiments under pure axial tension or under
pressure, Axial tension testing involves considerably more complicated testing
equipment than pressure testing. Axial tension testing must allow for the
rotation of the pipe so that it is not subjected to bending stresses by urknown
factors. Since the major application of this work is toward the understanding
of pressure plus bending loads, the tests in this effort have involved pres-
surizing cracked pipe sections to failure. This requires the flaw lengths to
be sufficiently long to prevent yielding in the hoop direction. More impor-
tantly, concducting the experiments in this way incorporates biaxial stresses.

Conducting pressurized, high-temperature, through-wall-cracked pipe tests pra-
sents the experimental difficulty of sealing through-wall-cracked pipe. At
temperatures below 400 F (204 C) this is relatively easy; at 550 F (288 C),
however, it is much more difficult. Efforts in this area have involved the
development of a high-temperature rubber bladder sealing technique.

Past results and future plans are summarized in the following sections,

2.4,1 Summary of Results to Date

Results to date have concentrated on three specific areas: (1) development of
an experimental method for conducting axfal membrane experiments on through-
wall-cracked pipe, (2) compietion of three pipe fracture experiments, and (3)
comparison of the pipe {racture results with net-section-collapse predictions
gs}ng the PISC. The results obtained in these three areas are summarized
elow,

Since axial membrane stresses are produced by irternal pressurization of the
pipe specimen in this subtask, a new experimental test method for sealing
through-wall-cracked pipe was needed. Initial sealing methods that used metal
patches and high-temperature silicone epoxies were not successful above 400 F
(204 C). To solve the sealing problem, a new high-temperature internal bladder
method was developed and successfully tested in one experiment,

However, problems were encountered when this bladder technique was applied to

pipe experiments in other subtasks. It was found that the bladder material
became brittle when overheated and could be punctured by metal chips left in
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the pipe from the fabrication process. Also, the bladder had to pe undersized
in relation to the internal diameter of the pipe to prevent the bladder from
folding over upon itself during pressurfzation. If a fold occurred, the
bladder would tear under pressure and leak.

These complizations have led to an advanced bladder design that replaces the
bag shape with a simpler sleeve. The sleeve design will facilitate fluid flow
and leak rate measurements in future pipe fracture experiments. Bladder
thickness has been increased and diameter further decreased in relation to the
internal pipe diameter. Simplified end closures have been developed to hold
the sleeve against the internal pipe wall. This new bladder design should
solve many of the problems ercountered fn the original design.

Six experiments were originally scheduled in this subtask to characterize the
behavior of pipes with various crack geometries under axial membrane stresses,
These six experiments are detailed in Table 2.4.1. To date, three of the
experiments have been completed and analyzed. The two complex-cracked pipe
experiments were determined to be of lesser importance to the overall objec-
tives of the Degraded Piping Pro?ram and have been replaced by other more
important activities. Hence, only Experiment 4121-4 remcins to be conducted.

Results of the fir~st two experiments (4121-3 and 4121-6) on surface-cracked
pipe were presented in both the Second and Third Semiannual Reports of this
program (Refs, 2.4.1 and 2.4.2). Results of the third experiment conducted
(4121-1) were presented in the Fourth Semiannual Report (Ref, 2.4.3)., Results
of these three experiments are summarized in Table 2.4.2. Crack initiation
occurred within 1 percent of maximum load for the two surface-cracked pipe
experiments and within 11 percent of maximum load for the through-wall-cracked
pipe experiment.

Comparison of experimental data with net-section-collapse failure loads fis
discussed in detail in Reference 2.4.2 and is shown in Figure 2.4,1. The
trend observed in Figure 2.4.1 is similar to that observed for both through-
wall-cracked pipe and surface-cracked pipe under bending., This trend {1lus-
trates that when the plastic-zone sfze is significantly less than 1.0, the
applied stress at maximum load is significantly less than the net-section-
collapse stress. Thus, Figure 2.4.1 assisted in explaining why past data from
Eiber and others (Ref. 2.4.4) failed at such low stress levels, In these
cases, the pipe size and toughness combined to produce constrained plasticity
at the crack plane.

2.4,2 Discussion and Future Plans

A significant amount of induced bending was measured in each of the three
experiments conducted. These observations indicate that the pressure loading
method used, and the lack of end constraint associated with that method, do
affect the failure characteristics of cracked pipe, as was our concern when we
chose the loading method for these experiments, The pressurized loading
condition used in these experiments is a worst-case condition. In an actual
piping system, the end constraints may prohibit some induced bending and
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Table 2.4.1 Test matrix for axial membrane stress pipe experiments.

Nominal Nominal Test

Experi- Pipe Wall Tempera-
ment Diameter, Thickness, Flaw(a) ture,
No. Pipe Material inch (sm)  inch fmm) Type 2¢/+0(d)  2a7.0(€) g/e(d) F(C)

4121-1 SA-376 TP304 SS 6 (152) 0.562 (14.3) TWC 0.37 N/A N/A 550 (288)
4121-2 SA-376 TP304 SS 6 (152) 0.562 (14.3) CC 0.37 1.00 0.72 550 (288)
4121-3 SA-376 TP304 SS 6 (152) 0.562 (14.3) SC N/A 0.50 0.70 550 (288)
412! -4 SA-333 Grade 6 10 (2%4) 0.712 (18.1) TWC 0.37 N/A N/A 550 (288)
4121-5 SA-333 Grade 6 10 (254) 0.712 (18.1) CC 0.37 1.00 0.72 550 (288)
4121-6 SA-333 Grade 6 10 (254) 0.712 (18.1) SC N/A 0.50 0.68 550 (288)

(a) TMC = Through-wz11 Crack
SC = Surface Crack
CC = Complex Crack.

() 2¢ 1s the total through-wall circumferential crack length, D is the pipe diameter.
{c) 2a is internal surface crack length.
(d) d is internal surface crack depth, t is the pipe thickness.
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Table 2.4.2 Comparison of pipe fracture data under axial membrane stress.

Experiment

Diameter, inches (mm)
Actual wall thickness, inches (mm)

Material type
Pipe 1.D.

Surface crack depth/thickness
Crack length, degrees

Yield stress at 550 F (288 (), psi (MPa)
Ultimate stress a* 550 F (288 C), psi (MPa)

Internal pressure at initiation,
pst (MPa)

Internal pressure at max. load, psi (MPa)
Initiation load/max. load
Nominal longitudinal stress at

max. load, psi (MPa)

Final crack opening angle, rees
Final crack opening area, ind (mm?)
Final kink angle of pipe, degrees

6.625 (168)
0.507 (12.9)
SA-376 1TP304
0P2-A23

N/A

139

20,100 (139)
65,200 (449)
3,900 (26.9)
4,365 (30.2)
0.893

11,065 (76.3)

6.625  (168)
0.500 (12.7)
SA-376 TP 304
DP2-A248

0.68 to 0.75
180

20,100 (139)
65,200 (449)
6,050 (41.7)

6,075 (41.9)
0.996

18,605 (139)
6-7(a)

5.97 (3.852)(a)
5

10.75  (273)
0.615 (16.4)

SA-333 Grade 6
DP2-F9

0.67 to 0.69
180

34,700 (239)
76,500 (527)

6,100 (42.1)

6,300 (43.4)

25,955 (181)
20-22(b)

59.8  (38,580)(b)

10

(‘) Crack extended along initial surface crack region.

Crack grew 4 inches (102 mm) past the end of the surface crack.
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increase the failure stress in the pipe. This behavior is discussed in
Reference 2.4.1.

Future work involves fabricition and testing of the final experiment on a
10-inch (254-mm) nominal diameter carbon steel pipe with a through-wall crack.
A bladder for this pipe fracture experiment has been ordered. This bladder
should be recefved in early January 1988, and the experiment will be conducted
by April of 1988.

References for Section 2.4

2.4.1 Wilkowski, G. M., and others, "Degraded Piping Program - Phase II",
Semiannual Report, -October 1984-March 1985, NUREG/CR-4082, Vol. 2,
July 1985,

2.4.2 Wilkowski, G. M,, and others, "Degraded Piping Program - Phase II",
Semiannual Report, April 1985-September 1985, NUREG/CR-4082, Vol. 3,
March 1986,

2.4.3 Wilkowski, G. M., and others, “"Degraded Piping Program - Phase [I",
Semfiannual Report, October 1985-March 1986, NUREG/CR-4082, Vol. 4,
September 1986,

2.4.4 Eiber, R. J., Maxey, W. A., and Duffy, A,, “Investigation of the
Inftiation and Extent of Ductile Pipe Rupture”, BMI Report 1908 to
the AEC, June 1971,



2.5 Fracture Behavior of Weld-Overlay Repaired Pipe
(P, Scott and G. Wilkowski)

wWeld-overlay repairs (WOR) are a common and acceptable means of repairin
stress-corrosion-cracked stainless steel pipes in boiling-water reactor %BWR)
plants in the U.S. and some foreign countries. In the U.S., the current design
procedure for weld overlays follows the ASME Section XI IWB-3640 analysis

p ocedure (Ref., 2.5.1), which is based on a modification of the net-section-
collapse analysis., It is generally assumed that since WORs are fabricated
using a gas-tungsten-arc welding (GTAW) process, which produces a relatively
high-toughness weld metal, their failure stresses should be adequately pre-
dicted by the relatively simple net-section-collapse or IWB-3640 analyses.

The objective of this task is to develop experimental data to assess the limit-
load analysis procedures embodied in ASME Section XI IWB-3640. To satisfy this
objective, four full-scale pipe fracture experiments have been conducted. In
each experiment, a pipe section with a fatigue-sharpened, circumferential
through-wall crack was repaired by NUTECH Engineering in San Jose, California
using the weld-overlay process. In each case, NUTECH used their current in-
plant procedures. The repaired pipe sections were then appropriately instru-
mented and tested under combined internal pressure and four-point bending.
Since the last semiannual report, the results and analysis of these experiments
we;'e published in the topical report listed below.

"Assessment of Design Basis for Load-Carrying Capacity of Weld-Overlay
Repairs”, Paul M, Scott, NUREG/CR-4877, April 1987.

The topical report completed efforts in this area, The results are summarized
in the following section.

2.5.1 Review of Topical Report on Weld-Overlay Repairs

The WOR technique involves applying multiple layers of weld metal that fis
resistant to intergranular stress corrosion cracking (IGSCC) over the cracked
pipe section. The design thicknes: of the weld overlay is based on the spirit
of the flaw acceptance evaluation procedures incorporated in the ASME Boiler
and Pressure Vessel Code, Section XI, Article IWB-364C (Ref. 2.5.1). NUREG-
0313 Revision 2 (Ref. 2.5.2) guides the implementation cf the procedures
outlined fn IWB-3640 in the case of weld-overlay design.

Prior to this research, no experimental pipe fracture data existed to evaluate
the design procedures and guidelines outlined in IWB-3640 ard NUREG-0313
Revision 2. The objective of this research is to develop experimental data for
cracked pipe sections repafred by the weld-overlay technique so that the design
procedures and guidelines embodied in these two documents may be assessed. As
a result, the Office of Nuclear Reactor Regulation (NRR) will be in a oetter

p?sit1on to evaluate proposed overlay designs submitted for their considera-
tion.,

2-65



Four full-scale pipe fracture experiments were conducted as part of this pro-
gram, In each case, a circumferential through-wall fatigue crack was repaired
with a weld overlay by NUTECH Engineers using their current in-plant proce-
dures. The repaired pipe sections were tested under combined pressure and
four-point bending. The pressurizing medium was subcooled water, and the test
temperature was 550 F (288 ().

The stresses at failure for each of these experiments were compared with the

predicted failure stresses from the IWB-3640 analysis. As part of this analy-

sis, two different flaw sizes were considered, The first was a flaw com-

pletely through the original pipe wall for the entire circumference of the

pipe. According to NUREG-0313 Revisfon 2, this is the flaw sfze to be used in

the design analysis for a Standard overlay. An overlay designed according to

the design guidelines provided in NUREG-0313 Revision 2 for a Standard overlay

{s suitable for long-term plant operation provided that the overlay is |
inspected periodically in accordance with NRC guidance and subject to NRC |
approval, The Standard overlay is the design basis most commonly used today

in weld-overlay design in the United States.

The second flaw size considered was that of the actual flaw in each of the
test specimens evaluated. An overlay designed assuming the actual crack
length in the analysis, instead of a full 360-degree circumferential flaw,
would be considered « Limited Service overlay according to NUREG-0313
Revisfon 2. A Limited Service overlay is suitable only for short-term plant
operation, not to exceed one fuel cycle,

As a result of the four WOR pipe experiments conducted as part of this effort,
several comments can be made. Each of the four test spccimens failed, or were
on the verge of failure, at a stress level significantly higher than that
predicted by the IwWB-3640 analysis for a Standard overlay design. Thus, for
the crack geometries evaluated herein, the margins of safety associated with
the Standard overlay design are somewhat greater those used in the Code.
SimiTarTy, each of the four test specimens failed, or were on the verge of
failure, at a stress level higher than that predicted by the IWB-3641 tables
for the Limited Service design. However, when the IWB-1640 Source Equations
were used in the Limited Service overlay design analysis, two of the four test
specimens fafled at o stress Tevel lower than the predicted value. This fact
poses an fnteresting question: 1{f the crack to be repafred is a long (that
is, 360-degree), deep crack, such as that found in service at the Duane Arnold
Plant (Ref. 2.5.2), would the Standard overlay design analysis, which fs
generally used in service, always underpredict the failure stresses? For such
a crack, the differences between the IWB-3640 Source Equations and the
IWB-364] tables are insignificant, Furthermore, for such a crack the extra
conservatism embodied in the Standard overlay design analysis, from assuming
that the crack is completely through the original pipe wall for the entire
pipe circumference, is reduced, Therefore, the differences in predicted
fatlure stresses from the Standard overlay design analysis and the Lim‘ted
Service design analysis, where actual flaw dimensions are used, could be
minimal,

An additional point to be addressed at this time is the ramifications of
attempting to take credit fo~ the higher strength of the weld-overlay materfal

2-66



fn the 1imit-load analysis. It could be argued that, since one assumes in this
analysis that the crack is completely through the original pipe wall, one
should be able to take credit for the higher-strength weld metal. For the
experiments conducted as part of this effort, if the flow stress were defined
as 1.15 times the average of the yield and ultimate strengths of the overlay
material (as suggested in Ref. 2.5.4), then the actual failure stresses would
have been only 80 to 88 percent of the predicted limit-load stresses when
actual flaw dimensions are used in the analysis (that is, a Limited Service
overlay). Hence the weld metal strength should not be considered in a
analysis.

A very positive aspect that became apparent as a result of this research was
the extremely large plastic deformations that occurred in the pipe sections
adjacent to the weld overlays prior to fracture. These deformations resuited
from both the iow yield strengths of the pipe materials relative to the weld
metal and the combined thickness of the overlay repair region., Such large
deformations, as experienced in both the 6-inch (152-mm) and 16-inch (406-mm)
diameter pipe experiments, could not physically occur in service without
inducing more significant problems at other locations. Consequently, an
analysis based on deformations or strains might result in a much higher safety
factor than the load-based analysis.

WORs offer several additional advantages besides structural reinforcement, The
radial shrinkage induced by the welding process produces a favorable compres-
sive residual stress state on the fnner surface of the weldment (Ref., 2.5.5).
Also, the low-carbon, high-ferrite Type 308L weld metal used for the overlays
fs more resistant to IGSCC than sensitized Type 304 stainless steel (Ref,
2.5.5). Both of these factors tend to mitigate the further propagation of an
IGSCC, unless the IGSCC propagated along the heat-affected zone (HAZ) at the
pipe/WOR interface.

Another advantage associated with the use of weld overlays is the economic
benefit. Weld overlays are economical from both cost and exposure standpoints.
Repairing a cracked pipe section with a weld overlay is less expensive than
replacing the pipe section with a new pipe fabricated from an IGSCC-resistant
material., From an exposure standpoint, since the WOR process is highly
automated, the extent of man-rem exposure is less than {f the cracked pipe
section were replaced.

Unfortunately, the use of weld overlays is not without some disadvantages.
weld shrinkage creates high-tensile residual stresses at other welds in the
piping runs; these stresses could cause the initfation or further propagation
of IGSCCs at these welds, Furthermore, the weld overlay makes it difficult to
inspect the repaired weld by ultrasonic techniques (UT).

Although the research described herein has significantly increased knowledge of
the fracture behavior of cracked pipe sections repaired by weld overlays, a few
lingering questions remain. For each of the test specimens evaluated as part
of this effort, a circumferential through-wall crack fn the base metal was
repaired using the weld-overlay technique because it was the simplest case to
analyze, Recent results from the Degraded Piping Program (see Section 2.7.2 in
Ref, 2.5.6) indicate that the fracture resistance along the fusfon 1ine of
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a shielded-metal arc weld (SMAW) was lower than along a crack in the center of
the SMAW. Since IGSCC cracks may grow along the fusion line, a question arises
of how a surface crack wouid behave in this low-toughness location. Would the
higher-toughness, weld-overlay material arrest such a crack, or would ft
continue to propagate through the thickness in much the same manner as observed
in each of the experiments conducted to date?

Another question is how a long internal surface crack, as found in service at
the Duane Arnold Plant, would behave. Past Degraded Piping Program experiments
have shown this type of flaw geometry to offer very poor tearing resistance
(Ref, 2.5.7). Once the internal surface crack broke through the wall, would it
in some situations continue to propagate around the pipe circumference? In
past experiments conducted as part of this effort, the amount of elastic energy
stored in the piping system has been low erough that, once the crack broke
through the wall, it propagated only to the ends of the internal surface crack.
If the inftial crack had been a long internal IGSCC, could it have propagated
long enough to result in a complete pipe break at BWR conditions and at
compliance levels representative of BWR piping systems? Further research is
required to answer such questions,

Finally, nefther IWB-3640 nor NUREG-0313 Revision 2 specifies what values are
to be used for diameter or thickness in the design analysis, Are the original
pipe diameter and thickness, the diameter and thickness of the repaired cross
section (pipe plus overlay), or some combiration of the two to be used in the
design analysis? A computational round-robin conducted as part of this effort
showed no general consensus of which terms are to be used among individuals
with experience in the design of weld overlays, Additionally, nut all design-
ers used the ASME Code Class [ piping stress equations; some used the Class [!
piping stress equations.

References for Section 2.5

2.9:1 ASME Boiler and Pressure Vessel Code, Section XI, "Rules for In-
Service Inspection of Nuclear Power Plant Components”, Article IWB-
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2:3.2 Hazelton, W.S., "Technical Report on Material Selection and Pr~- _ss-
ing Guidelines for BWR Coolant Pressure Boundary Piping®, uraft
Report, NUREG-0313 Rev, 2, June 1986,

2.5%.3 U.S. Nuclear Regulatory Commission, “Investigation and Evaluation of
Stress Corrosion Cracking in Piping of Light Water Reactor Plants”,
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2.5.4 Kanninen, M, F,, and others, “"Instability Predictions for Circum-
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Loading”, Final Report on EPRI Project T118-2, EPRI Project Number
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2.6 Stainless Steel TIG Welds
(M. Nakagaki, and F. Brust)

One of the major concerns regarding integrity of nuclear power plant piping fs
the behavior of cracks in girth welds. The objective of this effort is to
assess the accuracy of J-estimation methods when applied to the analysis of
specimens containing high-strength welds. Because of the higher strength of
the weldment, the base metal adjacent to the weld metal can experfence consid-
erably larger plastic strain than the weld metal. When the size of the weld-
ment is a small portion of the specimen (or structure), the base metal can
undergo extensive plastic deformation compared with the contained deformation
in the weld metal,

The experimental and analytical efforts have been completed, and a topical
report on those results has been written:

“Analysis of Cracks in Stainless Steel TIG Welds", M. Nakagaki, C.
Marschall, and F, Brust, NUREG/CR-4806, December 1986.

A summary of results from this recort is given in the following section, It
fncludes a comparison of failure ioads predicted by several J-estimation
scheme methods fcr a circumferentially through-wall-cracked, tungsten-inert-

?a; (;IG) welded pipe specimen tested by the David Taylor Research Center
DTRC) .

2.6.1 Summary of Results Reported in Past Semiannuals

The objective of this effort was to evaluate the significance of a through-
wall crack in the center of a stainless steel TIG weld. Of particular
interest is the fact that the weld makes the structure materially nonhomoge-
neous. All of the J-estimation schemes used for specimen or piping analyses
are based on a homogeneous structure or specimen, Therefore, before making
this evaluation, the theoretical basis for evaluating a crack in a weld was
evaluated, This fnvolved conducting finite 21ement analyses of TIG-welded
C(T) specimens and a circumferential through-wall crack in a pipe. The C(T)
specimen tests were conducted at Battelle. Both welded specimens were tested,
and all base metal specimens were tested to provide a reference., The pipe
test was conducted at the DTRC (Ref. 2.6.1). The C(T) specimens were made
from plate with approximately the same thickness as the pipe. Both C(T) and
pipe specimens were tested at 550 F (288 ().

C(T) Specimen Evaluations

During the initial stages of this work, the valiaity of the J-integral for a
crack near a bimaterial fnterface, such as a weldment, was theoretically
examined, This examination, and a finite element verification, showed that
the J-integral is path independent even {f its contour path traverses the
material interface., This path independence exists as long as the loading is
monotonic and the crack is parallel to the weld (Figure 2.6.1)., However, it
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is well known that under a local unloading caused by ductile crack growth, J
can become significantly path dependent. For this reason, the near-crack-tip

inteyral parameters T* and J, as well as the crack tip opening angle (CTOA)
parameter were also evaluated in the finite element analyses, These integrals
are path independent even under a loading that follows incremental plasticity
theory, such as in global or local stress unloading situations, as well as
deformation theory.

To evaluate the effect of the difference between the fracture parameters based
on incremental plasticity and the conventional J (or the degree of nonpropor-
tional loading occurring in the cracked body), the parameter Alp' was sug-

gested. (Actually I, a cumulative value of AIp' over load increments, was
used.) The parameter I has the same units as J. It was theoretically proven
and numerically verified that I reduces to zero under proportional loading
(that 1s, when deformation plasticity is not violated) even in the presence of
large plasticity., It was also shown that I monotonically increases during
crack growth, A qualitative consistency between [ and the w parameter

(Ref, 2.6.2), which is a measure of proportionality of loading, was also
recognized.

For the 0.5T7 TIG-welded C(T) specimen, the 3T TIG-welded C(T) specimen, and
the 3T base-metal stainless C(T) specimen, the behavior of near-crack-tip
parameters during crack growth was investigated and compared with the behavior

of J. T*, (ZATD'), and J remained relatively constant, creating a large

discrepancy between these two parameters and the far-field J, which monoton-
fcally increased (see Figure 2.6.2 as an example). The CTOA behaved in a

manner similar to T* and J (see Figure 2,6.3),

Pipc Finite Element Method Analysis

A TIG-welded 4.5-inch- (114-mm-) diameter Type 304 stainless steel pipe with a
circumferential through-wall crack, tested at the DTRC, was analyzed by a 3-0
finfte element procedure, The calculated values of load versus load-line
displacement are compared with the experimental results in Figure 2.6.4, The
agreement is good until initiation, but the loads are underpredicted aftrr
crack inftiation., This is typical for finite element analysis of throug:.-
wall-cracked pipe. For computing J, the virtual crack extension (VCE) method
and the g-factor J-estimation method were employed. The calculated VCE J- and
z-factor J results are shown for the circumferential crack growth in

fgure 2.6.5; the Jp-R curve calculated from the TIG-welded 3T C(T) specimen
is also shown in Figure 2.6.5 for comparison, Reasonable correlation between
J values during the crack growth in the pipe and C(T) specimens was found.

Pipe J-Estimation Scl.eme Analysis

The use of simple J-estimation methods to predict the ca” versus load-line
displacement response of the TIG-welded 4.5-inch (114-mm) outside diameter
pipe was made, Since a welded structure is a bimetal composite, using the
base metal Ramberg-Osgood constants and the weld metal J-resistarce curve gave
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better prediction for this experiment than using the weld metal stress-strain
curve, Figure 2.6.6 shows the predicted load versus load-line displacements
for the pipe using five J-estimation schemes: the EPRI/GE, NUREG/CR-3464,
(BB.NRC, LBB.BCL1, and LBB.BCL2 methods. The details of the recently devel-
oped LBB.BCL1 and LBB.BCL2 methods are fully described elsewhere (Ref. 2.6.3).
In these predictions, the computed Jy-R curve from the TIG-welded 1,57 C(T)
specimen was used, The results show that the EPRI/GE method gave the most
conservative estimation (that is, underprediction of the load-displacement
relationship), and the LBB.BCL predictions most nearly agreed with the exper-
imental results. This trend is consistent with comparisons with pipe experi-
ments on cracks in the base metal, The predictions of displacement past max-
imum load of the TIG-welded pipe test for all methods were not accurate as
displacement predictions made for base metal pipe tests (see Ref, 2.6.3).

This study also revealed a significant variation of J-initiation (J4) with the
ratio of the weld size, D, to the specimen size, H., Because plane strain
conditions are not satisfied, J; also depends on specimen thickness. There-

fore, to compare results from different specimens, the previously reported Jy
values for the TIG-welded C(T) specimens (Ref., 2.6.4) were normalized by a

representative Jy value of 3,100 1n-1b/1n2 (0.543 Md/mz) for the base metal
stainless steel plate of the same thickness. Figure 2.6.7 shows the results
of the TIG-welded specimens for the various D/H ratios., It is evident that
i (weld)/Y1 (base) varies with D/H, but a correlation between the C(T) speci-

mens and the pipe can be seen, Also shown in Figure 2.6,7 are the results of
1-inch- (25.4-mm-) thick SAW C(T) specimens, for which the J; values are

normalized by a representative value of 14,000 1n-\b/1n2 (2.45 MJ/mz). The
value of 14,000 in-!b/1n2 (2.45 HJ/mz) is the Jy value for the base metal

plate of the same thickness. Thus, inftfation toughnesses of the two weld-
ments and their tre-. over the ratio of weld to specimen size can be compared
with the toughness of the base metal stainless steel, The apparent higher

toughness of the TIG weldments and the considerably lower toughness of the SAw
are apparent in this figure,

References for Section 2.6

2.6.1 Hays, R., Vassilaros, M, G., and Gudas, J. P., "Fracture Analysis of
Y;;ged Type 304 Stainless Steel Pipe", NUREG/CR-4538, Vol. 1, May,

29,2 Hutchinson, J. W., and Paris, P, C,, "Stability Analysis of J-

Controlled Crack Growth", Elastic-Plastic Fracture, ASTM STP €68,
1979, pp. 37-64.

2.6.3 Brust, F., “Approximate Methods for Fracture Analyses of Through-
wall-Cracked Pipes", NUREG/CR-4853, February 1987,

2.6.4 Nakagaki, M., Marschall, C,, and Brust, F,, “"Analysis of Cracks in
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Results From Material Characterization Efforts

Material characterization established that stainless steel SAW metal possesses
much lower toughness than the parent materfal. Figure 2.7.1 compares the Jy-R
curves from 1-inch- (25.4-mm-) thick, 1T C(T) SAW and Type 304 stainless stee!
base metal., A possible reason for the inherently low toughness of the SAW
metal is that it possesses a higher oxygen content than does TIG weld metal.
TIG-weld metal exhibits much better toughness, comparable to that of the
parent plate, than SAW metal. This may also reflect the presence of more
nonmetallic inclusions from the flux welding process.

The effect of solution-annealing on SAW metal behavior was also examined. The
yield strength of the solution-annealed material was only slightly more than
one-half that of the as-welded material, The ultimate tensile strength (UTS)
was about the same for both (Figure 2.7.2). The J-R curve was only slightly
higher for the solution-annealed weld than the as-welded metal (Figure 2.7.3).

A few FWFN(T) specimen tests were conducted in which the crack initiated in
the HAZ of an SMAW, When the crack grew into the fusion line, the crack
growth resistance in terms of the CTOA was about half the CTOA of a crack in
the center of the SMAW metal, This implies that the fusfon line toughness is
lower than the flux weld metals, If further data are developed to substan-
tiate this, then flaw assessment criteria and pipe fracture analyses should be
based on the fusion 1ine toughness rather than the weld metal toughness. This
could affect the IWB-3640 criterion,

Results from Full-Scale Pipe Tests

Seven full-scale pipe fracture experiments were conducted to determine the
effects of the lower toughness of the as-we ded and solutiori-annealed weld
procedures on the fracture behavior of six 3AW cracked pipes and one SMAW
cracked pipe (Table 2.7.1). Two experiments involved identical circumferen-
tially through-wall-cracked pipes, one with the crack in an as-welded SAW and
the other with the crack in a sclution-anneaied SAW (Figure 2.7.4), Two
others involved identical circumferentially surface-cracked pipes, one with
the crack in an as-welded SAW material and the other with the crack in a
solution-annealed material (Figure 2.7.5). In each case, the solution-
annealed specimen failed at a lower load than its as-welded counterpart, The
amounts of the reductions in fatlure loads were consistent with the lower flow
stress levels associated with the solution-annealed weld metal. In other
words, the ratios of the faflure loads approximately egualled the ratios of
the flow stress levels of the weld metals, From this, it was found that
solution-annealing does not enhance the SAW pipe's load-carrying capacity, a
findin? which is consistent with the weld metal tensile test results, but not
the C(T) specimen results. This poses a potential problem with J-estimation
scheme analyses, in which the base metal strength is used. These results
indicate that the weld metal strength can be an important parameter. Perhaps

an effective stress-strain curve combining weld metal and base metal proper-
ties should be used.
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Table 2.7.1 Summary of stainless steel, flux weld, and pipe bend tests
at 550 F (288 ()

Test fameter
No. n. (mm

1

——

Crack2 2¢/=x0 d/t Pressure

4141-1 6 (152)
4141-2 6 (152)
4141-3 16 (406)
4141-4 16 (406)
4141-5 6 (152)
4141-6 16 (406)
4111-5 28 (711)

Thickness Weld

Tn. (mm)  Type Type

0.56 (14.3) SAW TWC 0.37
0.58 (14.8) SAW SC 0.50
1.03 (26.2) SAW TwC 0.37
1.03 (26.2) SAW SC 0.5

0.55 (14.,3) SAW-SA TWC 0.37
1.04 (26.4) SAW-SA SC 0.50
1.16 (30.2) SMAN TwC 0.37

1,00
0.642
1.00
0.666
1.00
0.686
1.00

No
Yes
No
Yes
No
Yes

No

2-85

SAW-SA = SAW in solution-annealed condition.

TWC = through-wall crack; SC = surface crack,
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Evaluation of Net-Section-Collapse

PTastic-Zone, and the IWB-3640 Ena'yses

The results of the seven flux weld experiments were used to further evaluate
the net-section-collapse analysis, the dimensionless plastic-zone analysis, and
the IWB-3640 analysis procedure as modified for flux welds. The net-section
collapse analysis overpredicted the failure loads in all the experiments. This
result is not surprisin?, given the relatively low toughness of the weld
metals, When weld metal tensile properties and Jy values are used to calculate
the plastic-zone parameter, the dimensionless plastic-zon¢ trend curve reveals
the factor by which the net-section-collapse analysis must be derated to
correctly predict the failure load. Figure 2.7.6 shows the through-wall-
cracked pipe results, and Figure 2,7.7 shows the surface-cracked pipe data
comparisons based on the dimensionless plastic-zone parameter., As is evident,
the results from the seven plastic-zone experiments agreed well with the
empirical trend curves for the dimensionless plastic-zone analysis. A simpli-
fied, statistically based plastic-zone parameter design curve, shown in Figure
2.7.8, was subsequently developed on all the data in the Degraded Piping
Program (Ref, 2.7.2).

The SAW experimental results showed that the IWB-3640 source equations, as
modified for SAW metal, underpredicted the failure loads by 20 to 47 percent,
Thus, the use of the [WB-3640 tables, which contain additional factors of
safetg. would give an even higher margin of safety than initfally advertised
for the failure loads. For the SMAW pipe test, the factor of safety was less
than 1 percent. This difference between the SAW and SMAW results is partially
because the SAW pipe tests were smaller-diameter pipe experiments, anc the flux
weld stress multiplier in the Code for small diameter pipe defaults tc a value
for 24-inch- (610-mm-) diameter pipe. Thus, the flux weld stress multisliers
used for the SAW experiments were artificially high,

An interesting finding was made when reviewing the J-R curve data from a 28-
fnch- (711-mm-) diameter pipe that was removed from the main recirculation 1ine
of the Nine Mfle Point BWR nuclear power plant. While documenting the pedigree
of the weld procedure, 1t was found that all the welds at that plant were
SMAWs. This was an interesting discovery, in that the ASME Section X! IWB-3640
flux weld criteria used a J-R curve from a weld removed from the same recir.
culatfon line, belfeving that it was an SAW. The criteria, given in Reference
2.7.3, claims a higher toughness for SMAW than SAWs, but the results from this
investigation showed that the SAW and the SMAW metals were close to each other
in toughness. Consequently, only one stainless steel flux weld correction
should be needed in the ASME IWB-3640 criteria.

J-Estimation Scheme Analyses

various J-estimation schemes (EPRI/GE, NUREG/CR-3464, LBB.NRC, LBB,BCLI,
LBB.BCL2) were used to predict crack initiation loads and maximum loads for
several of the full-scale, SAW through-wall-cracked pipe experiments. The
various schemes gave reasonable, if not always conservative, estimates of the
crack fnitiation anc maximum loads., With respect to predicting maximum loads
predictions using the Jy-R curve were usually less conservative than those
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Expermental Load/Net-Section-Collapse Load

Figure 2.7.6

Ratio of experimental to predicted net-section-collapse load
as a function of the dimensionless plastic-zone parameter.

[Flow stress = (o

+ 0,)/2. Data points are given for crack
initiation only.]

y
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1 o o -
O 0
8 - o
)
0 O
| 1 1
! 2 3 5
( £, )/ v sume R ’p
2'.'! 2 “-h'

Ratio of experimental to predicted net-section-collapse load
as a function of the dimensionless plastic-zone parameter for

surface-cracked pipe.

SA-12/87-F2.7.7



16-2

Y ————

O
O
o
O 7
1Fd == O 0 o =
o 0
O
O S44
NWr- 0
—.-—-’"———“—__’
--/..

\_/‘qnnu - sec expressuon for surfoce cracks C-218
© T Best tt of In-sec expression for theough - woll cracks €462

T 95% confidence level for In-sec expression for L %0 for whch
demensioniess plostc - 2one porometer wos less thon 10 C-30

ﬁ\ ~~in-sec equoton C 'O

Maumum Stress Net - Secton - Collopse Stress
$

O Tiwough -wall crack doto

02 O Surfoce crock doto

L ik A | | 1
o 0% 0 L] 20 25 30 3s 40

[Dwmensoniess Posts Zone Parometer

Compiled data using exact dimensionless plastic-zone parameter

and flow stress = (ay + 0,)/2. Note: C is a curve-fitting
-C(DPIP)]

Figure 7.7.8

parameter in the equation, oy /o,.. ~ (2/%) arc cos [e

SA-12/86-F4.1.1



using the Jy-R curve. However, predictions of the load versus load-1ine

displacements using the Jy-R curves were more accurate than those using the
Jp=R curve (Figure 2.7.9), The best results were obtained by using the base
ngtal stress-strain curve and the Jy-R curve of the weld metal with the
LBB.BCL]1 or LBB.BCL2 methods; an average or lower bound fit to the base metal
stress-strain curve gave similar results, The EPRI/GE method gave the most
conservative but least accurate predictions, Using the Jy-R curve with the

NUREG/CR-3464 and LBB.NRC methods occasfonally overpredicted the experimental
loads.

The analyses of the through-wall-cracked pipe experiments showed that the
6-inch- (152-mm-) diameter pipe had a higher toughness than the 16-inch-
406-mm-) diameter pipe, Furthermore, J-R curves calculated from the [6-inch-
¢oe-uu-§ diameter pipe agreed well with all the planform C(T) specimen J-R
curves, (Figure 2.7.10). The hypothesis that was developed to explain the
above observatfons was based on the fact that the 16-inch- é406-un-; diameter
pipe and the C(T) specimens had the same tnickness, 1 inch (25.4 mm), but the
6-inch- (152-mm-) diameter pipe was much thinner, Since the first two weld
passes in the SAW procedure are made by the TIG process, which produces a
higher-toughness weld metal, the thinner weld should have a higher relative
toughness because of the composite nature of the weldment, A practical
application of this knowledge 1s that the J-R curve from a thin weldment using
a TIG root and hot passes should not be used to predict the fracture behavior
of thicker weldments,

Finite Element Analyses

A finite element analysis was conducted for one 16-inch- (406-mm-) diameter
through-wall-cracked pipe experiment. The analysis used the experimental
crack growth versus load-1ine displacement data to calculate the J-R curve and
the loads. Figure 2,7.11 compares the finite element and J-estimation scheme
results with the experimental results, showing that the finite element results
agree well unti) crack initiation, but underpredict the experimenta) results
past crack initiation, This is consistent with other finite element results
on a stafnlcss steel base metal experiment (Ref, 2.7.4) and a stainless stee)
TIG-welded pipe experiment (Ref. 2.7.5). Figure 2.7.12 compares the J-R
curves of the finite element analysis and the n-factor analysis from the pipe
experiment with the C(T) specimen J-R curves, The finite element J-R curve is
higher than the C(T) specimens, which fs consistent with the base metal finite
element analysis of the same size pipe (Ref, 2.7.4),

The significance of this investigation is that the finite element analysis
generally gives a conservative estimate of the actual fracture behavior of the
pipe, Several J-estimation schemes exist that can ?1ve as good or better
predictions than the more costly finfte element analysis, Why the finite
element analysis consistantly underpredicts the experimental results is not
known, This trend, however, may be why the GE-EPRI J-estimation scheme, which
s based on finfte element calculations, 1s consistantly conservative,
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Much of the work on the Degraded Piping Program thus far has been directed at
resolving the fracture behavior of pipe under relatively simple loading
conditions, such 3s pure bending or pure axial membrane stress. This was
necessary to build an adequate theoretical and empirical basis for understand-
ing fracture behavior under various combinations of bending and axfal load.
However, piping systems in operating reactors are subjected to complex
combinations of bending, membrane, and in some cases torsional stresses. In
this section, we present the results of on-going studies of thriugh-wall-
cracked and surface-cracked pipes subjected to combined internal pressure and
external bending loads. The results are used to evaluate the applicability
the net-section-collapse analysis method and J-estimation schemes to combined
loading situations, The following section summarizes resu'ts from past
semiannual reports,

2.8,1 Summary of Results from Past Semiannual Reports

To evaluate the fracture behavior of circumferentially through-wall-cracked
and surface-cracked pipe sub{octod to combined pressure and bending, the
experimental test matrix outlined in Table 2.8.] was devaloped., The test

matrix includes twelve experiments: four pure pressure cnpcr‘aonts’. four
pure bending experiments, and four combined pressure and bending experiments,
For each set of four experiments, two different pipe materfals are evaluated:
one ‘s a 6-inch- (152-mm-) nominal diameter, high-toughres: .tainless steel;
the other is a 10-inch- (254-mm-) nominal diameter, lower-toughness carbon
steel, Additionally, for each set of four ougorinonts and for both materials,
two different inftial flaw geometries are evaluated: one s a through-wall
crack whose length is nominally 37 percent of the pipe circumference; the
other is a surface crack, nominally 50 percent of the pipe circumference in
length and 67 or 70 percent of the pipe wall thici~¢ss in depth. As shown in
Table 2.8.1, ten of twelve experiments have been completed to date.

Table 2.8.2 1s a summary table of the test conditions and results for the ten
experiments conducted to date, Note that the axfal membrane stresses shown in
Table 2.8,2 are based on the thin-wall Barlow expression (’Doltt) where 0, 1s

the outside uiameter of the pipe. This 15 the expression used in the ASME
Code for Class 1| piping. Tables 2.8.3 and 2.8.4 compare the resulting maximum
experimenta stresses from Table 2.8.2 with the predicted net-section-co!lapse
stresses, Table 2.8.3 applies to the six surface-cracked pipe experiments,
and Table 2.8.4 applies Lo the four through-wall-cracked pipe experiments,

: Note that the pure pressure experiments were conducted as part of

another subtask of the Degraded Piping Program (see Section 2.4 of
this report).
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Table 2.8.1

Test matrix for evaluati
circumferentiall
pipes subjected

ng the fracture behavior of
y through-wall-cracked and surface-cracked
to pressure and bending

Nominal
Rowing! Flaw
L xper iment Loading Diameter, Flaw Dimensions
Numbe Condit fon Material inch (mm) Typela) 2c/«b d/t Status
4121-1 Pressure SA-376 TP304 6 (152) Twe 0.37 1.00 Comp lete
1213 Pressure SA-376 1P304 6 (152) SC 0.50 0.70 Complete
azl-4 Pressure SA 333 Grb 10 (2%4) TWC 0.37 1.00 To be done
aU21-6 Pressure SA 333 Gr6 10 (2%54) SC 0.5%0 0.67 Complete
a131-5 Bend ing SA-376 1P304 6 (152) THC 0.37 1.00 Complete
a131-6 Bending SA-376 TP304 6 (152) SC 0.50 0.70 Complete
a13i-7 Bending SA 333 Gré6 10 (2%54) TWC 0.37 1.00 Complete
4131-8 Bending SA 333 Gré6 10 (2%4) SC 0.50 0.67 Comp lete
4131-1 Pressure + Bend SA-376 1P304 6 (152) Twe 0.37 1.00 Completed
4131-2 Pressure + Bend SA-376 1P304 6 (152) SC 0.50 0.70 Complete
3131-3 Pressure + Bend SA 333 Grb 10 (2%4) TWC 0.37 1.00 To “e done
4131 -4 Pressure + Bend SA 333 Grb 10 (2%4) SC 0.50 0.67 Complete

(8) 1uC-thvough-wal) crack: SCesurface crack.
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Table 2.8.2.

Summary of test conditions and results of pipe fracture experiments
associated with the combined pressure and bending evaluation.

f xper iment

Number

i

aiil

an

21

an

41131

a2l

113l

413l

an

3

6

flaw
Geometry

SC

SC

SC

S0

Twi

W

Twe

SA-376 1P304

Material

SA 376 1P304

SA

-376 1P304

333 Grb

-333 Grb

333 Gré

376 10304

376 P304

376 P304

333 Gre

Actual
Internal Outside
Loading Pressure, Diameter,
Condition psi (MPa) inch (mm)
| Pressure  Increasing(d)  6.625
(168)
Bending 6.254
(159)
Pressure & Bend 3,5%0 6.8627
(24.5) (168)
Pressure Increasing(a)  10.750
(273)
Bending 10.655
(271)
Pressure L Bend 2,650 10.741
(15.28) (273)
Pressure Increasing(a) 6.620
(168)
Bending 6.25%4
(159)
Pressure L Bend 2,500 6.553
(17.2) (106)
Bend ing 10.75
(273)

Axial Max imum
Flaw Bending Maximum  Membrane Axial
Actua) Dimensionless Depth to Stress at Bending Stress at  Membrane
Wal® Circumferential Thickness Crack Int- Stress Crack Ini- Stress
ihickness, Flaw Leng*h, Ratio, tiation, (o). tiation(d), (oa)(d)
inch (mm) 2c/-" d/t ksi (MPa) kst (MPa) ksi (MPa) kst (MPa)
0.500 0.50 0.708 - 20.04 20.12
(12.7) (138) (139)
0.563 0.54 0.690 33.62 34.19
(14.3) (232) (236)
0.529 v.52 0.709 18.19 19.54 11.12 11.12
(13.9) (126) (13%5) (76.7) (76.7)
0.615 0.50 0.670 - - 25.42 26.25
(16.4) (175) (181)
0.593 0.48 0.678 34.05 36.62 -- -
(15.1) (235) (253)
0.6% 0.52 0.659 24.10 27.09 10.88 10.88
(16.6) (166) (137) (75.07) (75.07)
0.507 0.386 1.0 -- 12.73 14.25
(12.9) (87.8) (96.3)
0.549 0.388 1.0 18.24 23.80
(13.9) (126) (164)
0.528 0.370 1. 0.94 11.62 7.76 1.76
(13.4) (61.7) (80.2) (53.5) (53.5)
0.719 0.346 1.0 17.47 24.12
(18.3) (121) (166)

(a) Pressure monotonically increasing throughout the course of the experiment .

(b) Axial membrane stress based on thin wall Barlow expression (PUg/4t) where Dy is the outside pipe diameter.
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lable 2.8.3. Comparison of maximum experim:ntal stresses to predict net-section-collapse stress for the <ix surface
cracked pipe experiments.

Max imum Max imum Net-Section- Net-Section-

Bending Axial Collapse Collapse
Strass Memurane Stress(b) Stress(c) (b * 0a) (ob + oa)
£ xper iment Loading (ob). Stress (oa), (o1)NSC (o2)NSC
Number Material Condition ksi (MPa) ksi (MPa) ksi (MPa) ksi (Mra) (oa + ollysc (oa + 02)ysc
© 4121-3  SA-376 TP304 Pressure(a) — . 2.2 20.51  21.15 0.981 0.951
(139) (142) (146)
4131-6 SA-376 TP304 Bending 34.19 - 30.83 31.80 1.109 1.07%
(236) (213) (219)
4131-2 SA-376 TP304 Pressure & Bend 19.54 11.12 18.96 20.13 1.019 0.981
(135) (76.7) (131) (139)
4121-6 SA-333 Gr6  Pressure(a) o 26.25 28.63 24.33 0.917 1.079
(181) (198) (168)
4131-8 SA-333 Gr6  Bending 36.62 - 43.43 36.91 0.843 0.992
(253) (300) (255)
4131-4  SA-333 Gr6  Pressure & Bend  27.09 10.88 32.10 25.36 0.883 1.047
(187) (75.07) (221) (175)

(a) Pressure monotonically increasing throughout the course of the experiment.
(b) Based on a flow stress definition of 1.15 (oy + oy)/2.
(c) Based on a flow stress definition of 35 m.
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Table 2.8.4. Comparison of maximum experimental stresses to predict net-seccion-collapse stress for the four
through-wall crack pipe experiments conducted to date.

t xper iment
Number

4121-1

4131-5

4131-1

4131-7

Material

SA 376 1P304 Pressure(a)

SA-376 TP304 Bending

SA-376 TP304 Pressure & Bend

SA-333 Gré6

Bending

Max imum Max fmum Net-Section-
Bending Axial Collapse
Stress Membrane Stress(b)
Loading (ob). Stress (oca). (o1)NSC
Condition kst (MPa) ksi (MPa) ksi (MPa)
- 14.2% 14.39
(98.3) (103)
23.80 - 21.87
(164) (151)
11.62 7.76 16.10
(80.2) (53.5) (111)
24.12 - 33.65
(166) (191)

Net -Section-
Collapse
Stress(c)

(o2)NSC

(ob + ca)

(0B + oA)

kst (MPa) (oa + ollysc (oa + o2)ysc

15.45
(107)

22.70
(157)

17.00
(117)

28.47
(191)

0.957

1.088

0.812

0.717

0.922

1.048

0.783

0.847

(a) Pressure monotonically increasing throughout the course of the experiment.
(b) Based on a flow stress definition of 1.15 (oy + oy)/2.
(c) Based on a flow stress definition of 35 m.



Two definitions of flow stress are used to predict the net-section-collapse
stresses in Tables 2.8.3 and 2.8.4, One is 1.15 times the average of the
measured yield and ultimate tensile strengths of the pipe materials, and the
other is a value of 3S, as suggested in the ASME Code (Ref. 2.8.1).

Table 2.8.3 shows that for the stainless steel surface-cracked pipe experi-
ments, the maximum experimental bending and/or membrane stress approached or
exceeded the appropriate net-section-collapse stress in all cases. The flow
stress, which was based on actual material properties (1.15 times the average
of the yield and ultimate tensile strengths), is about the same as the 35,
value of flow stress; thus, the above statement is true no matter which value
of flow stress is used.

For the carbon steel surface-cracked pipe experiments, Table 2.8.3 shows that
when actual material properties were used in defining the flow stress, the
appropriate net-section-collapse analysis overpredicted the maximum stress by
10 to 15 percent. This occurs because not all of the assumptions embodied
within the net-section-collapse analysis are being satisfied in the carbon
steel experiments, whereas they are in the stainless steel experiments.
Because the dimensionless plastic-zone parameter for the stainless steel
experiments is always significantly greater than 1.0, fully plastic conditions
were satisfied and net-section-collapse analysis is appropriate. In contrast,
the dimensionless parameter of the PZSC for the carbon steel experiments fis
approximately 0.1. Thus, contained plasticity conditions existed, and conse-
quently, the net-section-collapse analysis is not appropriate,

Table 2.8.4 shows that the maximum experimental bending and membrane stress
approached or exceeded the appropriate net-section-collapse stress under both
pure pressure and pure bending in the stainless steel, through-wall-cracked
pipe experiments. However, for the combined pressure and bending experiment
(Experiment 4131-1), the maximum experimental stress was only about 80 percent
of the predicted net-section-collapse stress (Figure 2.8.1). This result was
highly unexpected since this small-diameter pipe (6-inch [152-mm]) was fabri-
cated from a high-toughness stainless steel. Fully plastic conditions should

have been satisfied in this case, and net-section-collapse conditions should
have been reached.

This was a significant experiment because it is the first experiment of its
kind to be conducted. To the best of our knowledge, no pressure and bending
experiment on circumferentially through-wall-cracked pipe has ever been
successfully conducted at 550 F (288 C) because of the difficulties in sealing
the through-wall crack at elevated temperatures. The test specimen used in

this experiment was equipped with a special high-temperature bladder to contain
the internal pressure.

Even though the experiment was the first of its kind, we have no basis for

questioning its data. Figure 2.8.2 is the total applied load versus load-line
displacement record for this experiment. A significant amount of displacement
and associated crack growth was obtained in this experiment after maximum load
was reached. The amount of crack growth experienced during the course of this
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experiment was 0.9 inch (22.9 mm) at Crack Tip A and 1.0 inch (25.4 mm) at
Crack Tip B.

The results from Experiment 4131-1 may be significant as far as the LBB -
philosophy embodied in Ceneral Design Criterion 4 (GDC-4) is concerned

(Ref, 2.8.2). The procedures outlined in the recent modification to GDC-4
assume that a through-wall flaw exists at the location(s) identified as having
the highest stresses and the poorest material properties. The size of the flaw
should be large enough t~ ensure that the leak will be detected when the pipes
are subjected to normal operating loads. Next, the flaw size margin is
determined by comparing the selected leakage flaw size with the critical crack
size. Using normal plus safe shutdown earthquake (SSE) loads, a margin of at
least 2.0 between the leakage size flaw and the critical crack size is demon-
strated. Next, the margin is determined by a crack stability analysis in terms
of applied loads. Finally, it must be demonstrated that the leakage-sized
cracks will not experience unstable crack growth even if larger loads (at least
1.4 times the normal plus SSE loads) are applied.

The results from this one experiment cast suspicion on the analysis method
generally used to establish the critical crack size for through-wall flaws
subjected to combined pressure and bending loads. Since this is an important
point, this experiment is being repeated to confirm the results. If the
current results are duplicated, then the calculated margins following the
approach outlined in GDC-4 may be less than desired.

2.8.2 Future Plans

Due to the unexpected results of Experiment 4131-1 and the implications of the
results on the recent modification to GDC-4, it has been decided to conduct an
additional experiment as part of this subtask to replicate the conditions of
Experiment 4131-1 and thereby ascertain whether the results of Experiment 4131-
1 are valid, If so, the analysis embodied in GDC-4 may be problematic. On the
other hand, if the problem rests with the experimental data, then any concerns
about the GDC-4 analysis may be alleviated.

In addition, we will be conducting the final :wo 10-inch- (254-mm-) diameter
carbon steel through-wall-cracked pipe experiments associated with this subtask
(see Table 2.8.1). One is a pure pressure experiment, and the other is a
combined pressure and bending experiment. Both involve the use of the special
high-temperature bladder technique developed as part of this program.

References for Section 2.8

2.8.1 "Evaluation of Flaws in Austenitic Steel Piping* (Technical basis
document for ASME IWB-3640 analysis procedure), prepared by Section
:I T?sk Group for Piping Flaw Evaluation, EPRI Report NP-4690-SR,
pril 1986,

2.8.2 Federal Register, Volume 52, Number 207, October 27, 1987, 10 CFR
Part 50, pp. 41288-41295,
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2.9 Instability of Surface-Cracked Pipe
in Compliant Bending

(D. Barnes, G. Kramer, M, Nakagaki,
R. Olson, and G. Wilkowski)

In most LBB analyses, the stability of a through-wall-cracked pipe is evalu-
ated under normal and faulted conditions. Current LBB analyses involve
demonstrating that a postulated through-wall crack can be detected by leakage
under normal operating conditions. This leakage must be detected before the
crack reaches a critical size at anticipated faulted loads. The possibility
that a surface crack will reach a critical size at faulted loads and result in
a break is generally not ccnsidered.

However, the potential for the failure of a surface-cracked pipe is an
important consideration. Such a failure could result in a double-ended
guillotine break (DEGB) under faulted conditions where there would be no
leakage at normal operating conditions. An important factor ccntrolling the
potential consequences of such a failure is the effect of the piping system
compliance or stored elastic energy in the piping system, If the stored
energy in the system is sufficient at the onset of unstable crack propagation,
a double-ended pipe break may occur. On the other hand, if the stored energy
is not sufficient, only a ieak, or at worst, a partial rupture (that is, the
crack will progress only part of the way around the pipe) will occur. This
results in much less damage than a double-ended break.

This section of the report describes initial attempts to evaluate circumferen-
tial surface-crack instability and arrest, and quantify the final leakage area
from the failure of a surface-cracked pipe. These results are of interest for
a more general LBB approach, as well as for equipment qualification require-
ments from flooding and for pipe suppert desfign criteria (where the break

thrust loads are assessed more realisticaliy). The following sections
summarize efforts in this area.

2.9.1 Initial Development of Instability Analysis Using an
Energy Balance Method

The initial efforts in developing an engineering solution to predict the
instability and extent of ductile crack growth during the instability were
first given in Appendix B of our third semiannual report (Ref. 2.9.1). The
following section describes initial devslopment efforts for a general analysis
method that can be used to predict the start of circumferential crack insta-
bility and to estimate the lenqgth of the crack jump, that is, whether it will
be a small jump or a complete DEGB., Although this method is applicable to any
laboratory specimen and many structures, it is particularly applicable to the
problem of assessing the stability or instability of a circumferentially
surface-cracked pipe. This approach incorporates the following:
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1. Predicting load versus displacement caused by a crack under noncom-
pliant conditions. In this step, the J-resistance curve of the
material is used in the EPFM J-estimatfon scheme.

2. Predicting the amount of crack growth after an instability event by
using an energy balance approach.

3. Predicting final crack opening area after the crack arrest., This
may be of particular interest in predicting the maximum credible
leakage to evaluate equipment qualification or suhcompartment
flooding rules.

The utility of this approach is that it can be applied to through-wall-,
surface-, and complex-cracked pipe; it provides a means of predicting the
extent of crack propagation in any system for which the compliance can be
calculated, and it provides a means of estimating the final crack opening
area,

Predicting the Start of Fracture Instability
n Compliant Piping Systems

Elastic-plastic fracture instability predictions are freguently made using
J-integral/tearing modulus theory (J/T). A common method used to predict
instability is a J versus T plot (Ref., 2.9.2). This plot has a material J/T
curve and an applied crack-driving force J/T curve., When the materfal curve
intersects the driving force curve in J/T space, the start of an instability
is predicted. Figure 2.9.1 shows a sample J/T plot. Such plots can become
confusing since the accuracy of the compliance predictions is not obvious. In
this section, we will discuss an alternative method of instability prediction
using load versus load-point displacement caused by the crack, or moment
versus rotation caused by the crack. Use of these physically significant
parameters not only can predict the start of instability, but also can
estimate the length of the crack jump (and, thereby, the size of the leak).

Most fracture mechanics specimens and flawed piping specimens exhibit load-
displacement relationships that are similar in shape. These relationships can
be normalized so that the displacement results only from the crack. Predic-
ting this load-displacement behavior requires EPFM estimation schemes, such as
those developed and verified in this program (see Section 3.4 of this report).
These predictions incorporate the material's resistance to ductile crack
initiation and crack growth., J-estimation schemes are the most popular
analytical method, but alternative methods using such fracture mechanics

parameters as CTOA, J, and T.* estimation schemes could be developed.

The prediction of the start gf a compliant instability in such a specimen is
simple once the relationship between tre load and the displacement resulting
from the crack (P-5.) is known, Compliant instability can occur only when the
displacement is increased beyond the displacement at maximum lcad. If system
compliance during unloading s greater than that caused by the specimen's
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tearing, an instability will occur. The criterion for predicting the start of
the compiiant instability past maximum load {s, therefore:

. If (d&./dP) specimen < system compliance, then instability starts.,
. If (dsc/dP) specimen > system compliance, then the system is stable,

. If (dsc/dP) specimen = system compliance, then the system is
metastable.

Figure 2.9.2 schematically shows the effects of system compliance on a typical
pipe or specimen P-6. record. For any specimen a variety of (6C/P) values can

start an instability. For convenience we will denote the term "6./P" as the
specimen’s tearing compliance. Note that Figure 2.9.2 includes a minimum
specimen tearing compliance; this is typical. A system whose compliance
equals this minimum compliance may experience only a small crack Jump (Aal in
Figure 2.9.2) before stability is regained. A system with larger compliance
might require a big crack jump (Aa, 'n Figure 2.9.2) before stabiiity 1s
iregained, A load-controlled condi%ion represents infinite system compliance.
This would always result in a complete instability starting at the maximum
load (Figure 2.9.2),

The above discussion on compliant system instability is generally true for a
ductile fracture in any test specimen or structure and does not depend on the
type of EPFM analysis used. It only depends on the accuracy to which the P-6.
relationship for the structure can be predicted.

Predicting the Start of Instab1lit¥ for

rough-wall- and Complex-Cracke ne
Gfven the §.-P relatfonship for a circumferential through-wall crack in a
pipe, the nécessary compliance for the start of an instability is easily

predicted. Joyce (Ref. 2.9.3) demonstrated 1imited instability by utilizing a
test system made complfant by computer contro) (Figure 2.9.3).

The efforts on complex-cracked pipe (see Section 2.3 of this report) revealed
that Timited instabilities occur in a low-toughness A106 Grade B carbon steel
complex-cracked pipe experiment. In that effort the biggest instability
occurred when the tearing compliance (that fs, 6./P of the test record) of the
pipe was at its minimum ?Figure 2.9.4), Similar behavior was observed in a
simple circumferential through-wall-cracked carbon steel pipe test

(Ref, 2.9.4), Hence, application of this tearing compliance approach to
predict the start of instability is relatively straightforward for through-

wall-cracked or complex-cracked pipe, once the load-displacement relation can
be predicted.
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Predicting the Start of Instability for Surface-Cracked Pipe

Predicting instability behavior of surface-cracked pipe is simplified by using
the tearing compliance approach. One of three specific surface-crack geome-
tries is generally involved, and each requires slightly different considera-
tion., These cases are discussed below.

Instability Analysis of Pipes with Short Surface Cracks

The P-§ relation for a surface-cracked pipe is affected by the strain-harden-
ing and toughness of the pipe material. For instance, Figure 2.9.5 shows
typical P-& records from surface-cracked pipe bending experiments in this
program, The A106 Grade B carbon steel pipe at 550 F (288 C) showed very
little deformation up to maximum load, and the crack popped through the
thickness in the low-compliance pipe test. The identical pipe size and flaw
in a stainless steel pipe with the same pipe length showed greater ductility,
and the crack grew through the thickness only under increasing displacement,
Most important is the fact that, once the crack penetrates the thickness, the
pipe follows the P-§ relationship of a through-wall-cracked pipe. Hence, if
both the surface-cracked pipe P-6. relationship, with small amounts of crack

growth, and the through-wall-cracked pipe P-6. relationship can be predicted,
the degree of the instability can be approximated. (Note that, for simpli-
city, only one through-wall-cracked pipe curve was shown in Figure 2.9.5. In
reality carbon and stainless steel pipes would show different through-wall-
cracked pipe curves,)

Figure 2.9.6 schematically shows the effect of increasing compliance for a
pipe with a short surface crack, With compliance €y in Figure 2.9.6, the
surface crack would grow to a through-wall crack of the same length as the
original surface crack., Compliance C; in Figure 2.9.6 would result in a

greater amount of crack growth, Compliance C3 would result in a DEGB.

An important consfderation is that the system compliance must be taken from
the higher load of the surface-cracked pipe's P-GC relationship and not from
the through-wall-cracked pipe's P-§. relationship.

Addftfonal considerations on the predictions of the crack growth during an
fnstability are discussed in a following section,

Instability Analysis of Pipes with Long Surface Cracks

For a 360-degree surface-cracked pipe, a slightly different procedure is used
to predict the resultant length of the through-wall crack after the surface-
crack fnstabflity. In this case, when the surface crack breaks through, it
resembles the complex-crack geometry (Figure 2.9.7). Since the complex-
cracked pipe P-§. curve is significantly lower than the simple through-wall-
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cracked pipe curve, circumferential crack growth will always be greater with a
long surface crack than with a short surface crack in a compliant instability.
For instance, with the system compliance Cl in Figure 2.9.7, the crack might

Jump a small distance around the pipe. With compliance Cp, the crack might
grow further. This amount of crack growth would be much greater than in the
short surface-crack case (using the simple through-wall crack curve in

Figure 2.9.7). A system compliance of C3 (again in Figure 2.9.7) would
produce a DEGB. Note that the compliance for the 360-degree flaw for a
complete break is much less than that for either a short surface-cracked or a
through-wall-cracked pipe.

A critical aspect in this analysis is determining what initial length of the
through-wall part of the complex crack is used to determine the pipe's P-5.

relationship., This can be determined experimentally from low-compliance pipe
tests. An alternative would be to use a circumferential length that is 20
percent of the circumference. Pan (Ref. 2.9.5) showed that with this crack
length, Tapp11ed fs a maximum for a through-wall-cracked pipe.

Instability Analysis of Pipes with
Intermediate-Length Surface Cracks

For <ircumferential cracks of less than 360 degrees, the above two procedures
ar¢ comdined, As shown in Figure 2.9.8, once an intermediate-length surface
cra, « in a low-compliance pipe breaks through, it resembles a complex crack
with 3 short through-wall-crack length. (Note that a complex crack does not
nece ' -1y have a 360-degree surface crack, it simply has a surface crack
exte ..y from the ends of the through-wall crack.) This crack would grow
unde. increasing displacement to the end of the surface crack length, From
that ¢ “nt, it would grow according to the simple through-wall cracked pipe
P-6C re. ‘tienship. Hence, by combining the appropriate noncompliant surface-
cracked, complex-cracked, and simple through-wall-cracked pipe P-&. relation-

srips, this method can be used to predict the degree of the crack instability
for any surface-crack geometry.

An Enegg¥ Balance Approach to Estimating
the Magnitude of Ductile Crack Growt ter an Instabiiity

To better estimate the magnitude of the ductile crack growth from an
fnstability, the energy balance approach is used. For instance, if a system
compliance of Cy exists at the start of the instability, the pipe system's
elastic potential energy is

Esystem = #P1(62-8)) = A (2.9.1)

(Figure 2.9.9a). However, the energy absorbed by the ductile fracture process
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{s schematically shown in Figure 2.9.9b as Ay - Ay, The energy represented by

A, s the excess system potential energy. This accelerates the crack growth
and moves the pipe, which in turn causes the crack to grow further, If all
the excess system potential energy (Az) drives the crack further, then the

energy absorbed in resisting the crack growth is A, (Figure 2.9.9c), where in
general, A3 = Ay, Consequently, the final crack 15 much larger because of the

excess system energy. The minimum compliance for a DEGB fis, therefore, one in
which the excess system energy, A, in Figure 2.9.9d, just equals the remaining
fracture energy the structure can absorb (see A3 in Figure 2.9.9d). Hence,
the minimum compliance for a DEGB in a surface-Cracked pipe is much less than
that determined in a through-wall-cracked pipe analysis.

In the absence of more sophisticated and accurate models for predicting crack
jump length, the above energy balance approach represents a useful engineering
tool.

Combined Compliant and Load-controlled
Instability Predictions

For combined displacement-controlled and load-controlled stresses, the method
developed in this section can easily be used. Such combined conditions
frequently occur, For example, thermal expansion stresses (displacement
controlled) frequently coexist with dead-weight or pressure-induced axial
stresses (load controlled). For dynamic loading, the inertial stresses are
frequently considered load controlled, whereas the seismic anchor motion
stresses are displacement controlled. Figure 2.9.10 depicts displacement-
controlled stresses for a system compliance equal to Cy. If the load-con-
trolled stresses are equal to Py then a DEGB will occur once the surface-
crack instability starts, This is because Pl > Py, where Py is the maximum

load for the resulting through-wall-cracked pipe (Figu=e 2.9.10). For a low
load-controlled stress like P, in Figure 2.9.10, the system compliance may

cause the crack to jump to Pc' but it would not become unstable unless the
displacement was increased to §,.

The magnitude of load-controlled tension stresses from internal pressure can
be put in terms of an eguivalent bending stress for use in a P-§. relation for
a cracked pipe in pure bendiny. This can be done by simple linegr interpola-
tion or by using the detailed nonlinear analysis procedures being assessed in
Section 2.8.1 of this report (Figure 2.9.11).
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Other Considerations

Several second-order improvements could be made in thic approach:

. It includes no evaluation of fracture speed during the instability,
(This may be important for a dynamic event,)

. The thrust forces from the crack opening may tend to close the
crack, unless the crack is near a support, such as a vessel nozzle,

. Reverse unloading during a seismic event could reduce the cracked
pipe P-6. relation since cyclic plasticity may reduce the J-R curve,

. Dynamic Joadings may increase the cracked pipe P-§. relationship

because the fracture resistance and materifals strain-hardening would
be increased by the increasing strain rate. This would tend, in
turn, to increase the absorbed fracture energy, thereby decreasing
the crack jump length. Conversely, a material susceptible to DSA
toughness degradation may experience a further crack jump under
seismic loading conditions (Section 3.1.2 of this reporzg.

An additional improvement to the previous method involves ersuring that
continuum mechanics requirements are satisfied at the stabi)ized condition
immediately after the crack jump., Note that the pipe can be modeled by a
small pipe section, Vi, containing the crack and two springs consected to the

section (Figure 2.9.12). In this instance, the plastic deformation is assumed
to be confined within section Vi. The modeled compliance, , of the spring
includes the compliance of the entirely elastic part of the pine, V», in
addition to the load system compliance, At End B, the controlied rotation
(g), which {s constantly maintained during the fast crack run, is applied. In
the energy balance approach, the following conditions are assumed:

1. After the surface crack jump, the surface crack becomes a short
through-wall crack, which will then propagate around the pipe
circumference. The load-dfsplacement behavior of the developed
through-wall crack is approximately consistent with that of an
fnitial through-wall crack of a length identical to the suyface
crack's fnitial length,

2. The energy dissipation during the surface crack propagation and the
associated plastic deformation is considered to be negligible in
comp:rison with the energy available to drive the through-wall
crack.

3. During the crack jump, dynamic effects such as the high strain rate
effects on the material properties are not considered. However,
kinetic energy is not neglected. Instead, it is postulated that
k1ne:1c energ, is absorbed by further growth of the through-wall
crack,
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in this approach, generalized loads are denoted "load", "mowent”, and so
forth, and generalized displacements are denoted "displacement”, “rotation”,
and so forth. At the stabilized equilibrium state immediately afte~ the
surface crack jump, the following conditions must be satisfied from the
continuum mechanics point of view:

1. The generalized displacements at A on the body V, side urd the body
Vo side must be the same, which satisfies a compatibili’y condition.

2. The generalized loads acting at A on the body V, side and tae hody
V, side must be equal, which satisfies equilibrium conditions.

3. The excessive energy released from tne compliance system is totally
absorbed into the V, section for growing the through-wall crack,

This excessive applied energy is equal to the absorbed plas.ic
energy from craci growth in the energy balance.

Based on the assumptions and conditions mentioned above, the generalized load
(P) versus displacement (&) caused by the crack relationships are schemati-
cally shown in Figure 2.9.13. The following discussion delineates the
improvements made to the energy balance approach. In Figure 2.9.13, the curve
OA represents the P-&. rerationship for the surface-cracked pipe section V
prior to the crack jump. The curve OEDB shoas the through-wall-cracked pipe
P-§. relationship. The straight iine AD corresponds to the total zompliance,
C, of che piping system. Suppose the onset of instability occurs at the peak
load at A in Figure 2.9.13. If the system or the pipe has no elastic com-
pliance, the load will be equilibrated at £ after crack growth. However, if
compliance exists at all, the P-§. state must stay on curve AD at the equi-

librated condition immediately after the crack jump is arrested. This
equilibration point is designated by C in Figure 2.9.13; the available energy
(the area FEADCGF) must be egquated to the required energy to grow the through-
wall crack (namely the area FEDBCGF). Subtracting the common energy area
FEDCGF, the energy balance is given by Wy = W,. Note that Line CB is an

elastic unload1n? compliance of Section V, with the through-wall crack. From
the present model, with a nonzero compiia%:e, the possible equilibrated state
C after the surfaze crack jump always resides on th wun’sading side of the
through-wall-crack P-&§. curve.

Although many additfona)l improvements could be made, the above approach, using
the superposition of P-6C relatfonships (for through-wall-, surface-, and
complex-cracked pipe) from elastic-plastic fraciure estimation schemes and the
energy balance approach to predict crack jumps, now provides a general
methodology for accurate and simpie instability analyses of real flaw geome-
tries in ccmplex pipe systems,

A most important point 1n this approach {s that the accuracy of the method can
be established by checking the load-displacement predictive capability of the
J-estimation schemes. This has been done extensively in this program for
simple through-wall-cracked pipe (Refs. 2.9.6 and 2.9.7) and complex-cracked
pipe (Ref, 2.9.8). For surface-cracked pipe (sec Section 2.2.1), an analysis
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procedure has been developed, but the displacement prediction capability has
not been extensively evaluated. However, it should be noted that the P-&,
relationship for a surface-cracked pipe from the J-estimaticn scheme analysis
need only account for a small amount of crack growth since the load starts to
drop rapidly after passing the maximum load.

Finally, it should also be noted that the through-wall, complex-, and surface-
cracked pipe P-§. relationships frequently used in the accompanying figures
are actual tracos from experiments conducted in the Degraded Piping Program.
The accuracy of this analysis method is highly dependent on how the estimation
schemes (using J, CTOA, or Tp') can predict the P-§. relationship for a
noncompliant pipe system,

2.9.2 Verification of the Energy Balance Approach for
Surface Cracked Pipe

The experimental test matrix for this subtask contains seven pipe fracture
experiments on internally surface-cracked carbon steel and stainless steel
pioe, These pipes were tested in four-pofnt bending without internal pressure
at 550 F (288 C). The test matrix summarized in Table 2.9.1 shows essentially
three sets of experiments, The first was for a finite-length surface crack in
a ferritic pipe. The second was for a finite-length surface crack in a
stainless steel pipe. The last was for a 360-degree surface crack in a
stainless steel pipe. Generally the plan was to conduct experiments with the
same size cracks but different compliances for each set to see if the failure
cou;d be changed from staole ductile tearing to either limited instability or
a DEGB.

The results of these experiments are summarized in Table 2.9.2 and discussed
briefly below.

Finite-Length Surface Cracks in Ferritic Steel Pipe

These experiments were conducted on a 10-inch- (254-mm-) diameter Schedule 100
SA-333 Grade 6 ferritic pipe. The pipe was machined in the crack area to
obtain a constant thickness: actual thickne<ses are given in Table 2.9.1. Two
experiments were conducted on this pipe.

Experiment 4115-1 was conducted with crack depth of 70 percent of the thick-
ness and a iength of 42 percent of the circumference. The length of the test
system and the test results are given in Table 2.9.2. This was considered to
be a relatively low-compliance experiment and resulted in a limited
instability (Figure 2.9.14), Once maximum load was reached, the surface crack
popped through the wall thickness in an unstable manner, The resultant
through-wall crack was only slightly longer than the initial surface crack,

In this case, the crack propagated less than 0.3 inch (7.6 mm) past each end
of the machined surface crack.
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Table 7.9 0. Test muirix for instabliiity experiments on surface-crached plpe.
Actual Pipe Plpe ¥21)
Diameter, hichness, Crack Length/ Crack Depth/ Comgp ) lance
Inches (n) fnch (=) Mater tal Circumference Wall Thickness Level
4115 1 6. 480 265.2) 0680 (1.3 SA-333G A 0.420 0. 700 1w
qnis-2 10.710 212.0) 6.6’8 () SA 333 Gr. A 0.430 0.0 e
Finite n 1€
anis-a 6.627 (168 1) 0.587 (149 SA-376 1P30A 0.520 0.49%0 Low
~ ais-s 6.620 (168.2) 0.5%0 (15.0 SA 376 TP 304 0.41% 0.600 Low
- 360 Degree Surface Cracked Stainless Stee! Experiments
~n
w @Sy 6.614 {ie8. 0) 0 59 (13.9) SA 376 P304 1.000 0.647 High
41158 6.612 (167.9) 0.553 {14 SA- 376 P304 1.000 0.626 Low
4Mis9 6.630 (168.4) 0.551 (15,0 SA 376 TP304 1.000 0.655 Med

Tests conducted at S50 F (288 ().
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Table 7.9.2. Resulls of surface (rached plpe Instability esperiments.

Initial
Outs tde Wall Crack Outer inner initiation Max i Crach/length/

Eaper ment Ulameter Inickness, lest Span, Span, Load, Loed, Corcumterence

Noumbe Inches (mm) inches (em) Materta ' Comp ) Lance tnches (m) inches (@)  pounds (W) pounds (kM)  (After Instability)
find " )

4% 1 10.98 (265.2) 0.680 (17.3) SA 133 Grt 0.4 o.M et fum s &0.”)(" 64 (1.63) 65,400 (291) 70,50 (3ie) 0.4

sz 10.71 (272.0) 0.674 (17.1) SA-333 Grt.  0.430 0.710 Medium 454 (11.5)(0) 132 (3.38) 22,300 (99) 25,800 (11%) 0.43
Finit in 1

4% 4 6.627 (168.3) ©.587 (u.'t SA 36 TR0 0.520 0.490 Medivm 100 (2.54)(2) 48 (1.22) (e} 97,800 (438) ()

4115 5 6.620 (168.2) 0.990 (15.0) SA 376 11304 0.41% 0.600 Medium 92 (2.30)(a) a8 (1.22) (e) 52,300 (233) 0.4
260 Degree Surface (recked Steintess Stee) Experiments

4S5 6.614 (168.0) 0.509 (13.9) SA 376 P304 | 000 0. 647 High L 4 (Z.M)!“ a8 (1.22) 48,75 (217) S2,50 (213) 6.9%
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One intermediate-compliance, finite-length surface-cracked pipe erneriment
conducted as part of this effort was Experiment 4115-2., The load versus load-
line displacement record for this experiment is shown in Figure 2.9.15, The
outer span length for 4115-2 was about 2.6 times that for the companion low-
compliance test, Experiment 4115-1, This chofce of span length was based on
pretest design calculations indicating this specimen span length should result
in enough compliance to promote unstable crack propa?ation in the test
specimen once the crack initiated under quasistatic loading. The exact span
lengths were chosen such that the resultant through-wall crack after the
instability event would be well in excess of the initial surface crack length,
but somewhat less than a complete DEGB.

Unfortunately, this did not occur. Once the crack broke through the wall
during the instability event, it arrested at the two ends of the machined
surface crack, which was a slightly shorter length of crack growth than in the
prior lower-compliance pipe test, One reason for the more stable behavior in
the second test was that two different pipe test machines were used because of
the different pipe lengths fnvolved. A posttest analysis showed that the
machine comrliance was found to be significantly higher in the first test than
in the sezond test. The exact values of machine compliance will be documented
in t"e final report. Consequently, a significantly longer section of pipe or
a more compliant test frame would have been needed to drive the crack to the
desired length., No additfonal tests are planned at this time.

Finite-Length Surface Cracks in Stainless Steel Pipe

Two experiments were conducted in this serfes., Experiment 4115-4 involved an
internal surface crack with a depth of 50 percent of the pipe thickness and a
length of 52 percent of the pipe circumference. This was shallower than the
other surface-cracked pipe experiments conducted in this program. No signi-
ficant crack growth was obtained in this experiment, The experiment was
stopped after excessive plastic deformation of the pipe occurred far from the
crack, A posttest metallographic examination of the crack plane revealed that
the surface crack had initiated and grown a small amount, Hence, it was close
to the maximum load. As a result of this experiment, the ratio of crack depth
to wall thickness in the next experiment, Number 4115-5, was increased from 50
to approximateiy 60 percent of the pipe thickness,

Experiment 4115-5 was successfully conducted with the depth of the internal
surface crack i. 60 percent of the pipe thickness. The length of pipe and the
center span length are given in Table 2.9.2. Because the test machine used
had a relatively high compliance, this test may be considerea an intermediate-
compliance test. The total load versus load-point displacement from this
experiment is shown in Figure 2.9.16, As shown in this figure, once the
maximum load was exceeded, a limited instability occurred, The crack propa-
gated approximately 0.3 inches (7.6 mm) past the end of the initial crack
length, A higher-compliance test was not conducted to force a DEGB for this
crack geometry.
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Stainless Steel 360-Degree Surface Crack Experiments

Three experiments with different compliances were conducted on the same 6-inch
(152-mm) nominal diameter pipe used in the finite-length surface-cracked pipe
instability experiments. The results are summarized in Table 2.9.2.

Experiment 4115-7 was the first of the series conducted and it produced some
initially unexpected results, This experiment almost resulted in a DEGB
(Figure 2.9.17), even though the experiment was conducted on a fairly short
length of pipe. In retrospect, this behavior was suggested by the energy
balance approach (see Figure 2.9.7). As noted earlier, after penetrating (he
wall thickness, a long internal surface crack acts much like a complex crack,
The complex-crack geometry constrains the plasticity in the pipe, which
effectively reduces the crack growth resictance of the pipe.

As a result of Experiment 4115-7, the remaining companion experiments were
conducted with stiffer test frames and shorter lengths of pipe to reduce
system complfance, For Experiment 4115-9, the inner and outer spans were 24
and 40 inches (0.610 and 1.016 m), respectively, A dynamic fnstability was
experienced just past the maximum load (Figure 2.9.18), After the instabi-
11ty, the crack length was visually examined and found to be 60 percent of the
pipe circumference. The specimen was then reloaded, and the crack grew stably
under further applied displacements. The pipe specimen was occasionally
unloaded during the further applied displacements to mark the crack front,

The objective of the third experiment, 4115-8, was to obtain completely statle
crack growth, This required considerable care in determining how to reduce
the compliance further from Experiment 4115-9., An instability compliance
analysis showed that, for the inner spans used, {f the outer spans were
increased, then the system compliance (which includes both the machine
compliance and the compliance of the uncracked pipe) would first decrease
before it increased., For the particular test frame used and for the center
span used and the pipe sized tested, a minimum compliance occurs for a
specific outer span length, This is illustrated in Figure 2.9.19, which shows
the total compliance - that is, the compliance of the machine and the com-
pliance of the uncracked pipe - as a function of outer span, The inner and
outer spans for Experiment 4115-8 were 24 and 60 inches (0.610 and 1.52 m),
respectively, These span lenyths were chosen because pretest analysis
fndicated that the cracked pipe would be more stable at these lengths, This
system compliance, however, would be on the verge of an fastability,

Figure 2.9.20 is the load versus load-line displacement record for Experiment
4115-8. Of note is the fact that no instabflity was associated with this
experiment: the surface crack slowly tore through the wall thickness., This
agreed well with our pretest analysis. Further details of this analysis
procedure will be provided in the final report to this program,
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2.10 Carbon Steel Flux Welds
(€, Marschall, P, Scott, and G. Wilkowski)

The objectives of this effort are to evaluate the fracture behavior of prototy-
pical carbon steel weldments at LWR temperatures and to verify limit-load and
EPFM estimation schemes for cracked pipes. These results are directly related
to the development of flaw assessment criterfa, such as the proposed ASME
Section X1 IWB-3650 criteria, 2s wel)l as to pipe fracture analyses. Some
results were reported in our last semiannual report (Ref. 2.10.1), The results
from earlier semiannual reports are summarized below, Following that section,
the status of current work and plans for future work are given,

2.10,1 Summary of Results Reported in Past Semiannual Reports

In the Second Semiannual Report (Ref. 2.10.2), the results of a serfes of
FWFN(T) tests were reported., FWFN(T) specimens are used to simulate the
fracture behavior of surface-cracked pipe; that is, the orientation of the
crack 1s in the L-R direction and the 1igament is essentially in tension. In
this evaluation, stainless steel and carbon stee! specimens were tested, each
including cracks in the base metal, the SAWs, and the HAZ of the SAW, The

objective of this series of tests was to determine the effect of notch acuity
on the fracture behavior,

For the A516 Grade 70 carbon steel weld metal tested at 550 F (288 C), a
fracture instability (crack pop-in) occurred with very little prior plastic
deformation, as is indicated in Figure 2.10.1. Three additional FWFN(T) tests
of the same weldment showed similar behavior: crack instabilities occurred
with relatively little prior plastic deformation, at or before the maximum load
point in the test. It should be noted that the procedure used to make the
welds was obtained from a U.S. pressurized-water reactor (PWR) vendor and that

the weldment was stress relieved, Hence, this behavior was observed for a
prototypical weld,

The reason for the fracture instabilities observed in 550 F (288 C) FWFN(T)
tests of SAWs in A516 Grade 70 steel is not known with certainty, Similar
instabilities have been observed after ductile tearing in other tests of carbon
stee) specimens at 550 F (288 C), including pipe fracture tests and compact

specimen tests, It is currently thought that this behavior is associated with
DSA (see Section 3.1.2).

More recent efforts have involved evaluation of large crack growth predictions
trom small compact specimens., Both base metal and weld tests were conducted.
The results of the carbon steel weld tests were reported in Reference 2.10.2.
These tests involved the same SAW procedure used in the FWFN(T) tests discussed
above. The results of 1T, 37, and 9.57 planform size, 1-inch-

(25,4-mm-) thick specimens are shown in Figure 2.10.2. For the 1T C(T)

specimens, the inftiation toughness of approximately 350 fn-1b/in
(0.061 NJ/nz) was the lowest fnitiation toughness value obtained on any
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materfal in this program. In addition, the 1T C(T) specimen resulted in a
significantly higher tearing resistance than the 3T or 9.5T7 specimens

(Figure 2,10.2). In stainless steel TIG welds, the smaller of varfously sized
C(T) specimens also gave much higher tearing resistance than the larger
planform size specimens (Ref. 2,10.3). These results imply the possibility of
a minimum planform C(T) specimen sfze necessary to obtain J-R curves for
extrapolation to larger amounts of crack growth (see Section 3.3 of this
report).

In the Fifth Semiannual Report from this program (Ref, 2.10.1), the results
from a series of tests evaluating the fracture toughness and tensile proper-
ties of the cold-leg pipe shop weld were reported., Figure 2.10.3 shows a
section through the cold-leg weld, Note that it {s a double-vee weld, and the
etched appearance varies from the inside to the outside of the weld., Because
of the different appearance in the metallographic section, side-grooved

1-3/8 C(T) specimens containing a sharp machined notch were machined from the
top and bottom of the weld. The resulting modified J-R curves from the
testing of these specimens are shown in Figure 2.10.4, Note that the inside
weld metal was significantly higher in toughness than the outside weld metal.
Furthermore, both the inside and outside weld metal toughnesses were
significantly higher than that of the SAW shown in Figure 2.10.2.

2.10.2 Progress Since Last Report |

Since the last semiannual reoort was fssued, progress in this subtask has been
focused in two primary areas, The first was the characterization of material
properties for a cold-leg weld, and the second was the preparation of a pipe
fracture experiment, DOuring this period, a series of 4T C(T) weld tests were
conducted at Materials Engineering Associates (MEA), The weld evaluated in
this series of tests was a shop-fabricated, pipe-to-elbow weld from a section
of cold-leg pipe. The 4T planform size was selected for testing since it was
the largest specimen that could be machined from a pipe of this diameter and
wall thickness, For these particular specimens, the thickness was approxi-
mately 80 percent of the pipe wall thickness. It was believed that the
fracture behavior of specimens of this thickness would reasonably represent
full-thickness behavior, Choosing near-full-thickness specimens for this
particular weld procedure was especially important since it was a double-vee
weld, whose inside weld metal was significantly higher in toughness than its
outside weld metal (Figures 2.10.3 and 2,10.4). 1In addition, b{ evaluating
the larger 47 specimen, the resultant J-R curves should be usable for extra-
polation to larger amounts of crack growth, As noted previously, some minimum
planform C(T) specimen size may exist to get J-R curves for extrapolation to
larger amounts of crack growth (see Section 3.3).

The J-R curves for these 4T C(T) weld specimens are shown in Figure 2.10.5.
For Specimens F34wW-Wl and F34W-W2 the values of J at crack initiation are

2,180 in-1b/1n® (382 MI/m’) and 2,485 1n-1b/1n? (435 MJ/m?), respectively.

In addition to evaluating the fracture resistance of the 4T weld specimens,
the other major effort associated with this subtask was the preparation of a
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cold-leg weld pipe fracture experiment. The test specimen for this experiment
fs a section of a cold-leg pipe that was removed from a cancelled PWR plant,

The pipe material is A516 Grade 70; the outside diameter of the test specimen
fs 38.75 inches (933 mm), and the wall thickness is 3.4 inches (86.4 mm), The
flaw for this experiment is a circumferentfal through-wall crack centered in a
circumferential shop-fabricated weld. The loading conditions for this experi-
ment will be four-point bending. The test temperature will be 550 F (288 ().

2.10,3 Future Plans

In additfon to the cold-leg weld experiment discussed above, two other carbon
steel welded pipe fracture experiments are planned. The test specimens will be
fabricated from a section of 16-inch- (406-mm-) diameter, Schedule 100, Al106
Grade B carbon steel pipe. The test welds for both of these experiments will
be fabricated using the same SAW procsdure used in the FWFN(T) tests and the
planform C(T) tests discussed above, This is a much lower-toughness weld than
the cold-leg pipe weld. One experiment will evaluate a circumferential surface
crack in the center of the SAW. The other will involve a circumferential
through-wall crack in the center of the SAW. The loading conditions for both
experiments will be combined pressure and four-point bending. The test
temperature for both experiments will be 550 F (288 C). For the through-wall-
cracked pipe experiment, a special high-temperature bladder will be used to
seal the internal pipe pressure,

These experiments are important in that they will evaluate the material with
the Towest toughness level observed to date as part of this program, Conse-
quently, these experiments will provide important data for validating the
carbon s eel flaw assessment criterion currently being developed in the ASME
Section )1 Pipe Flaw Evaluation Task Group.
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The objectives of this effort are to evaluate the failure behavior of prototy-

fcal centrifugally cast stainless steel pipe at LWR condftions, Cast stain-
?css steel is used in elbows, whereas centrifugally cast stainless steel is
used for straight pipe. Ccntr!fu?clly cast stainless steel pipe has been used
fn Westinghouse primary coolant piping and in Combustion Engineering surge
1ines.

Centrifugally cast stainless steels are unusua)l because of their duplex micro-
structure consisting of ferritic and austenitic grains., The ferritic struc-
ture tends to embrittle at high temperatures over a long perfod of time; this
fs known as thermal aging. Thermal agin? fs a concern near the end of mater-
fal 11fe and for plant 1ife extension. The objectives of this effort are to
verify limit-load and EPFM estimation schemes for both aged and unaged centri-
fugal{y cast pipes. The aging efforts have been conducted cooperatively with
Framatome and Argonne National Laboratories.

The inftial efforts in this area are described in the following sections,

2.11.1 Initial Efforts

Thermal aging of cast stainless steel pipe is one of the fina) efforts to be
evaluated within the Degraded Piping Program, Prior work has shown that cen-
trifuga}l{ cast stainless steel with high ferrite and molybdenum content fs
susceptible to thermal ag1n? at 600 F (316 C). Similar findings have been
reported by Argonne National Laboratories (Ref, 2.11.1). In laboratory speci-
men tests at Argonne, a significant reduction in the J-resistance curve was
found in aged cast stainless steel materfal compared with unaged material,

westinghouse (Ref. 2.11.2) has also evaluated therma) aginq of cast stainless
steel. In this study, 4-inch- (102-mm-) diameter pipe fracture experiments
containing through-wall cracks were conducted in both the aged and unaged con-
ditions, However, for this small pipe size, fully-plastic conditions were
easily satisfied (Ref, 2,11,3), even though the fracture toughness of the
material was lowered by thermally aging. For larger-diameter pipe sizes in
which contained plasticity may occur, the lower toughness of the thermally
aged material may significantly lower the load-carrying capacity of the pipe.

Two different CF-8m centrifugally cast stainless steel pipes will be evaluated
within this subtask. The first is a 39.4-inch (1-m) length of thermally aged
pipe donated to the program by Framatome of France, This materia) has been
aged to simulate 40 years of service for a hot-leg pipe, The pipe has a
15.75-1nch (400-mm) outer diameter and a wall thickness of 1,97 inch (50 mm).
Tensile data and fracture toughness data taken from a plate aged at the same
time are listed in Table 2.11.1. Unaged material property data are currently
being assembled by Framatome and wil)l be made available for comparison with
the aged data,
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Table 2.11.1. Materia) property data for thermally aged cast stainless steel,

—_—————eee e e e e T e e

Tensile Data
Yield Stress, psi (MPa)

Ultimate Stress, psi (MPa)
Young's Modulus, psi (MPa)
Elongation, percent
Reduction in Area, percent
Fr re Tough
Charpy V-Notch, ft-1b (J)
Jes In=1b/1n2 (kJ/m2)
dd/da, in-1b/1n3 (MJ/m3)

Combust fon
Engineering
Framatome Material(d) Surge Line
29,900 (206)(®) 23,900 (168) (¢)
87,500 (603)(®) 62,400 (430)(¢)
25.3x108 (1.747x10%) N/A
N/A 31,7(¢)
N/A 50.4(c)
17,7 (24) '@ N/A
565-662 (99-116)(2) N/A
27,200-41,800 (121-186)(b) N/A

(a) Data for similar material aged at same time as pipe,
(b) Tested at 572 F (300 C) in aged condition,

(¢) Tested at 550 F (288 C) in unaged condition,

(d) Tested at 68 F (20 C) in aged condition,
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The second pipe material that will be evaluated 15 a surge line from a can-
celled Combustion £ng1n¢cr1ng plant, Three separa*te sections of pipe, total-
ing approximately 58 feet (17.7 m) in length, were procured for use in this
subtask. Two of the lengths also contain cast stainless steel elbows, The
pipe material is 12-inch- (305-mm-) diameter, Schedule 160, SA 351 Grade CF-
8m, The elbor material is thought to dDe the same, but verification of this
fact has not been completed. Table 2.11.1 presents the results of tensile
tests on the pipe; Table 2,11.2 1ists a chemical analysis conducted on both
the pipe and elbow.

The majority of this second material is unaged, but several specimens are
currently being thermally aged at Argonne National Laboratories. The aged
specimens include pipe base metal, a pipe-to-pipe girth weld, and several
pleces of a 45-degree elbow, At the time of this writing, these sections had
been aged at 750 F (399 £} for near1{ 20,000 hours to simulate approximately
40 to go years of s2c-vice in a cold leg, or 14 to 20 years of service in a hot
ltg. Aging of th: specimens will continue until approximately January of
1988.

2.11.2 Futu'e Plans

To evaluate the effects of aging on full-scale pipe behavior, the four pipe
fracture experiments listed in Table 2,11.3 are scheduled for this subtask,
The first experiment will be conducted on the aged Framatome pipe, the final
three on the surge line pipe and a pipe-to-pipe weld, A constant crack
geometry will be evaluated in each of the three surge 1ine pipe fracture
experiments, The unaged pipe experiment will therefore provide baseline data
for evaluating both the aged base metal and the a?ed weld experiments, In
this way, an assessment can be made of the reduction in fracture toughness
caused by thermally aging., Fabrication of the surge line pipe fracture
experiments will begin in early 1988, Future work fnvolves calculating an
appropriate flaw size for the Framatome pipe experiment, R-6 curve evalua-
tions provided by Framatome will be carefully reviewed in the design of this
experiment, and the final flaw size will be coordinated with researchers at
Framatome before final approval from the NRC contract monitor,

References for Section 2.11

2.11.1 Chepra, 0, K., and Chung, H. M,, 'Xnvostigations of the Mechanisms
of Thermal Aging of Cast Stainless Steels®, presented at the ACRS
Metal Components Subcommittee Meeting, Columbus, OF, July 2, 1987,

2.11.2 Bamford, W. M., and Landerman, €, I., “Thermal Analysis of Cast
Stainless Steel and Its Impact on Piping Integrity”, Circumferentia)
Cracks in Pressure Vessels and Piping, Vol. II, ASME PVP, vol, 95,
1984, pp. 137-172,

2.11.3 Wilkowski, G, M., and others, "Degraded Pipin Program - Phase
11", Semiannual Report, April 1985-September 1985, NUREG/CR-4082,
Vol. 3, March 1986,
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Table 2.11.2. Chemical analysis for thermally aged
SA-35]1 CF-8m cast stainless stee)
pipe and elbow.

£lement A37-Elbow A37-Pipe
C 0.04 0.04
Mn 0.84 0.93
Cr 19.23 17.88
N 9.66 8.80
Mo 3.12 .
§1 0.69 0.63
P 0.019 0.019
$ o -
Al - -
T <0.01 9.012
. 0.07 0.07
Cy 0.08 0.07
ND .o )
r - -~
W - e
Co 0.07 0.06
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£§1-2

Table 2.11.3.

Test matrix for cast stainless steel pipe fracture experiment.

Nominal Initial Initial

Pipe Wall Base Crack Crack

t xper iment Diameter, Thickness, Metal or Aged or Length, Depth,

Numbe r inch (mm) inch (mm) Weld Unaged Source % Circumference % Wall
4143-1 15.73 (400) 1.968 (50.0) Base Metal Aged Framatome (a) (a)
4143-2 12.75 (324) 1.312 (33.3) Sase Metal Aged Surge Line 50 67
4143-3 12.75 (224) 1.312 (33.3) we ld Aged Surge Line S0 67
4143-4 12.7% (329) 1.312 (33.3) Base Metal Unaged Surge Line S0 67

A1l tests conducted at 55¢ F (288 C); crack geometry - surface crack; loading method = pressure and bend.

(a) To be determined.



3. SUPPORTING RESEARCh ACTIVITIES

Besides the extensive full-scale fracture investigations and reiated pipe
fracture analytical developments described in Section 2, the Degraded Fiping
Program includes supporting research activities. Thes2 are condurted to
establish the characteristics of the materfals bcin? fnvestigated and to provide
baseline data for various experiments and analytical developments. Other related
analytical tasks essential to the overall goals of the program were also pursued,
These activities included

. Characterization of the properties ¢ the pipe materials used in the
program and transfer of data to othe programs

. Investigation of the effect of anisotropy causing crack turning in
carbon steels

. Study of the possible role of dynamic strain aging (DSA) i carbon
steel fracture at light-water reactor (LWR) temperatures

. Examination of specimen geometry effects on J-R curves

. Application o the results of small test specimens in predicting the
large crack growth behavior exhibited by full-scale piping materials

. Nevelopment of a user-friendly J-estimation scheme computer code

. Documentation of round-robin efforts,
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flav, th. characterization test will use a compact or a bend
specime’. having the L-C orientation. If the pipe test uses a
circunferential surface flaw, the characterization test will use
an FWFN(T) specimen having the L-R orientation. Both specimen
types are illustrated in Figure 3.1.1.

For the mechanical property tests described above, specimens are removed from
the pipe without flattening them. This is illustrated in Figure 3.1.1. The
dimensions of the fracture toughness specimens are determined by the pipe
diameter and wall thickness, Obviously, the test specimen thickness must be
less than the pipe wall thickness if flattening i: not used. A rule of thumb
employed is to use specimen thicknesses that are no less than 80 percent of the
pipe wall thickness, in the belief that the behavior at this thickness will be
reasonably representative of full-thickness behavior. The maximum attainable
width of the specimen will depend on the inside pipe diameter (D), the pipe
wall thickness (t), and the ratio of specimen thickness to pipe wall thickness
(A), accoraing to the relation

specimen width = 2[tD(1-A) + t2(1-A%)]"" (3.1.1)

It is recognized that the J-R curves heing developed in this subtask may not
meet the ASTM requirements for J;. testing, as set forth in E813-87, or for
J=R curve testing, as described *n ASTM E1152-87, Standard Test Method for
Determining J-R Curves. Specifically, specimen sizes used in this program

usual}y are not sufficiently large to meet the following requirements set forth
by ASTM:

J1c § Bog/25 (3.1.2a)
J < Bog/20 (3.1.2b)

where B fs specimen thickness and o¢ is flow strength (the average of yield and
tensile strength). Assuming flow s(rengths of 45,000 to 50,000 psf

(310 to 345 MPa) at 550 F (288 C) for the pipe materials under fnvestigation,
.he maximum allowable ch value for a 1-inch- (25.4-mm)-thick specimen would be

approximately 2,000 1n-1b/1n2 (350 kJ/mZ) and the maximum allowable J value

during crack growth would be approximately 2,500 1n-1b/1n2 (440 kJ/mz). Actual
specimen thicknesses generally are less than 1 inch (25.4 mm), and sometimes
are as small as 0.2 inch (5 mm), Even for the larger thickness, observed J

values in this investigation frequently exceed 2,000 to

2,500 1n-1b/1n2 (350 to 440 kJ/mZ) and, hence, often do not satisfy ASTM
validity requirements.

and

Additionally, the amount of crack growth investigated here greatly exceeds the
10 percent of the remaining 1igament that is the 1imit recommended by ASTM for
so-called J-controlled crack growth, Typically, in fracture toughness tests
conducted in this program, cracks are allowed to grow approximately 40 to 60
percent of the original ligament.
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General Guidelines for Machining Specimens

1.

Specimen Types:

3.

5.

Much of the machining will involve preparing flat specimens from
pipe. In no instance should the pipe be flattened or
mechanically deformed in any way.

Five different types of specimens are to be machined from pipe,
as {1lustrated schematically below. The specimens will be of
various sizes that will depend un the pipe dimensions.

—

A Full-width-face-notch (tension) - FWFN(T) L-R orientation
8 Compact (tension) - C(T) L-C orientation
C Charpy V-notch-CVN L-C orientation
0 Tension - 7 Axial orientation
E Bend - SE(B) L-C orientation

The A specimens should be notched on the face that corresponds
to the inner wall surface of the pipe.

The notch in the A, B, & C specimens should match that used in
full-scale pipe experiments, except where fatigue cracks are
explicitly requested.

The notch in Specimen C must be oriented as shown in sketch,

Figure 3.1.1 Instruction sheet for machining test
spec imens from pipe.
SA-12/85-F3.1.1

3-4



The rationale for testing specimens that do not meet specimen size criteria
and for permitting large amounts of crack growth can be stated simply. The
fracture resistance data being developed here are not to be used to character-
ize a certain material under conditions of plane strain, but rather to charac-
terize a pipe material in a thickness approximately equal to its wall thick-
ness, The crack is allowed to grow far in excess of 10 percent of the orig-
inal ligament because pipe tests typically have large amounts of crack growth,
Thus, meeting validity criteria established to define a material property is
of less concern than the ability to characterize the behavior of a specific
pipe.

During the current reporting period, progress was made in the following material-
characterization areas: (1) data reduction for 300 F (149 C) compact-specimen
tests and for 72 and 300 F (2 and 149 C) tensile-specimen tests, (2) data
reduction for 550 F (288 C) compact-specimen tests on two welds, and (3)
preparation of material characterization inputs to Pipe Fracture Data Record
BooksS.

Tables 3.1.1 and 3.1.2 summarize material property data for austenitic and
ferritic materials, respectively, through November 30, 1987,

3.1.2 Data Transfer to MEA

During the current reporting period, Battelle has transferred material
charactarization data for ail pipes tested in the Degraded Piping Program to
MEA. Information transferred included results of chemical analyses, tensile
tests, Charpy V-notch impact tests, and fracture toughness tests. The transfer
was accomplished by copying data from Battelle's storage files onto hard disks
in a format prescribed by MEA. MEA, in turn, is placing the data in the NRC
Pipe Material Data Base.

3.1.3 Observations of Dynamic Strain Aging in Carbon-Steel Pipe

Many carbon steels are susceptible to strain aging, including those carbon
steels used in nuclear plant piping. Strain aging in these materials is a
change in the stress-strain response resulting from the interaction of
dislocations and interstitial solute atoms, primarily nitrogen and carbon, in
the steel. In static strain aging, the property changes occur after plastic
deformation and depend on the temperature and time (aging) after the deforma-
tion has occurred. In dynamic strain aging, on the other hand, the property
changes occur during plastic deformation.

Figure 3.1.2 illustrates static strain aging in a tensile specimen, First,
assume that the specimen is loaded and then unloaded such that curve QABC is
produced, If it is reloaded immediately, it will follow curve CBD: the BD
portion of the curve will be the same as if the specimen had not been unloaded.
If, however, the specimen is allowed to age for some time after unloading to
point C, relcading will produce a curve similar to CEF, Static strain aging
increases the yfeld strength, causes the Luders strain to reappear, increases
the ultimate strength, and decreases the fracture elongation., Strain aging
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Figure 3.1.2 Static strain aging in a tensile specimen,

SA-6/86-F3.1.10
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Table 3.1.1
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DP2-A23  SA376-304

DP2-A5  $A35B-116L

0P2-A45W 304 (SAW)
0P2-A3S SA376-304
0P2-A7 $4376-304
0F2-A3 $A358-304

16

Plate

15

datciial characterization data for austenitic pipe materials,
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Tensile Properties Fracture Toughness Data

Gage Length, % Side- Orienta- : ' . i ; dJm/da, ave.

inches of Area yp ¥ grooves tion inches in,=1b/in."3

68380
70440

81780
63640
172100

c(1) . : 56830

c(T) . N.D.
c(T) 41940

FREN(T) 1 : 69055

11780 88180
5400 82470

4050 88500

555 76000
8540 83200
9195 95600
6675 229000

9205 DLD3V5-OF

..,
FEOOO O

-

Also Available On
Aperture Card




Table 3.1.1

Pipe size
Dia. in,

(Continued)

Charpy ¥ Notch Test

Spec size USE,ft-1b FATI, F Temp.,

Average

................

--------------------------------------------------------------------------------------------------------------

Pipe 1.0 Pipe Mat
pP2-Al2 SA3158-304
[P2-A34 SA312-304

DP2-A25W0 TIG overlay;304SS

DP2-A45 SA240-304
DP2-A45WA  Anrl'd SAW;3045S
DP2-A36 304
DP2-A37 SA316 (Crem)
DP2-A45 304

T1G wWeld 204

0P2-A47 304

Inconel-600

Plate

Plate
4.5
12

Plate

Plate

1.0
0.25
1.312

0.39

0.39

0.35

0.432

300

550
550

550
550
550
550
550
550

72

31.9 98.9
35.7 95.2
37.5 §3.2
22.8 68.3
28.3 67.5
35.8 91.3
33.4 84.7
27.9 67.0
23.9 62.4
22.5 68.1
43.2 §4.9
40.1 92.0
34.5 93.5
31.2 87.8
28.5 88.4



inches of Area e Type 43 tion

Fracture Toughness Data

Gage 'ength, %, Spec. ot ide- Orienta-

No. of Ji, ave. dde/da, ave

............................................................................................................................

el mee
' . .
——t —4

x X X
3OV
gl

L-C

L
L-C
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.36

38
.36

2 22 33950
2 3892 36400
3 2957 155700
2 4500 52000
1 12500 78600
1 7830 §5700
2 970 25600
2 10100 62000
2 4390 41480
2 3940 26690
2 5975 27195
2 07 27575
1 3100 19830
1 3820 12875
2 4100 56960
1 7318 2240
1 £155 25410
1 11010 69300
! $310 60950
1 10330 73290

o
APERTURHE
CARD

\léd Avadiable On
Nytoiigidig Ced
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Pipe 1.0.

OP2-F3

0P2-F30

P2-F40

0P2-F40w2

Table 3.1.2

Pipe Mat.

SA333-Gr6

Al068

Al15S

AP1-50LX65
Alo6s

A516,Gr.70

SAW;A516,6r.70

Material characterization data for ferritic pipe mate

Pipe size

Dia. in.

10

23

42

Plate

Plate

wall in,

0.719

0.562

0.875

0.875
0.280

1.9

1.0

Charpy ¥V Notch

Test

Spec size USE,ft-1b FATT, F Terp.,F ¥YS, ksi UTS,

Full

Full

Full

Full
0.58

Full

Tl
APERTURE

CARD

Ao Available On

Aperture Card

115 -4

110 100

122 60

12 50
70 -140

58 -}

530
5§30
530

72
300
300

550
850

.-

£50
530
§50
77

300
550
£50
72

300
300

550
£50
550
550
72
75

300
520

850

§30
5§50

34,1

40.8
39.8

34

45.6
44.7
46.4

36.1
38.9

33.5

63.0

42.8
37.2

30.8

34.1

64.2

76’1

78.9

82.4

68.1
62.3

67.8

79.6

104.5



fals.
Tensile Properties Fracture Toughness Data
Gage Length, %, Red Spec. Notch % Side- Orienta- L B," ";;?-o;"".;;:-;;: ..... :‘;;c-!;:-;;;.
si % Elong. inches of Area Type Type grooves tion inches inches Tests in.-1b/in."2 in.-1b/in."3
9.6 R ¥ T e Sy M S I e R 3 e 5,
18.6 1.0 44.5 C(T) FC 0 L-C 2.00 0.85 1 6ED 11020
¢(1) FC 20 L-C 2.00 0.85 1 295 10750
24.0 1.0 4.4 (1) FC 0 L-C 2.00 0.8% 1 3¢ 16410
¢(1) FC 20 L-C 2.00 0.85 1 850 12910
FWEN(T)  SMN 10 L-R 0.71 1.6 2 2025 60950
39.1 1.0 73.0
24.8 1.0 63.6 (1) FC 0 L-C 2.00 0.55 1 g61 23490 ‘
c(r) FC 20 L-C 2.00 0.55 1 98¢ 8700
21.3 1.0 60.0 c(1) FC 0 L-C 2.00 0.55 1 8as 31950
(1) Fe 20 L-C 2.00 0.53 1 800 19180
c(n) Sy 0 L-C 2.00 0.52 1 1700 22950
(1) A 20 L-C 2.00 0.52 1 1120 10500
FWFN(T)  SMN 10 L-R 0.57 2.4 4 1160 74500
38.6 0.5 62.2
23.5 0.5 7.6 (1) Fe 0 bt 1.0 0.36 2 732 19350
24.0 0.5 W4 o) Fe 0 L€ 1.00 0.3 2 680 19650
c(1) F 20 L 1.00 0.3 2 y A et
FWEN(T)  SMN 10 (-R 0.48  1.60 2 145
34,3 1.0 69.5
22.8 1.0 1.6  ¢(T) FC 0 L-C  2.00 0.76 1 610 20670
c(1) FC 20 L-C  2.00 0.76 628 13650 |
|
29.8 1.0 8.6 071 FC 0 L 2.00 0.7 1 1030 H.0. |
(1) FC 20 L«¢ 2.00 0.7 ] 1240 19500 :
¢(1) Sy 0 - 2.00 0.8 1 1483 890 |
c(1) MM 20 ¢  2.00 0.8 1 1180 18200 |
25.1 1.0 £6.9 3Pt Bend  SMN 0 ¢ 3.50  0.53 1 2275 37000 |
8.7 0.5 £4.6 ‘
32.8 0.5 70.9 c(1) fC 0 L-C 0.80 0.23 2 2055 32260 |
25.0 0.5 54,7 c(mn fC 0 L-C 0.80 0.23 2 2303 40350
C(1) FC 20 L-C ¢.80 0.23 2 1383 23350 1
FRiN(T) SMN 10 L-R 0.22 1.00 2 1960 109600 |
31.0 1.0 .5 ¢ FC 0 LT 2.0 1.00 1 1645 18300 |
cin FC 20 LoF 2.0 1.00 1 1205 20800 |
31.0 0.5 3.4 ¢(1) Fe 0 Wel 2.0 1.0 1 335 8500 ‘
¢in fe 20 wel 2.0 1.0 1 356 £370 J
(1) My 0 WCL 2.0 1.0 1 715 N.D. ‘
c(n MY 20 WL 2.0 1.0 1 690 ND ;
ikl fe 0 WeL 19.0 1.0 1 1010 7900 3
¢(r) Fe 20 WeL 19.0 1.0 1 £64 330 |
¢(1) FC 20 WeL 6.0 1.1 1 537 6240

3-11 8805060305 - %
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DP2-r13

0P2-F11

0P2-F34

DP2-F34W

-
.
O
o
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o
L=
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L
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o3

o

ASie,Gr.70

Pipe-Te-Elbow wWeld

ASl6, Gr.70

SA333.Gr. 6

Table 3.1.2 (Continued)
Pipe size Charpy ¥ Notch
Dia, in. wWall in Spec size USE,ft-1b F

10 0.718 Full 94

16 0.5 Full 73

6 0.864 Full 100

4 0.337 0.75 97

37 3.28 Full 0%
Full 148(1)
Full §7(M)
Full 106(0)

7 3.25 Full >150(1)
Full 172 (M)
Full 123(0)

24 1.531 Full 153

Average
Test

ATT. F Temp. . F YS, ksi UTS, &K
8 72 45.1 79
300 43.% G4
550 40.2 62
0 72 48.0 76
300 47.4 90,

300
550 38.0 &8,

55

550
60 17 41.0 74.
300 36.7 74
£50 37.5 82.

§50

550
=38 72 42.2 73

300

300
550 28.7 71

550
37 72 38.3 73;
o0 .
53 300 34.7 65!
60 '
850 30.1 13
550 33.4(1) 70
5§50 30.5(M) 73
550 38.3(0) 71
550 :

€50
.45 50 66.6 9.
-30 £50 74.6(1) 984
0 €50 73.5(M) 974
550 74.8(0) 95,
-36 550 30.4 76 ¢

850
350 |
559 |




Tensile Properties Fracture Toughness Data

.......................................................... Bl e R
.......................................

|
Gage Length. &, Red Spec Notch % Side- Orienta- W, 8, Ko. of Ji, ave, dim/da, ave,
i % Elong. “inches  of Area  lype Type  grooves tion inches  inches Tests in.=1b/in."2 in.=1b/in,*3
e 1.0 65.1
17.8 1.0 46.) (1 FC 0 L-C 2.0 0.5 2 1015 17740
24 .4 1.0 43.!)
28.9 1.0 £3.2
18,4 1.0 8.2 (T FC 0 L-C 2.0 0.37 ] 23 11810
c(1) FC 20 L-C 2.0 0.37 1 34 8930
26.0 1.0 52.0 (1) FC 0 L-C 2.0 0.37 ] 850 20000
c(T) FC 20 L-C 2.0 0.37 ] 790 12100
FRiN(T)  SMN 10 L-R 0.4 2.5 2 1430 115200
44.6 0.5 50.7
26.6 0.5 47.2 c{r FC 20 L=C 1.6 0.7 2 585 11700
30.1 0.5 48.8 C(T) FC 0 L-C 2.0 0.6 2 1580 30900
(7 FC 20 L-C 1.6 0.7 2 1030 2060
FWFN(T)  SMN 10 LR 0.57 1.8 2 1550 43700
11,0 1.0 69.6
¢(7) Fe 0 L-C 0.8 0.21 1 950 28215
C(T) FC 20 L= 0.8 0.21 1 780 19230
10.3 1.0 £3.2 C(T) SMN 0 L-C 0.8 0.27 2 1910 N.D.
C(T) FC 20 L-C 0.8 0.27 1 560 26400
32.7 1.0 65.8 |
29 & 1.0 62.) c(T) Fe 20 L-C 2.0 1.0 2 1708 23950
) 28.4 10 63.7 c(1) FC 20 L-R 2.0 1.0 2 615 13600
1) 32.5(1) 2.0 £84.4(1) C(T) FC 20 L-C 2.0 1.0 2 1085 25500
M) N.D 2.0 N.D.  FWFN(T)  FC 19 L-R 1.0 3.0 2 1615 76200
7(0) 2(0) 2.0 63.7(0) FWFN(T) FC 10 L=C 1.0 3.0 2 127 58100
(1) Fe 0 L-C 8.0 2.6 1 480 31500
c(1) FC 20 L-C 8.0 2.6 1 1085 22000
.ﬁ 0.5 60.2 (1) SMN 20 L-C 2.75 1.28 2 2650(1) 33050(1)
5(1) 0.31 §4.0(1) C(T) SMN 20 L-C 2.75 1.28 1 975(0) 30330(0)
Al 0.32 £8.9(M) C(T) FC L-C 8.0 2.6 1 2480 20920
.9(0) 0.32 §9.2(0) ¢€{(T) Fe 20 L-C 8.0 2.6 ] 2180 18360
L] 8 Al Y
APERTURE
CARD
Also Available Op
\pertare Card
1.9 (1) Cmy 0 L-C 1.0 0.3 2 1760 135300
1) Sy 20 L 1.0 0.3 2 21%0 32310
1 My 0 L<C 2.0 0.6 1 25%0 §5450
1) Cwy 20 L-C 2.0 0.6 1 1880 42290
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can also cause a significant decrease of fracture toughness, although this
decrease 1s not shown in Figure 3.1.2,

Figure 3.1.3 fllustrates the occurrence of DSA in quasi-static tensile tests
of a low-carbon steel (Ref. 3.1.1). In the absence of DSA, it would be
expected that the tensile strength would diminish with increasing test
temperature. However, as shown in Figure 3.1.3, with DSA, both the tensile
strength and the rate of strain hardening increase with increasing tempera-
ture, up to a certain temperature, before starting to diminish., Even at the
highest temperature shown, 655 F (346 C), the tensile strength is about the
same as at 122 F (50 C). Also evident at certain temperatures within the DSA
range in Figure 3.1.3 are serrated load-elongation curves; these, too, are
manifestations of DSA.

The temperature range over which DSA occurs depends on the strain rate,
Increasing the strain rate moves the temperature range upward; this behavior
is 11lustrated in Figure 3.1.4 for the appearance of serrations on stress-
strain curves in a low-carbon steel.

Most of the carbon-steel pipe materials tested in the Degraded Piping Program
have behaved in a manner similar to that shown in Figure 3.1.3. They
exhibited zerrated stress-strain curves at 300 F (149 C) but not at room
temperature or at 550 F (288 C), and they exhibited higher strain hardening
rates and higher tensile strengths at 300 F (149 C) than at rcom temperature,
Furthermore, in another program, tensile tests at 550 F (288 C) on one of the

Degraded Piping Program steels at a strain rate of about 1 s'1 revealed
serrated stress-strain curves that were not observed at a strain rate of

4 x 1079 "1, Thus, it can be concluded that most carbon steel pipes used in
U.S., nuclear plants are susceptible to DSA.

None of the above observations about DSA 1s, in itself, of concern relative to
the performance of nuclear piping., In fact, the observation that the tensile
strength at 550 F (288 C) is similar to that at room temperature because of
OSA could be considered a positive aspect of DSA. Nonetheless, concerns do
exist about DSA lowering the steel's fracture resistance. Work reported by
Miglin, et al. (Ref, 3.1.2) suggests that this is, indeed, the case. Those
investigators found that J;. values reached a minimum value at about 400 F

(205 C) in two heats of Al06 C carbon steel, both of which were susceptible to
DSA. Additionally, in two other heats of carbon steel, both A515 Grade 70,
only one of which was susceptible to DSA, the susceptible heat exhibited a
more pronounced decrease in the slope of the J-R curve (proportional to the

tearing modulus, T) with increasing temperature than did the nonsusceptible
heat,

Perhaps an even greater source of concern related to DSA is the observation
that many of the carbon steel pipe materials in the Degraded Piping Program
exhibited a series of unstable fractures at 550 F (288 C). Both compact-
specimen tests and full-scale pipe tests displayed this behavior. An example
for a compact specimen is shown in Figure 3.1.5. The net result of the rapid
crack jumps was a lowering of the load-displacement curve and a reductior in
the slope of the J-R curve. The possibility that DSA was responsible for the
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crack growth instabilities was considered in Reference 3.1.3. However, at
least one puzzling aspect remains; compact specimen tests at 300 F (149 C) did
not display crack growth instabilities, even though that temperature is in the
range of DSA, An attempt was made in Reference 3.1.3 to rationalize this
behavior in terms of crack-tip strain rate. Since the effective crack-tip
strain rate is likely several orders of magnitude greater than the average
bulk strain rate, the material at the growing crack tip may not be experien-
cing DSA at 300 F (149 C).

A question that remains unanswered is the effect of high strain rates, such as
might be associated with a seismic event, on crack-growth instabilities and
fracture toughness at 550 F (288 C),

3.1.4 Anisotropy Effects in Carbon Steel Pipes

An unexpected observation in the Degraded Piping Program was the growth of
cracks at an angle to the intended growth direction in carbon steel pipes.

This behavior was observed both in a pipe containing through-wall circumferen-
tial flaws and in compact specimens machined “rom the pipe in the same (L-C)
orientation. For each specimen, it was observed that the crack grew at an
angle of approximately 60 degrees to the circumferential direction (30 degrees
to the pipe axis). This angle varies for other pipes. In an attempt to learn
more about this unexpected result, one of the carbon stee] pipes that displayed

this behavior was subjected to metallographic examination and to additional
compact specimen testing.

Metallographic Examination

The pipe investigated was identified as DP2-F11. Its diameter was 4 inches

(102 mm) and fts wall thickness was 0.34 in (8.6 mm). It was purchased to

ASTM Specification A333, Grade 6, which permits the pipe to be either seam
welded or seamless, To determine which type it was, a cross section normal to
the pipe axis (i.e., in the r-8 plane, using cylindrical-coordinate terminology,
Figure 3,1.6) was metallographically polished and etched and examined under a
microscope at magnifications of 7X to 100X. Inasmuch as no evidence of a seam
weld was found, it was concluded that the pipe was seamless,

Two other metallographic sections were then prepared, one in the r-z plane and
the other fn the z-8 plane (Figure 3.1.6). Both sections were examined first
in the as-polished condition to reveal the shape and distribution of nonmeta)-
lic inclusions prior to etching, to reveal the microstructure.

As was expected, the inclusions viewed on the r-z plane were flattened and
elongated fn the 2 dire~tion, After etching, the microstructure seen on that
plane was a banded structure made up of both ferrite and pearlite, The banding
was pronounced from the inside diameter of the pipe to well beyond midwall,

but gave way to an essentially equi-axed structure near the outside diameter,
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Figure 3.1.6 Schematic illustration showing cross sections of pipe DP2-F11
that were examine: mntallographically.
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Photomicrographs of nonmetallic inclusions in Pipe DP2-F11 as
viewed on the z-y plane (refer to Figure 3.1.6).
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Table 3.1.3. Effect of specimen orientation on Jy
values for pipe DP2-Fll.

Specimen Ident. Ji(a)
Number Notch Orientation in-1b/1n kJ/me

F11-17 Circumferential 1680 (294)
F11-18 Circumferential 2140 (375)
F11-23 Longitudinal 408 (71)
Fll-24 Longitudinal 461 (81)
F11-25 30 degree to pipe axis 430 (75)
F11-26 30 degree to pipe axis 599 (105)

— -
—_—

Material: SA333, Gr. 6 pipe; 4-inch (100-mm) diameter,
Schedule 80

Specimen Type: 0.4T planform-size compact, thickness 0.27
inch (6.9 mm)

Test Temperature: 550 F (288 C)
(a) At onset of crack growth, as determined from point of

deviation from a straight 1ine in a graph of d-c E.P.
versus displacement,
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Figure 3.1.10 Surface crack formation in specimens that develop shear lips.
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Figure 3.1.11 Double shear versus single shear fractures observed in carbon
steel compact specimens.
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3.2 Progress on the Etfect of Laboratory Specimen
Geometry on J-R Curves
(C. Marschall, M., Landow, V. Papaspyropoulos,
J. Ahmad, N. Ghadiali, and G. Wilkowski)

An important feature of the Degraded Piping Program is the characterization of
each pipe using laboratory specimens machined from the pipes. For fracture
toughness specimens, latitude exists in choosing the type of specimen and its
dimersions. For example, to model a circumferential through-wall crack in a
pipe test, either a compact specimen or a three-point-bend specimen (L-C
orientation) could be selected. A circumferential surface crack, on the other
hand, might be modeled with an FWFN(T) specimen (L-R orientation) or, if the
pipe diameter and wall thickness are large, with a compact or bend specimen
(L-R orientation).

whichever specimen is selected, its maximum dimensfons will be dictated by the
pipe dimensiors. Within that restriction, however, it is possible to choose a
relatively thick, narrow specimen or a wide, thin specimen. The effort described
here was undertaken to determine possible effects of specimen size and geometry
on J-R curves in both ferritic and austenitic steels.

The following efforts were conducted toward this objective:
. Development of test techniques for the FWFN(T) specimen

. Evaluation of compact (tensfon) [C{T)], bend bar, and FWFN(T) spucimens
of different sizes

. Evaluation of C(T) and FWFN(T) specimens from a heavy-wall,
cold-leg, carbon steel pipe

. Transfer of data to the Navid Taylor Research Center (DTRC) for an
investigation of specimen size effects on Jy- and !y-R curves,

A related topic involved the evaluation of different size C(T) specimens that
have the same thickness, These nonstandard thickriess C(T) s.ecimens are referred
to as planform C(T) soecimens. Significant efforts were undartaken in these
evaluations; consequently they are described separately in Sectisn 3.3,
3.2.1 Development oi the FWFN(T) Test
Laboratory specimen tests to characterize the fracture resistance of pipes are
designed to simulate as closel, as possible the conditions existing in pipe
fracture tests, Pipe test conditions that are maintained in laboratorv tests
include

. Notch tip radius

. Notch orientation ard crack qrowth direction
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An additional set of experiments to investigate specimen geometry and specimen
orientation effects was conducted on a very large-diameter [37 inches

(940 mm)], thick-walled [3.25 inches (83 mm)% ferritic steel pi,e from a cold-
leg pipe loop. The pipe wall was sufficiently thick so that both compact and
FWFN(T) specimens could be machined in two different orientatioirs, L-C and
L-R. Results of those experiments are presented in Section 3.2.3.

Specimen testing to study the size and geometry effects on J-R curves was
completed during the previous reporting period. During the current reporting
period, progress was limited to reduction of ds a for most of the tests which
had not been analyzed earlier. Data reductio for FWFN(T) tests is awaiting
the completion of J-calculation procedures (see Section 3.2.5). Detailed
analysis of all the size- and geometry-effect stuaies aiso remains to be
completed.

Test analysis results to date were described in the Third and Fourth Semian-
nual Reports (Refs. 3.2.2 and 3.2.1, respectively). Briefly, they indicate
the following:

1. when preliminary J-calculation procedures were employed, FWFN(T)
specimens displa{ed greater J, values than did compact specimens of
the same material; however, some of this difference may disappear
when an improved method is used to calculate J;, as {s discussed in
Section 3.2.5.

2. FWFN(T) specimens tended to exhibit J; values that increased with
increasing specimen width in the ferritic steel but not in the aus-
tenitic steel: the ratio of thickness to 1igament length, which
might be viewed as a constraint factor, did not appear to have a
strong effect on Jy.

3. No strong effect on J; of compact specimen size or of side-grooving
was found; however, any effects of those variables were masked by
large data scatter associated with experimental uncertainty in
defining the actual point of crack initiation, OQata obtained in
other tasks indicated that side grooving tends to lower J; and
increasing specimen size tends ~ increase J,.

During the final reporting period all test data for compact, bend, and FWFN(T)
specimens will be reduced, and the effects of specimen geometry and specimen
size on J-resistance curves will be assessed.

3,2.3 Study of Size, Geometry, and Orientation Effects in
Cold-Leg Pipe

In the Fourth Semiannual Report (Ref. 3.2.1), experiments to measure the
fracture toughness of a large diameter, thick-walled, cold-leg pipe were
described, The pipe, identified as DP2-F34, was an A516, Grade 70 carbon
steel having a diameter of about 37 inches (940 mm) and a wall thickness of
about 3,25 inches (83 mm).
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The large thickness of the pipe permitted both 1T compact specimens and
FWFN(T) specimens to be machined in two different orfentations, L-C and L-R.
Specimens having the L-C orfentation were machined such that the midthickness
plane coincided approximately with the midwall position in the pipe and the
crack would extend circumferentially. Specimens having the L-R orientation
were machined so that the initial crack tip was located at the midw2>])
position and the crack would extend radially from the inside to the outside of
the pipe.

As was noted .n Reference 3.2.1, duplicate tensile specimens machined from the
pipe and tested at 550 F (288 C) showed a sfzable varfability in yield
strength: 26,7 and 33.4 ksi (184 and 230 MPa). That result suggests a
nonhomogeneous structure in the thick-walled pipe.

The results of the fracture toughness tests on 1T compact specimens reported
in Reference 3.2.1 showed clear'y that the L-C orientation was more resistant
to stable crack growth than was the L-R orientacion, Jy values for the L-C
orfentation were about 65 percent greater than the L-R orientatians. The
dJy/da values were about 100 percent greater for the L-C orientation.

In sharp contrast to the compact specimen results were the results for the
FWFEN(T) specimens. Not only was the orientation effect much less pronounied,
1t was the opposite of that observed in the C(T) specimens., Both J; and
dJy/da for the L-C orientation were, on average, 20 to 25 percent less than
those for the L-R orientation. No satisfactory explanation is yet available
for the different orientat . n effects observed for the two specimen types.

During the current reporting periud, additional testing of the cold-leg pipe
has been conducted at MEA, MEA fabricated 4T planform-size compact specimens
of 2.6 inch (66 mm) thickness, having the L-C orientation, from both base
metal and a circumferential weld. Results of J-R curve tests at 550 F (288 C)
are presented in Table 3.2.1, along with results cotained at Battelle for 17
and 1-3/8T specimens of the same orientation.

The results for base metal tests in Table 3.2.1 show excellent agreement
between the 20-percent side grooved 4T planform-size specimen and the 20-
percent side grooved 1T specimens. The Ji value for the zero-percent side
grooved 4T specimen was unexpectedly lower than for the other specimens. That
result probably reflects experimental uricertainty from unloading compliance
results early in the J-R curve.

For the circumferential weid metal tests, the 1-3/8T planform-size specimens
showed an effect of location within the weld on Ji. Specimens that were
machined from near the root of the weld (near the pipe 1.0.) had a higher J,
value than did a specimen machined from near the weld crown (near the pipe
0.0.). That resuit makes comparisons between the 1-3/8T and the 4T specimens
difficult, because “he larger specimen sampled both regions of the weld.
Nonetheless, J; values from side grooved 1-2/8T and 4T planform-size specimens
agree reasonab‘y well when the smaller specimen results are from near the
bottom of the weld, even though different notch types were used
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Table 3.2.1. Comparison of J results from compact specimens of different sizes machined from a

Pipe Material:

large diameter, thick-walled cold-leg pipe, DP2-F34.

A516 Grade 70 Carbon Steel

Specimen Orientation: L-C
Test Temperature: 550 F (288 C)
Specimen Dimensions, J at
Spec imen inches (mm) Percent Initiation, dJm/da,
Identification Side Notch  in-1b/in? in-1b/in3
Number Locat ion W - Grooves Type(a) (kJ/m?) (MJ/m3)
F34-19 Base Metal 2.0 (50.8) 1.0 (25.4) 20 FC 1020 (179) 26,300 (181)
F34-20 Base Metal 2.0 (50.8) 1.0 (25.4) 20 FC 1090 (191) 25,500 (176)
F34-81(b)  Base Metal 8.0 (203) 2.6 (66) 20 FC 1095 (192) 22,000 (152)
F34-82(b)  Base Metal 8.0 (203) 2.6 (66) 0 FC 480 (84) 31,600 (218)
F3aW-31(c) Circular Weld 2.75 (69.9) 1.28 (32) 20 SMN 975 (170) 30,300 (209)
F3aW-30(d) Circular Weld 2.75 (69.9) 1.28 (32) 20 SMN 2125 (370) 38,400 (265)
F34W-32(d) Circular Weld 2.75 (69.9) 1.28 (32) 20 SMN 3180 (560) 27,700 (191)
F34-W1(b)  Circular Weld 8.9 (203) 2.6 (66) 20 FC 2180 (382) 18,360 (127)
F34-w2(b)  Circular Weld 8.0 (203) 2.6 (66) 0 FC 2485 (435) 20,920 (144)
(a) FC = fatigue crack.
SMN = sharp machined notch.
(b) Specimens were fabricaied and tested at Materials Engineering Association.
(c) Specimen was machined from top part of weld.

Spec imen was machined from bottom part of weld.



3.2.4 Transfer of Data to OTRC for Jy Versus Jp Study

As part of fts work for tha NRC, the DTRC is conducting a study of the
relative merits of Jp and Jy as parameters for characterizing the ductile
crack growth resistance of reactor materials. To aid DTRC in its study,
Battelle has provided data from eight series of experiments conducted in the
Degraded Piping Program. Each series included test results for three dif-
ferent planform-size compact specimens tested at 550 F (288 C). Table 3.2.2
fs a summary of the eight series of tests,

3.2.5 J-Resistance Curves Using FWFN(T) Specimens

For surface crack growth predictions, the material's J-resistance (J=R) curve,
corresponding to the radfal crack growth direction, is the most appropriate
resistance curve to use. FWFN(T) specimens are being used to obtain data
which can be analyzed to establish such J-R curves. The specimens are
machined from pipes. A schematic 1llustration of the specimen and grips is
shown fn Figure 3.2.1. This specimen desfgn was selected to simulate the
extension of a crack through the pipe wall in a surface-cracked pipe. The
specimen orientation s L-R, The dimensfon in which the crack is to extend is
the maximum achievable from the nominal wall thickness of the pipe., Side-
‘gooves of 5 percent depth per side and having a root rad‘us of about

1716 inch (1.5 mm) are introduced to minimize crack tunneling. A sharp notch
s machined at midlength using an electric-discharge machining (EDM) process
and an 0,008-inch (0,20-mm) diameter wire electrode to produce a notch-tip
radius of about 0.005-inch (0.13-mm). The notch mouth is located on the
insfide-diameter surface of the specimen to simulate an fnternal surface crack
in the pipe. Typically, the initial notch depth 1s such that a/W is approx-
imately 0.5,

The specimens are tested at a displacement rate that is designed to cause
crack inftfation in about 5 o 20 minutes, similar to that required for crack
initiatfon in Battelle's pipe-fracture tests. The data obtained are load,
load-11ine displacement measured or one side of the specimen, direct-current
electric potential (U), and two measures of crack-opening displacement
obtained from a dual clip-gage located at the front edge of the specimen, as
f1lustrated in Figure 3.2.1. Crack growth initiation is estimated from the
direct-current electric potential data. To accomplish this, graphs of U
versus LLD, U versus P, and U versus COD are examined for points of slope
change prior to maximum load. Engineering judgment is applied to estimate U
the value of U at crack initiation., Crack growth beyond initiation 1s
estimated from the ratio U/U, using the Johnson expression (Ref, 3.2.3). The
expressfon has been shown in calibration studies at Battelle to provide
reasonable estimates of crack extension in FWFN(T) specimens in the absence of
plastic deformation,

0!

To calculate J as a function of crack-extension (4a) using the experimental
ioad, load-line displacement, and crack-extension data, an expression for J
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Figure 3.2.3

(b) H/W = 5,085

Finite element models for FWFN(T) specimens
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Table 3.2.4 Experimental data for conducting finite element method
analysis (see Figure 3.2.4a)
Load Displacement Crack Extension

1bs N inches m inches mm
764.6 3401 0.00029 0.0073 0.0000 0.0000
2276 10124 0.,00096 0.0243 0.,0000 02,0000
4087 18179 0.0017 0.0432 0.,0000 0,0000
§72% 25465 0.00237 0.0602 0.0000 0.0000
7295 32448 0.00309 0.0784 0.0000 0.0000
3906 39614 0.00397 0.1008 0,0000 0.0000
10720 47682 0.00503 0.1277 0.0000 0.0000
12330 54344 0.00616 0.1564 0.0000 0.0000
13920 61316 0.00726 0.1844 0.0000 0.0000
15530 69077 0.00853 0.2166 0.0000 0.0000
16930 78304 0.00978 0.2434 0,0000 0.0000
13540 32466 0.01134 0.2880 0.0000 0.0000
20070 89271 0.01317 0,334% 0.0000 0.0000
21530 35768 0.01488 0.3779 0.0000 0.0000
22820 101503 0.01683 0.427% 0.0000 0.000Q
23960 106574 0.01864 0.4734 0.0000 0.0000
25200 112089 0.0211% 0.8372 0.0000 0.0000
26310 117027 0.02391 0.6073 0.0014 20,0385
27280 121341 0.02647 0.6723 0.0027 0.068%
23040 124722 0.02887 0.7333 0.008% 0.1397
23800 128102 0.03131 0.7953 0,0068 0.1727
29590 131616 0.03426 0.8702 0.009% 0,2413
30210 134374 0.0369 0.,3373 0.0122 0.,3098
30790 136354 0.03973 1.0091 0.017% 0.4445
31170 138644 0.04261 1.0823 0.0227 0.5765%
31230 138911 0.04635 1.1773 0.0368 0,9347
31110 138377 0.04913 1.2479 0,0479 1.2166
31000 137888 0.04984 1.2659 0.0%03 1.2776

345



Displacenent Crack
lbs inches ‘ nches
678, J J.00162
5652 $9. ).00166
10500 5. 70 0. 246
15881, 70 0.00349
21077 .19 0.00438
25876, 0.00 ]
31107
36106,
40865.7
45452,
50031.
54469,
58598,
627013,
66959,
70929
74800,
78460
820013,
85187
88071,
930628
93110,
94850,
94376,
93520
94276
93207,
92517.500
89927.000
86082,
85505.500
82732.900
18678,
77632,
13963

et e b

0000

0000

(W

0.0000

100

W W

).0000

3 o

NN
a0 an
J® O NN

) LW

18
) Q)
r B )
{J&

W W w
< Oh -
@ 8 WO

o ¢

WA O

Ll Sl Sl S S S S S S S
LRI N S

L I

o o O O

.




Finite element method analyses were performed ustng the experimental data
contained in Figures 3.2.4a and 3.2.4b and Tables 3.2.4 and 3.2.5. In these
computations, crack extension was modeled according to the experimental
displacement versus crack length data. Throughout the incremental solution
procedure, J values were computed using the path-independent contour-integral
definition, The results for the two specimens are shown in Figures 3.2.5 and
3.2.6, Figure 3.2.5 shows the calculated J-R curve for Specimen DP2-F29-25b.
F1?uro 3,2.6 shows the calculated J versus applied displacement up to crack
fnitiation for Specimen DPZ-F6-31, For both specimens, J is calculated by
finite element method analysis as well as by the estimation scheme represented
by Egs. 3.2.1 through 3.2.13.

To judge whether the agreement between finite element method and estimation
method J-R curves should be considered acceptable or not, we look at3a similar
comparison for a 1T C(T) specimen results obtained earlier in the DP7II
Program., These are shown in Figure 3.2.7. It is found that the J-estimation
method for the FWFN(T) specimen p-ovides results which show approximately the
same degree of agreement with finite element method results as that obtained
by the ASTM E813-81 J-estimation method used in calculating the estimated J-R
curve of Figure 3.2.7 for C(T) specimen.

References for Section 3.2

3.2.1 Wilkowski, G. M., and others, "Degraded Piping Program - Phase II",

Semiannual Report, October 1985-March 1986, NUREG/CR-4082, vol. 4,
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3.3 Assessment of La;gg Crack %rough
sin anform e (orpact Specimens
() airscﬁa1|, V. Papaspyropoulos,
M. Landow, M., Nakagaki, and G. Wilkowski)

One of the problems in predicting fracture instability in pipes is that J-R
curves for large amounts of crack growth often are needed. Such data are
impossible to obtain from laboratory specimens machined from the pipe because
the pipe curvature permits only relatively small specimens to be fabricated.
Consequently, a need exists efther to verify existing methods or to develop
improved methods for extrapolating small-specimen J-R curve data to large
amounts of crack growth,

The approach taken in the Degraded Piping Progran was to compare J-R curve
data obtained from constant thickness but different planform size C(T)
specimens [typically 1-inch (25.4-mm) thick 1T, 3T and 9,57 or 10T planform-
size compact specimens], to determine if curves from smaller specimens can be
extrapolated in a manner that duplicates results from large specimens.
Experimental details and results for 1-inch (25.4-mm) thick Type 304 stainless
steel and A516 Grade 70 ferritic steel base metal specimens were presented in
the following topical report,

"Predictions of J-R Curves with Large Growth from Small Specimen Data" by
V. Papaspyropoulos, C. Marschall, and M, Landow, NUREG/CR-4575,

For a Type 304 stainless steel base metal and tungsten-inert-gas (TIG) weld a
similar evaluation on 0,38-inch (9.5 mm) thick 0,57, 1,57, and 3T planform
C(T) specimens was reported in the following topical report,

“Analysis of Cracks in Stainless Steel TIG Welds" by M. Nakagaki, C.
Marschall, and F, Brust, NUREG/CR-4806,

For ferritic and austenitic flux weld metal specimens, the welding procedures,
the experimental procedures, and the results were presented in the Fourth
Semiannua)l Report (Ref, 3.3,1). The austenitic weld results were also
published in the following topical report.

"Analysis of Experiments on Stainless Steel Flux Welds" by G. Wilkowski,
J. Ahmad, F, Brust, D. Guerrieri, G, Kramer, G. Kulhowvick, M, Landow, €.
Marschall, M, Nakagaki, V. Papaspyropoulos, and P, Scott, NUREG/CR-4878,

The results from these investigations are summarized in the following sec-

tions, This includes nine different sets of planform C(T) specimen tests
conducted at 550 F (288 C).

3.3.1 Review of Planform C(T) Specimen Test Results
The use of a planform specimen for evaluation of piping materials was #irst
pursued by Paris and others (Ref, 3.3.2). The logic for conducting these

nonstandard tests was that the large planform specimens would more closely
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simulate the plane stress conditions that probably exist for a through-wall-
cracked pipe in bending.

During the course of this program, several series of planform C(T) specimen
tests have been conducted, Table 3.3.1 summarizes all of the serfes. The
objective in developing these data was that specimens machined from pipes have
the limitation in size due to the curvature of the pipe, hence naking it
necessary to extrapolate J-R curve data, Typically in the Degraded Piping
Program, the procedure for fabricating specimens from pipes hac been that the
thickness of the specimen should not be less than 80 percent of the pipe
thickness, and the specimen size is the largest planform C(T) that can be made,
The largest specimen possible fs used so that the amount of crack growth data

fs maximized (see Section 3.,1.1 of this report). The effect of different
planform specimen sizes on the J-R curves, however, was not known, Consequently,
these series of experiments were vital to understanding the possible geometry
effects,

Initfal Efforts on Stainless and Ferritic Steel Base Metals

Inftfal efforts from this program are reported in Reference 3.3.3. These efforts
fnvolved tests on Type 304 stainless steel base metal and A515 Grade 70 base
metal, Each material was 1 fnch (25.4 mm) thick., The tests were conducted at
550 F (288 C). The orientation of these specimens from the plate materfal was
the same as 1f the plate had been seam welded into pipe, with the rolling
direction in the pipe axis, and the crack growing in the circumferential
direction, Each materfal was tested with and without side-grooves, Of these
data, the Type 304 stainless steel specimen data were analyzed usin? finite
element analyses. The results of this investigation showed the following:

. The crack~ in the nonside-grooved 3T and 10T C(T) A516 Grade 70
ferritic steel specimens quickly turned 90 degrees from the intended
crack plane, This was the low toughness direction in the plate,

This was similar to the fracture behavior observed in the cold-leg
(also an A516 Grade 70 ferritic steel) circumferential through-wall-
cracked pipe test reported in Section 2.1 of our Fifth Semiannual
Report (Ref, 3.3.4). This crack turning made it impossible to
calculate the J-R curve from the C(T) experiments, Only the Jy values
could be determined.

. For the carbon steel specimens, the J; values were clearly dependent
on the specimen size, The stainless steel specimens showed less
effect of specimen size on Jy, but generally were more sensitive to
side-grooving. With the exception of one specimen, all of the side-
grooved specimens from both materials had a lower J; than the nonside-
grooved specimens, These data are shown in Figure §.3.1.

. For the side-grooved A-516 Grade 70 ferritic steel, both Jn and the
modified J, Jy, resistance curves were calculated, The specimens
had a total side-grooving depth of 20 percent of the thickness, The
Jp-R curves showed significant size dependency, the trend being that
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Table 3.3.1. Compact specimen test data provided to DIRC for its Ju versus Jp study.
All tests were at 550 F (288 ().

C(T) Specimen Thickness, FEM
Material Sizes inch Sidegrooved Analysis References
304 Stainless 1T, 37, 101 1.0 No 1T, 3T, 10T - NUREG/CR-4575 Sections 2.4
Base » NUREG/CR-4573
= NUREG/CR-4082 Vol. 4, Sect. 3.1.3
304 Stainless 17, 31, 107 1.0 Yes — * NUREG/CR-4575 Sections 2 and 3
Base
AS16 Gr 70 Base 1T, 371, 10T i.0 Yes A « NUREG/CR-4575 Sections 2 and 3
4516 Gr 70 Base 17, 31, 101(2) 1.0 No — «  NUREG/CR-4575
304 Stainless 0.57, 1.57, 31 0.38 No 0.57, 37 * NUREG/CR-4806 Sections 4 and 5
Steel TIG
304 Stainless  0.57, 1.57, 31 0.38 No 31 » NUREG/CR-4806 Sections 4 and S
Base
30455 - SAW 11, 31, 9.51 1.0 No 17, 9.51 » NUREG/CR-4082 Volume 4, Sect. 3.3
» NUREG/CR-4878 Section 3.0
Carbon Steel 1T, 31, 9.57 1.0 Yes « NUREG/CR-4082 Volume 4, Sect. 3.3
SAM

(a) Only Jy values for 3T and 10T exist since crack turned 90 degrees.
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the smaller the specimen the lower the Jn-R curve (Figure 3.3.2),
The Jy-R curves showed much less size dcgcndoncy. and after 0.25

inch (6.3 mm) of crack growth all of the different specimen Jy-R
curves were virtually identica! (Figure 3.3.3). Note that for the
1T C(T) specimens, this amount of crack growth is about 25 percent
of the ligament which far exceeds the ASTM 1imit of 10 percent of
the 1igament,

For the nonside-grooved Type 304 stainless steel specimens, the
Jp=R curves showed slight specimen size dependence (Figure 3.3.4).

The 1T C(T) specimen Jp-R curve was very close to the 3T c(T)
specimen Jp-R curve. The Jy-R curves indicate that the smaller

specimens tend to display higher slopes than for the larger
specimens (Figure 3.3.5). This could result in a non-conservative
extrapolation of the J-R curve from the smaller specimens,

The finite element contour integral .J; values were quite close to

those calculated from the experimental data and the ASTM approach.
This was encouraging in that the ASTM standard specifically excludes
stainless steels, Hence, the ASTM stardard technique could be
expanded to include stainless steels,

Finite element analyses were performed for all nonside-grooved Type
304 stainless steel specimens, and the J-R curves were calculated by
the contour integral J. The finite element J-R curves were path
independent for up to 10 percent and 15 percent of the initial crack
ligament for the 3T and 10T specimens, respectively, Path
dependence was observed immediately after crack initiation for the
1T specimen, The loss of path dependence is the point generally
belfeved to be the limit of validity of the deformation theory J.

In the ASTM J-R curve procedure, the limitation on the crack growth
is 10 percent of the ligament, Our finite element computations
frdicate that this limit may vary with specimen size. The 10
percent limit in the ASTM standard was adopted using an approximate
analysis, In this anmalysis, the condition for the applicability of
g 7:: defined in terms of the parameter w, given by the eguation
elow:

=b dJ > 1
“*3 & (3.3.1)

where b 1s the length of the uncracked 1igament,

In general, the far field J-R curve: from the finite element
analysis compared well with the Jy-R curves (Figure 3,3.6), The
agreement between the far-field J-R curves and the Jp-R curves was
poor with large crack growth,
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Figure 3.3.2
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The 10T nonside-grooved Type 304 stainless steel C(T) specimen data
were used in a calculational round-robin that confirmed that all NRC
contractors were calculating Jp- and Jy-R curves from experimenta)

data in the same way. These results are given in Section 3.5.2 of
this report,

The 10T C(T) nonside-grooved Type 304 Stainless steel C(T) specimen
data were used in a finite element round-rrtin. These results are
given in Section 3.5.4 of this report.

The side-grooved Type 304 stainless steel C(T) specimen Jy-R curves

are shown in Figure 3.3.,7. With large crack growth, the 1T specimen
J-R curve reaches a maximum and then decreases. This is frequently
seen when the crack growth data are well beyond the ASTM limits.

The 3T specimen J-R curve agreed with tne 10T specimen J-R curve
until crack growth exceeded 30-percent of the ligament.

The side-grooved Jy-R curves are shown fn Figure 3.3.8. As with the
nonside-grooved specimens, the 1T specimen shows a steeper slope
than the larger specimens do, The 10T specimen slope is sig-
nificantly less than even the 37 specimen in this test series.

Stainless Steel TIG Weld and Base Metal Evaluations

The next series of planform C(T) specimen J-R curves were developed in an
evaiuation of stainless steel TIG weld specimens (Section 2.6). Base metal
Type 304 stainless steel specimens were also tested for comparison to the weld

specimens.

All specimens were nonside-grooved. The thickness of these

specimens was 0,38 inch (9.5 mm). The planform specimen sizes were 0.5T,
1.5T, and 3T, A1l specimens were tested at 550 F (288 C). Finite element
analyses were conducted on the 0,57 and 3T C(T) specimens. The results showed
the following:

For the base metal specimens, the 0.5T specimens had a lower J; than
the larger specimens. These J; values were significantly lower than
the J; values for the 1-inch- 125.4-mm)-th1ck specimens cited in the
first series of planform C(T) specimen testing. Whether this
difference is due to thickness or normal variations in toughness for
Type 304 stainless steel is not known,

For the base metal specimens, the Jp-R curves showed significant
geometry dependence (Figure 3.3.9). The geometry dependence in this
case was much greater than for the 1-inch (25.4-mm) thick Type 304
stainless steel specimens.
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The Jy-R curves showed less geometry dependence than the Jp-R
curves (Figure 3.3.10). The smallest specimen showed a greater
slope than the larger specimens, which is a non-conservative
trend.

For the TIG weld specimens, the 0.5T C(T) specimens had a lower
J: than the larger specimens, with the 1.5T C(T) specimen
having the highest value. The 0.5T C(T) specimen had the weld
crown machined off, whereas the larger specimens had the weld
crown left on. Since J-R curves from these specimens were to
be compared to welded pipe test J-R curves with a weld crown
left on, it was desired to have the weld crown left on the
larger specimens.

For the TIG weld specimens, the general shape of the Jp-R
curves was not as well ordered with the specimen size. This
was perhaps due to the influence of the weld and the weld crown
left on the larger specimens (Figure 3.3.11)., The initial
slope of the 0.5T C(T) specimens was steeper than that for the
larger specimens, which is ccnsistent vith the previously
discussed base metal J-R curves,

For the TIG weld specimens, the Jy-R curves were much steeper
for the 0.5 T C(T) specimens, (Figure 3.3.12). The 0.5T7
specimens also showed an upward hooking, which was a concern
raised at a recent Jy-R curve workshop (Ref., 3.3.5). The 3T J-
R curve was quite close to the pipe J-R curves from an

n-factor analysis and a finite element analysis of a pipe
expeiriment (Figure 3.3.13). Note that the 3T specimen Jy-R

curve is shown in this figure; however, for the amount of crack
growth in this figure, there is little difference between the
3T C(T) Jp- and Jy-R curves.

Finite element analysis of the base metal and TIG weld metal
0.57 and 3T C(T) specimens was also conducted. These results
showed good agreement between contour integral and virtual
crack extension (VCE) J values from the finite element analysis
and the ASTM procedure calculated J-R curve. As with the first
series of stainless steel planform experiments, this shows that
the ASTM procedure could be used for stainless steels.

Stainless Steel SAW Tests

The next series of planform C(T) specimen tests were on a stainless steel
submerged arc weld (SAW). The weld procedure used came from a boiling-water
reactor (BWR) specification. The plate material in the welded specimens was
the same as used in the first series of tests described on 1-inch (25.4-mm)
thick Type 304 stainless steel. Only nonside-grooved specimens of 1T, 3T, and
9.5T planform size were tested. The weld crown was left on 3T and 9.57

snecimens.

All specimens were tested at 550 F (288 C). The 1T and 9.57 C(T)
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specimens were analyzed using the finite element method. These results are
summarized below.

* The larger planform specimens had a higher J;. This is the general
trend of the other data.

e With large amounts of crack growth, there was significant geometry
dependence of the Jp-R curves (Figure 3.3.14).

* Once the crack growth was greater than 0.25 inch (6.3 mm), the Jy-R
curves agreed more closely (Figure 3.3.15). The 1T C(T) specimen J-
R curves in this case had a lower slnpe, which is not consistent
with the general trend of the other planform specimen test series.

* The C(T) specimen Jy-R curves agreed quite well with a 16-inch (406-
mm) diameter through-wall cracked pipe test using the same weld
procedure and the same pipe thickness (Figure 3.3.16). A 6-inch-
(152-mm) -diameter pipe with a smaller thickness showed a much higher
toughness, probably due to the higher percentage of the tougher TIG
weld metal in the thinner weld (Section 2.7).

* The finite element results showed good agreement with the ASTM Jp-R
curve during crack growth up to 20 percent of the ligament. (Crack
growth i1 the finite element analysis was limited to 20 percent of
the uncracked 1igament.) Hence once again this shows that the ASTM
testing method is applicable to stainless steels., Additionally, the
Jp- and Jy-R curves showed 1ittle difference over this crack growth

range for these materials.

A516 Grade 70 SAW Tests

This weld was made using a procedure obtained from a U.S. pressurized-water
reactor (PWR) vendor. The weldments were made in the same plate used in the
first series of planform C(T) specimens described in this sectio.. The 3T and
9.5T specimens were tested with the weld crown Teft on. All specimen sizes
were tested without side-grooves. The test temperature was 550 F (288 C).

The results of these tests are summarized below.

* The Jp-R curves are shown in Figure 3.3.17. This was the lowest

toughness material tested in the Degraded Piping Program. The
initiation toughness of the larger specimens was higher than for the

sma}ler specimens., This fs consistent with the other planform C(T)
series.

* The 1-T C(T) specimen Jp-R curve agreed well with the 9.5T C(T)
specimen J-R curve,
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. For the Jy-R curves, the inftial slopes of the J-R curves were
in agreement, With more than 0.2 inch (5.1 mm) of crack
growth, the 1T specimen Jy-R curve was considerably steeper
than for the larger specimens (Figure 3.3.18), This is
potentially non-conservative behavior, depending on how the
through-wall-cracked pipe behaves. A pipe test is currently
planned to assess this effect (Section 2,10)., It can also be
noted in this figure that the 1T specimen Jy-R curve fs
hooking upward, which is a concern with other Jy-R curve data
(Ref. 3,3.5). This upward hooking of Jy-R curves occurs with
large crack growth, above the ASTM limits. It was observed in
low and high toughness materials (e.g., see the high toughness
TIG weld data).

3.3.2 Discussion of Planform C(T) Specimen Results

A1l of the planform C(T) specimen testing planned for this program has been
completed. From the above summary the following trends and observations can

be made.
P In general, the smaller the specimen, the lower the J; value.

- In general, Jy did a better job of eliminating the specimen
geometry effects than did Jp: however, the Jy analysis was not
as good as desired.

3 For Jy, the larger specimens generally gave a lower tearing
resistance,

4. The finite element J-values agree well with those calculated
by ASTM procedure:. Hence the ASTM procedure could be
extended to include stainless steels.

Ds For the cases where there were pipe tests on the same material
the following were found:

e The TIG weld results showed that the larger planform
specimens agreed better with the pipe test J-R curve.

e The stainless steel SAW results showed that there was
little difference between tne Jy tearing resistance of the
different specimen sizes.

To confirm the trend observed with the TIG weld tests, a ferritic SAW pipe
test is to be conducted (see Section 2.10 in this report).

It appears that the prudent approach would be to use a smaller (standard) size
specimen to obtain a lower J;, and a larger specimen to obtain a lower J-R
curve slope, The smaller specimen J; value may be especially important for
evaluation of a surface crack in a p1pe where there is little crack growth
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from initiation to maximum load (also see Section 3.5.5). To assess how large
a specimen may be needed to get a lower tearing resistance, the data in this
section were plotted in a normalized manner. This invelved normalizing the
tearing resistance of any specimen by that from the largest specimen tested in
its series. This normalized tearing resistance was then plotted versus specimen
size normalized by the standard size for that specimen thickness. This
normalized graph is shown in Figure 3.3.19. The data suggest that a planform
specimen of four times the standard size for that thickness should he tested
to obtain a lower bound tearing resistance. This is perhaps more important
for leak-before-break (LBB) analyses where the stabflity of a through-wall
crack is evaluated.

References for Section 3.3

3.3.1 Wilkowski, G. M.,and others, "Degraded Piping Program - Phase II",
Semiannual Report, October 1985-March 1986, NUREG/CR-4082, Vol. 4,
September 1986.

3,3.2 Paris, P. C., Burnett, J. V., and Cotter, K. H., “The Effect of Large
Crack Extension on the Tearing Resistance of Stainless Steel Piping
Materials”, in Proceed1ngs of the CSNI Specialist Meeting on Leak-
Before-Break in Nuclear Reactor Piping, NUREG/CP-0051, August 1984,

34343 Kramer, G., and Papaspyropoulos, V., "An Assessment of
Circumferentially Complex-Cracked Pipe Subjected to Bending®, NUREG/CR-
4687, October 1986.

3.3.4 Wilkowski, G. M., and others, “Degraded Piping Program - Phase II",
iem:?nng;; Report, April 1986-September 1986, NUREG/CR-4082, Vol, 5,
pr 1 .

3.3.% Hays, R., and Hackett, E., "Proceedings of the DTRC/NRC Meeting on
Jy"+ To be published as a NUREG report, August 5-6, 1987.
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3.4 NRCPIPE - A J-estimation Scheme

Computer Code for Circumferentially Cracked Pipe
(F. Brust, 0. Broek, N, Ghadiali, and G. Wilkowski)

A computer program known as NRCPIPE is being developed specifically for the
elastic-plastic ‘racture mechanics (EPFM) analysis of nuclear power plant piping
containing cracks.,

At present, the engineering treatment of EPFM is in a stage of development and
verification. Many different procedure: have been proposed, but all remain
largely unvalidated by experimental data. For this reason NRCPIPE includes
several analysis procedures. NRCPIPE can, at the user's option, perform the
analysis using any of these procedures. In addition, as new procedures are
developed, the modular structure of NRCPIPE permits their inclusion. In fact,
incomplete blocks of code have been reserved toc accommodate new developments.,

NRCPIPE is written in BASIC and is available for use on an IBM-PC. In addition,
a version of NRCPIPE in BASIC is also available for use on a VAX.

The following sections describe the basic features of the NRCPIPE code.

3.4.1 Objectives of the NRCPIPE Code

Most engineering EPFM techniques are based on the J-integral. The NRCPIPE

code {s designed to perform EPFM analysis, that is, to establish the fracture-
failure conditions of an engineering structure in terms of sustainable load

(or stress) or displacement, The analysis procedures focus on circumferen-
tially cracked pipe. Several options are available for different flaw geometries
and loading conditions for comparison. This code was used in the analysis
efforts throughout the Degraded Piping Program,

The J-integral fracture parameter is used as a basis for this analysis since

it 1s a common fracture parameter in the nuclear industry. The code has two

main options. The first is to calculate the loads or displacements for a cracked
pipe or specimen, given a J-R curve and tensile test data for the material.

The other option is to provide the user with the value of J if the fracture
conditions are given as input. In this case, the user provides the program

with detailed results of a test,

3.4.2 NRCPIPE Analysis Capabilities

Table 3.4.1 summarizes the crack/structure geometries and loading conditions
currently within the scope of NRCPIPE. Both load-control and displacement-
control analyses are possible. In these two cases the user supplies a J-
resistance curve, In addition, if an experimental load, displacement and crack
growth record is available from an experiment, NRCPIPE can calculate the
corresponding J-resistance curve for any of the methods.
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Table 3.4.1. Estimation scheme methods currently in NRCPIPE,

Analysis Method

Available Within Loading(a)
Structure NRCPIPE Type
Center-Cracked Panel GE/EPRI T
Compact-Tensior Specimen GE/EPRI T
Single-Edge Notch Specimen GE/EPRI T
Bend Specimen GE/EPRI 8
ircumferential Through-Wall
-y e GE/EFRI 1,8,T+8
NUREG/CR-3464 T,8,7+8
LBB.NRC T,8,T+8
LB8B.8CL1 T,8,T+8
LBB.BCL2 T,8,T+8
Modified GE/EPRI T,68,T+8
CEGB.REV. 3 T,8,T+8
Complex-Cracked Pipe GE/EPRI T,8,T+8
NUREG/CR-3464 T,8,T+8
LBB.NRC T,8,7+8
LBB.BCLI T,8,T+8
L8B.8CL2 T,8,7+8
Modified GE/EPRI T,8,T+8
CEGB.REV. 3 T,8,T+8
Surface-Cracked Pipe
SC.SEN ]
SC.Thin 8
SC.Thick 8
CEGB. Rev, 3 T,8,T+8

(a) T = Tension, B = Bending, T+B = Tension + Bending.
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Currently the code is modified to incorporate the following features:

Improvement in the user-friendliness of the code

Improvement of the NUREG/CR-3464, LBB.NRC, LBB.BCL1, and LBB.BCL2
computational times by improving the iteration schemes currently
used (it is desired to reduce the calculation time on an IBM-PC to
less than one minute.)

Development of standard check problems using data from the Degraded
Piping Program pipe fracture experimental database

Development of a simplififed user's manual with a check problem for
the user.

3-81



3.5 Round-Robin Activities
{C. Marschall, M. Landow, V. Papaspyropoulos,
F. Brust, M. Nakagaki, J. Ahmad,
N. Ghadiali, and G, Wilkowski)

During the course of the Degraded Piping Program, numerous round-robin activities
were undertaken. In most of these cases, Battelle was the organizer, but in

some cases Battelle was a participant in NRC contractor round-robin efforts,
These efro ts were essentfal to verification of experimental or analytical
techniques relative to this program. The major efforts were:

Tensile testing evaluations using Type 304 stainless steel at room
temperature and 550 F (288 C).

Calculation procedure evaluations for Jp* and Jy-R curves, using
given load-displacement-crack growth data from a C(T) specimen.

A C(T) specimen-testing evaluation of the d-c electric potential
method for monitoring the crack inftiation and crack growth during a
J-R curve test,

Finite element anlaysis of a 10T C(T) specimen and a circumferential
through-wall cracked pipe. (This fnvolved large crack growth in
stainless steel base metal,)

Finite element and J-estimation scheme analysis of a FWFN(T) specimen
and a circumferential surface-cracked pipe. [This involveu A106
Grade B pipe base metal at 550 F (288 C).]

0f these efforts the finite element round-robin was documented in a topical
report in this program:

Ahmad, J., Nakagaki, M., Brusi, F., and Wilkowski, G., “Elastic-Plastic
Finite Element Analysis of Crack (irawth in Large Compact Tension and
Circumferentially Through Wall-Cracked Fipe Specimen”, NUREG/CR-4573,
0:tober 1986,

The different round-robin efforts and their results are summarized in the
following sections.

3.5.1

Tensile-Test Round-Rebin

Tensile tests are conducted on nuclear reactor materials to provide strength
properties and stress-strain data for fracture analysts. Battelle organized

and conducted a tensile-test round-robin to ensure that test results obtained

by the various contractors and delivered to the NRC are not laboratory dependent,
A detafled description of the procedures and results was presented in the Fourth
Semiannual keport (Ref, 3.5.1). A summary of the procedures and findings fs
presented here,
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Participants in the tensile-test round-robin were:

Laboratory Responsible Individual
Battelle M. P. Landow

MEA A. Hiser

DTRC R. Hays

Each participant received 6 nominally identical tensile specimens machined
from a 6-inch (152-mm)-diameter, Schedule 120, SA-376 Type 304 stainless steel
pipe. This material was selected because of its high ductility, which can
cause problems in obtaining a complete stress-strain curve to fracture, These
problems include: (1) exceeding the capacity of the elongation gage, and (2)
slippage of the elongation gage during a test, due to large amounts of
diameter reduction prior to neck formation.

Specimens were of the round-bar type with threaded ends and were machined such
that the tensile axis was aligned with the pipe axis. The reduced section of

each specimen had a length of 1.25 inches (31.8 mm) and a diameter of

0.250 inch (6.35 mm). To favor neck formation and fracture at midlength, the

reduced section was tapered slightly such that the diameter was 0.001 to 0.002
inch (0,025 to 0.050 mm) smaller at the middle than at the ends., Each labora-
tory tested 3 specimens at room temperature and 3 specimens at 550 F (288 (),

employing procedures that were typical for that laboratory.

The results of the tensile-test round-robin indicated that the tensile
properties and stress-strain curves were not significantly laboratory depen-
dent, Figure 3.,5.1 shcws engineering stress-strain curves obtained by the 3
laboratories at room temperature, For the ultimate tensile strength (UTS),
percent elongation, and percent area reduction, standard deviations were less
than 3 percent at both test temperatures. A somewhat larger standard devia-
tion was observed for the yifeld strength: 3.6 percent at room temperature and
6.1 percent at 550 F (288 C). The greater observed variability ir yield
strength is perhaps to be expected because: (1) the yield strength is more
sensitive to small microstructural differences than are the other properties,
and (2) more judgment is required fn selecting the 0.2 percent offset yield
load than for the other properties.

The reproducibility of the data was analyzed in another way that recognizes
the attempt of fracture analysts to fit a mathematical expression to the
stress-strain data, A commonly used expression is the Ramberg-0sgood equa-
tion:

e/ey = oloy + alo/a,)" (3.5.1)

where v fs stress, o, 1s a reference stress (sometimes yield stress or flow
stress is used), € 1S strain, and €, s a reference strain egual to o,/ E,

where E is Young's modulus. This expression will produce a straight line
having a slope of n and an intercept of 1og a if log (e/eo - o/a,) is plotted
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against log (¢/0y). As was noted in the Second Semiannual Report

(Ref. 3.5.1), stress-strain curves for austenitic stainless steel tend not to
pe amenable to good fitting by Eq. 3.5.1 over the entire stress-strain curve,
For that reason, the round-robin data were subjected to Ramberg-Osgood analysis
over three different regions of strain: (1) the entire curve, (2) the low
strain region (up to 5 percent), and (3) the high strain region (greater than
5 percent?.
Linear regression analysis was used to fit straight lines to the Ramberg-Osgood
graphs and, thereby, to obtain values of the parameters a and n, The graph

for the entire stress-strain area is shown in Figure 3.5.2. Good reproducibility
of the parameters was found for the high-strain portion of the stress-strain
curves (standard deviation about 5 percent) and for the entire strezs-strain
curves (raximum standard deviation abou: 7 percent). However, reproducibility
was poor, particularly for « (16 to 34 percent standard deviation) when only

tne low-strain portion of the stress-strain curve was analyzed, This observation
probably reflects the fact that the lower ends of the curves in the low-strain
region represent very small strain values that are subject to sizable measurement
errors on a percentage basis.

On the basis of the tensile-test round-robin, it was concluded that tensile
properties determined by the three laboratories were not significantly laboratory
dependent, It was concluded also that {f yracture analysts should determine

that low-strain data (e { 5 percent) are more important than high-strain data

in applying tensile curves to the analysis of <racked pipes, additional attention
should be given by experimenters to more accurately defining the stress-strain
relations in that region,

3.5.2 J-Calculation Round-Robin

Methods used for calculating the ductile fracture resistance parameter J have
undergone several changes fn the past several years., To check the
reprouucibiifity of the various J-values calculated a: different laboratories,
Battelle organized and conducted a J-calculation round-robin., A detafled
description of the round-robin was presented in the Fourth Semiannual Report
(Ref. 3.5.1). A summary is presented here.

Participants in the J-calculation round-robin were:

Laboratory Responsible Individual
Battelle M. P, Landow
Qak Ridge National
Laboratory R. K. Nanstad
DTRC R. E. Link
MEA A, Hiser
Westinghouse D. McCabe
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Each participant received experimental data from a fracture toughness test on

a 10T planform-size, 1-inch (25.4mm)-thick compact specimen of Type 304 stainless
steel tested at 550 F (288 C). The data sets included load, displacement,

crack length, ard calculat:d compliance., Participants were requested to
calculate Jp* and Jy; however, each calculated Jp and several calculated Jy*

as well, TRO various J parameters are described below; each parameter accounts
for crack growth:

. Jp 's deformation J calculated by the method described in ASTM
£813-81, Standard Method for Jj., A Measure of Fracture Toughness.

. Jp* is calculated in essentially the same way as Jp, except that J
is separated into elastic and plastic portions,

. Jy denotes modified J and was proposed by Ernst (Ref, 3.5.2) as a
methnd for extending the usefulness of J to crack growth values well
beyond 10 percent of the original ligament. It differs from J,
primarily in that it contains an extra plasticity term in the
calculation; thus, for a growing crack, Jy always exceeds Jp and the

magnitude of the difference increases with increasing crack extension,

. Jlu* 1s calculated fn the same way as Jy, except that it is divided
elastic and plastic components,

The res. the J-calculation round-robin indicated that even though exact
agreement ... not found among all five laboratories for any of the J parameters,
the differences were sufficiently small tc eliminate calculational procedures
as a source of concern in accurately determining J-R curves.

3.5.3 Electric Potential Round-Robin

Single-specimen methods for determining J-R curves are gradually replacing the
multiple specimen method in many laboratories. One single-specimen method,
that employs direct-current electric potential measurements to monitor crack
growth, is increasing in popularity. No standard method yet exists for con-
duct:ng electric potentfal measurements, Consequently, a variety of methcds
are in use,

At the direction of the NRC, a round-robin of NRC contractors has been organized
and is being conducted by the DTRC, Battelle is one of the participants.

During the current reporting period, Battelle tested three carbon-steel ard
three aluminum-alloy com :ct specimens that had been machined and precracked

at DTRC. The data from .nose tests were reduced and the results have been

sent to DTRC, along with a complile description of the experimental procedures.
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3.5.4 Finite Element Rounc-Robin of a 10T C(T) and
Circumferential Through-Wall-Cracked Fipe

The objective of this round-robin effort was to assess the accuracy of finite
element methods to calculate the J-R curve for large amounts of ductile crack
rowt: in a very ductile material. The material was Type 304 stainless steel,
?wo problems were solved. The first was a two dimensional problem that involved
determining the J-R curve for a 10T C(T) specimen with 6 inches (152 mm) of
crack growth, The second was a three-dimensiona’ problem that involved
calculating the J-R curve for a 16-inch (406-mm) diameter circumferential
through-wall-cracked pipe in four-point bending., There were also 6 inches
(152 mm) of ductile crack growth in the pipe prehlem,

Nine organizations from five countries participated in this round-robin

(Table 3.5.1). The results of this round-robin are published in Reference
3.5.3, These results are briefly reviewed below,

10T C(T) Stainless Steel Finite Element Pound-Robin Results

The 10T C(T) specimen was a planform specimen that was 1 inch (25.4 mm) thick,
see Section 3.3.1 of this report. The test was conducted at Battelle at 550 F
(288 C). The geometry of the specimen is shown in Figure 3.5.3. The material
stress-strain curve was given to all of the participants as well as the crack
growth versus load-point displacement curve. Table 3.5.2 summarizes the
variables used by the different participants in this problem.

The calculated load versus load-line displacement values are compared to the
experimental data in Figure 3,5.4, In general there is good agreement up to
crack initfation, and more varfation during crack growth,

The calculated J-R curves are given in Figure 3,5.5. The ASTM calculated Jp-R
curve and the Jy-R curve from the experimental data are also shown. The J
values from all participants but Participant § are in good agreement with each
other and those calculated from the experimental data. The finite element J-R
curve from Participant 5 was significantly lower than the other curves. The
J-R curves from Participants 1, 2, and 4 show a continuously rising J-R curve
which is close to the Jy-R curve. These three solutions modeled the growing
crack by the node release method,

The J-R curve solution by Participant 3 was much lower and was in closer agree-
ment to the Jp-R curve from the experimental data. This solution modeled the
growing crack by using multiple meshes with different crack lengths. There-
fore, the results of Participant 3 do not reflect the crack growth history
dependence on the computed J-R curve. As expected, these results agree with
the deformation theory J-R curve using the experimental data.

In summary, all of the solutfons in terms of the computed J-R curves are within

20 percent of each other, with the exception of the solution of Participant 5,
The computed J values of this solution are considerably lower, even at crack
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Table 3.5.1. List of Participants and Affiliations.
—
iechnical Research Center, Finland
Or. K. [konen
Mr. T, Mikkola
Or. H. Talja
Commissariat 4 1'Energie Atomique, Cadarache, France
Dr. E. de Langre
Gesellschaft fur Reaktorsicherheit m.b.H., West Germany
Or. D. Azodf
Materialprufungsanstalt Stuttgart, West Germany

Mr., K-H. Herter
Or. A. Sauter

University of Tokyo, Japan

Prof. T. Miyoshi
Prof, Y. Yoshida

Centra) Research Institute of Electric Power, Japen

Or, K. Kashima
Dr. Y. Takahashi

Kawasaki Heavy Industries, Japan
Mr., T. Shinakawa
Yokohama Nationmal University, Japan
Prof. M. Shiratori
Battelle Columbus Division, USA
Or. J. Ahmad
Mr. N. Ghadiali
Dr. M., Nakagaki

Ms., V. Papaspyropoulos
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fnitfation, compared to the other solutfons, This {s consistent with the
corresponding lower load versus displacement results from Participant 5. A
rechecking of these values is in progress.

Finite Element Round-Robin Ana\isis of

rcumferentially Through-wall-Cracked Pipe
The circumferentially through-wall-cracked pipe problem was on a 16-1inch
(406-mm) diameter 1.03-inch (26.2-mm) thick Type 304 stainless steel pipe,
This pipe test was conducted as part of an Electric Power Research Institute
(EPRI) program at Batteile (Ref. 3.5.4)., The test was conducted at room
temperature. Since this pipe was made from a different material than the
material of the plate used in the C(T) specimen, and since this test was run
at a different test temperature, the J-R curves from these two problems should
not be compared to each other,

A schematic of the test apparatus and the crack geometry is shown in
Figure 3.5.6. The participants were given the stress-strain data anc the crack
growth versus load-point displacement data.

Table 3.5.3 gfves the varfables used in the finite element analysis by the
different participants., Out of the five participants, only one used shel)
elements., The others used brick elements.

The calculated and experimental load versus load-point displacement is shown
in Figure 3.5.7. The agreement s good in the linear-elastic range, but the
finite element results underpredict the experimental loads, even at crack
fnitiation, This 1s typical of all the other comparisons we have made in the
Degraded Piping Program, even using experimental data from other sources.

The calculated J versus load-line displacement values are given in Figure 3,5.8,
The Jy and Jy values calculated from the experimenta) data are also given in
this ?1gure. The agreement is quite good up to 12 inches (305 mm) o
displacement,

The load versus J values are shown in Figure 3,5.9. The finite element values
are compared to tha J values from J-estimation schemes that use the experimenta)
pipe fracture data. Participant | shows reasonable agreement with the estimation
scheme results. Subsequent analysis of the solution by Participant 1 showed

that when they increased the number of iterations for convergence, their anaiysis
results agreed with the results of the other participants (Ref, 3,5.5),
Consequently their refined analysis agreed with the other solutions, but were

not as close to the experimental data.

The J-R curves from the finite element and the estimation schemes are shown in
Figure 3.5,10. The J at initiation values are very close for all the finite
element solutions, Participant 4 only solved the problem up to crack initia-
tion. The J-R curves from Participants 1, 2, 3, and 5 are in reasonable agree.
ment with each other. They differ from the estimation J-R curves at initia-
tion, where the finite element values are higher. This fis surprising
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since the finite element loads were underpredicting the experimental loads.
The slope of the finite element J-R curves is flatter than the J-estimation
schemeé J-R curves, This is reasonable since the finfte element load versus
displacement curves are different from the experimental data used in the

estimation schemes,

Discussion of Stainless Steel Finite Element Round-Robin Results

These results showed the following:

. 1f multiple meshes are used in an finite element analysis to model
crack growth, then the calculated J-R curve should agree more closely
with the deformation theory J-R curve than with the modified J-R curve,

. For the C(T) specimen, the J at inftiation was close to the ASTM
estimation scheme. This standard currently excludes application to
stainless steels, These results show that the standard could be
expanded to include stainless steels.

. For the circumferentially through-wall cracked pipe, the loads were
consistently underpredicted. This is consistent with other finite
element versus pipe fracture data comparisons made in the Degraded
Piping Program, even when using data from other organizations,
Although this is a c~aservative trend, from the viewpoint of using
finite element analysis for iicensing applications, it is not
technically satisfying., The reason for this underprediction is not
known at this time,

. J-R curves calculated from the far field contours were in good
agreement with the Jy-R curves,

3.5.5 Finite Element and J-Estimation Scheme Round-Robin
of a FWFN(T) Specimen and a Surface-Cracked Pipe

This round-robin was held in conjunction with the ASME PVP conference in June
of 1986, The objective was to assess crack growth resistance in the through-
thickness direction of a ferritic nuclear piping steel for a two-dimensional
and a three-dimensional problem. In this round-robin, the two dimensional
specimen was machined from the pipe, and was tested at the same temperature as
the pipe test, The test temperature was 550 F (288 C). The pipe was an Al106
Grade B 16-inch (406-mm) diameter Schedule 100 pipe [nominal thickness of

1.03 inch (26..6 mm)].

The two-dimensional specimen was an FWFN(T) specimen., This is essentially a
single-edge notched specimen. The objective of using this specimen is that it
can be easily machined from a pipe, and it evaluates the J-R curve of the
material in the same direction of crack growth as a circumferential surface
crack growin? through the pipe thickness, Another advantage of *:is specimen
is that the ligament is in tension just as a surface crack in the pipe,
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There were 12 participants from 5 countries in this round-robin (Table 3.5.4).
The results of this round-robin are summarized below, These results should be
considered somewhat tentatfve since they need to be reconfirmed with all the
participants.

FWFN(T) Round-Robin Results

The FWFN(T) specimen geometry s shown in Figure 3.5.11., A unique aspect of
this specimen is that it is loaded in constant displacement by wedge grips in
the test machine. Hence the normal constant stress J-estimation schemes for a
pin-loaded side-edge-notched specimen does not mode! the boundary conditions
properly since the bending of the specimen at the grips is restrained, This
restraint of bending is probably a closer simulation of the stresses in a
surface-cracked pipe where the curvature of the pipe helps to restrain the
through-thickness bending. The engineering and true stress-strain curve data
were given to all participants. For the estimation scheme solutions, the
participants determined their own Ramberg Osgood fit to the tabulated stress-
strain curve data, The crack growth versus load-line displacement data were
provided to all participants.

FWFEN(T) Finite Element Results

There were four participants that solved this problem. One of them used both

a plane stress and a plane strain solutfon, Table 3.5.5 summarizes the variables
in the finite element analyses. Figure 3.5.12 shows the calculated loads versus
displacements compared to the experimental data. Data from participants 5 and

6 were the closest to the experimental data. Of the five J-R curve solutions,
four of them are in very good agreement (Figure 3.5.13).

The results from Participant 5 are significantly lower than the other resul‘s.
The results of Participants 4 and 7 are almost identical in the load versus
displacement calculations and the J-R curves. (Note that Solution 7-a was for
plane stress, whereas 7-b was for plane strain.)

FWFN(T) J-estimation Scheme Results

There were five participants that solved this problem with J-estimation schemes.
Participant 3 soived the problem three different ways, Table 3.5.6 summarizes
the solution methods, (Some of these solutions are not well defined since details
of the solutions were not sent to Battelle.) The J-R curves are shown in Figure
3.5.14, The Jp= and Jy-R curves from a C(T) specimen tested in the usual L-C
orientation are also snovn fn this figure., Compared to the scatter of the
finite element solutions, these results are very poor., One observation is

that the solutions that used the EPRI/GE estimation scheme had the J-R curves
hooking upward, [This was a general trend also observed from C(T) specimen
predictions using the EPRI/GE estimation scheme and inputing load versus crack
growth to calculate a J-R curve (Sectfon 3.2.5 in Ref, 3.5.6)].
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Table 3.5.4. List of Second Analytical Round-Robin Participants.

-
(12 Participants from 5 Countries)
England
Central Electricity Generating Board
France
Framatome/Novatome
Japan
Central Research Institute for Electric Power [ndustry
[shi Kawajima - Harima Heavy Industry
Kawasaki H.I.
Mitsubishi R.I.
University of Tokyo (Yagawa - Ueda)
University of Tokyo (Miyoshi - Yoshida)
USA
Battelle
Electric Power Research [nstitute
Structural Integrity Associates
West Germany

Gesellschaft fur Reaktorsicherheit
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Table 3.5.5.

variables in finite element analyses of FWFN(T) specimens.

Participant
variable 3 7
No. & Type 299 36 251 120
of Elements 8-Node [sop. 10-Node 16-Node Brick 8-Node [sop.
Plane Strain Gen. PE 3-0 Plane Strain
No. of Nodes 938 138 1174 407
Integration Order 3x3 Gauss 2x2 3x3x2 Gauss 2x2 Gauss
Yield Surface von Mises von Mises Von Mises Von Mises
Hardening Mode! Isotropic Isotropic Isotropic 'sotropic
J-E Curve True Engineering Engineering True
Finite Deformation NO No NO Total
Laqrange
Small Strain |
Equilibrium Newton-Raphson  Newton Tangent Stiffness Modi7ied
Compensation Radical Return Newton
Crack Extension Spring Mesh Node Release Node Shift
Procedure Relaxation Distortion and Release
J-Computation Cantour J VCE VCE vCE

e e e e e ————————————
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Table 3.5.6. Summary of estimation methods for FWFN(T) problem,

Participant Description of Method

1 GE/EPRI constant stress edge-cracked specimen solution,
Ramberg-0sgood fit unknown at this time.

2 GE/EPR] constant stress edge-cracked specimen solution,

3 Used GE/EPR] method, Ramber~g-0sgood constants unknown at
this time.

la GE/EPRI bending solution,

3H GE/EPR] combined tension plus bending on edge-notched
specimen solution,

3¢ GE/EPRI constant stress edge-notched specimen sclution,

4 n-factor solution developed from finite e'ament solutions,

5 R6 Rev, 3 using finite element solution for K, tarm,

Sa - Solution (a) used elastic J finite element res Its in K.

term,
$b - Solution (b) used elastic J finite element results with

restrained bending geometry option,

S¢ - Solution (c) used elastic J finite element results.
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The best results were from Participants 4 and 5. Participant 4 developed an
-factor estimation scheme with the guidance of finfte element analyses.
Zarttcipant § used the R6 Rev, 3 method, where the elastic solution for K,
came from finite element results,

The rext closest solution used the EPRI/GE estimation scheme for combined
tension and bending of an edge-notched specimen, Solution 3-b in Figure
3,5.14, The constant stress edge-notched specimen solutions, from Participant
solutions 1 and 3-c, gave very high J-R curves,

Surface-Cracked Pipe Results

The surface-cracked pipe problem represents the first time (that we are aware
of) a truly three-dimensional structural analysis problem has been used in a
major fracture mechanics finite-element round-robin exercise. The crack
geometry and the loading frame of the test system is given in Figure 3.5.15.
The crack was an internal surface crack, and the pipe was unpressurized, The
test was conducted at 550 F (288 C). The pipe material and test temperature
were the same as those used in the FWFN(T) problem; hence the J-R curves are
comparable, For this problem, both finite element and estimation scheme
results were solicited. The materfal stress-strain curve data and the load-
line displacement versus crack growth data at the center of the surface crack
were given to the participants, The experimental load versus load-line
displacement curve s shown in Figure 3.5.16. This shows that after a small
amount of crack growth, the surface-crack broke through the thickness and
became unstable,

Finite Element Method Results

Eight participants solved this problem by the finite element method, Of
these, Participant 5 solved the problem using two different computer codes.
The participants were asked to calculate the J values up to crack initiation,
None of the participants conducted finite element crack growth analyses in
this round-robin, Table 3.5.7 summarizes the variables used in the finite
element solutions,

The first comparison was the load versus load-line displacement, Particular
care was taken to account for the test machine compliance and the dead-weight
of the pipe for determining the experimental test record. As shown in

Figure 3.5,17, all of the finite element solutions agree well with each other
and with the experimental data.

The second comparison was for J versus load-line displacement, The calculated

values are shown in Figure 3.5.18, along with the displacement at crack

initiation from the experimental data. The calculations are all in good

a?recment in the linear-elastic region, but thcg differ tremendously in the

elastic-plastic region, At crack initiation, the ratio of the highest J to

;?:f]ovcst J is a factor of 426 percent. This is an unacceptably large
erence,
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To further investigate the possible causes of this difference, the J at
initiation versus the number of nodes in the ligament was examined.

Figure 3.5.19 shows this comparison., This shows that the greater the number
of nodes, the lower the J value., Hence mesh refinement is a critical
consideration in this surface crack analysis. For this problem it appears
that 9 or more nodes in the ligament would be needed to jet good results, The
solutions by Particinants 4 and 12 satisfy this requirem.nt. Their value ot J

at initfation was approximately 390 1n-lb/1n2 (68,3 kN/m).
From this exercise it was found that a given mesh refinement may produce
satisfactory results in the linear-elastic regime while producing poor results

in the nonlinear elastic-plastic regime. Hence, one must be careful in verifying
a mesh refinement criterion for nonlinear finite element problems.

Estimation Scheme Solutions

Five participants solved the surface-cracked pipe problem using estimation
schemes to calculate the J-R curve. The different approaches are listed in
Table 3.5.8. Figure 3.5.20 shows a comparison of the J-R curves. In general,
these values are higher than the finite element solutions. The finita element

value of 390 in-lb/in2 (68.3 kN/m) is lower than any of the estimation scheme
values at crack initiation,

Discussion of Second Analytizal Round-Robin

The following points summarize the important aspects of this round-robin.

. For the FWFN(T) specimen, the finite element J-R curves were in
excellent agreement,

. For the FWFN(T) specimen, the J-es.imatio’ scheme results showed
considerable scatter, although proper modeling of the constant-
displacement Toading conditicn gave reasonable agreement with the
finite element resuits.

. For the surface-cracked pipe, the finite element results showed that
mesk refinement in the ligament of the crack was a primary factor
for scatter in the data for J at crack initiation. The scatter on J
was large, even though the global load and a far-field displacement
were predicted well, The finite element J values were in good
agreement in the linear-elastic region, but diverged in the elastic-
plastic regfon. Hence, evaluation of mesh refinement by linear-
elastic analysis 1s not sufficient for an elastic-plastic problem.
For the surface crack problem fnvestigated in this round-robin it
appears that nine or more nodes are needed in the 1igament.
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Figure 3.5.19 Comparison of J at initiation versus number of nodes in
ligament from FEM analysis of surface-cracked pipe.
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Table 3.5.8. Summary of estimation methods for surface-cracked pipe problem.

-
-

i

Participant Description
1 GE/EPRI surface-cracked pipe solution where ovalization
(buckling) correction used to modify solution.
2 R6 Rev. 3.
3 GE/EPRI surface-cracked pipe analysis.
3 mouii ‘Cation of GE/EPRI 360-degree surface-cracked pipe

solution where finite length flaw accounted for,

5 R6 Rev, 3 where finite element solutions developed for
use in K, term,

I
il
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All the surface-crack estimation schemes gave J values that were
higher than the best finite element results. For application purposes,
this may be conservative since these schemes overpredict the crack
driving force, hence they will underpredict the loads for a given J-

R curve.

The finite element values that appear to be the best for the FWFN(T)
specimen and the surface-cracked pipe show that the J at initifation
from the pipe was approximately 65 percent of the J at inftiation
from the FWFN(T) specimen. The finite element (using the solutions
with more than 9 nodes in the ligament) calculated surface-cracked
pipe J value at initiation was lower than the Jie value from the

C(T) specimen. Hence using a pipe finite element analysis, with
careful consideration of the mesh refinement, may overpredict the
loads for the cracked pipe when conducting an application phase
calculation,

These results will be further reviewed and published in a future document.
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Analysis, ASTM STP 803, American §oc¥ety for Testing and Materials,
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Ahmad, J., and others, “Elastic-Plastic Finite Element Analysis of
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Loading", Final report on EPRI Project T118-2, EPRI Report Number
NP-2347, April 1982,

Takahashi, Y., and others, “Comparison of Finite Element and J-
Estimation Scheme Solutions in Ductile Fracture Analysis of Stainless
Steel Piping with Circumferential Through-wall Cracks“, ASME Paper
PVP No. 87-PVP-31, 1986,

Wilkowski, G, M., and others, “Degraded Piping Program - Phase II",
Semia.nual Report, October 1984-March 1985, NUREG/CR-4082, Vol. 2,
July 1985, see Section 3.2.

3-120



4. SIGNIFICANCE OF RESULTS TO DATE

The Degraded Piping Program will supply results that provide a basis for regu-
latory decisions regarding leak-before-break (LBB) and in-service flaw assess-
ment. The significance of our results are summarized in terms of how they may
affect regulatory technical needs.

Section 4.2 of the previous semiannual report (Ref, 4.1) summarized the sig-
nificance of the program results to date. The following section provides such
a summary, but includes results from the current reporting period. Ouring
that period, we have completed five topical reports, each of which is sum-
marized in this report.

The experimental and analytical efforts within the scope of the Degraded
Piping Program were undertaken in part to determine the need for any further
efforts. As findings came to light, some efforts were slightly expanded,
while other efforts were not pursued. The following summary describes the
accivities of the third year. These activities have contributed considerably
to the understanding of the application of elastic-plastic fracture mechanics
(EPFM) to nuclear piping systems. These contributions relate to piping mater-
fals at light-water reactor (LWR) temperatures, especially concerning

. Pipe fracture analyses
. In-service flaw assessment criteria
. Material characterization and unusual failure mechanisms.
The discussions below are the basis for the Executive Summary in this report.
Previous semiannual reports are given in References 4.2 to 4.5.
References for Section 4
4.1 Wilkowski, G. M., and others, "Degraded Piping Program - Phase I1",
Semiannual Report, April 1986-September 1986, NUREG/CR-4082, Vol. 5,
April 1987,
4.2 Wilkowski, G, M., and others, "Degraded Piping Program - Phase II",

Semiannual Report, March 1984-September 1984, NUREG/CR-4082, Vol. 1,
January 1985.

4.3 Wilkowski, G. M., and others, "Degraded Piping Program - Phase II",
Semiannual Report, October 1984-March 1985, NUREG/CR-4082, Vol. 2,
July 1985,

4.4 Wilkowski, G, M., and others, "Degraded Piping Program - Phase II",

Semiannual Report, April 1985-September 1985, NUREG/CR-4082, Vol. 3,
March 1986.
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4.3 Potential Impact of Material Characterization Evaluations
and Unusual Frac ure Modes Observed in Nuclear Pipin
Materials on Pipe Fracture Analysis an pe Flaw
Evaluation Procedures

Ouring the course of this program, numerous evaluations of materia) properties
were conducted. In some of the pipe experiments and laboratory specimen
tests, unexpected results were obtained. The significance of these results is
discussed below.

4,0.1 Material Characterization and Database Efforts

To evaluate pipe fracture or flaw assessment anilyses, it is necessary to doc-
ument material property data carefully, This ‘nformation is used to evaluate
the pipe fracture experiments and also provides o valuable database for use in
assessing Cooe analysis procedures. The following aata were developed for
every pipe specimen tested fn this program: <hemical analysis; tensile test
engineering and true stress-true strain curves at room temperature, 300 F (145
C), and 550 F (288 C); and Leformation Theory J-R curves and Modified J-R
curves for standard compact specimens at 300 F (149 C) and 550 F (288 C). The
or‘entation of these specimens simulated circumferential through-wall crack
growth. For ferritic steels, Charpy transition curves were developed. Also
for pipes tested with surface cracks, full-width-face-notched tension,
FWFEN(T), specimens have been tested at the pipe tesl temperature. These data
have been inciuded in the NRC Piping "racture Mechanics Data Base

(Ref. 4.3,1). Such information will be useful in establishin generic
material lower bound or statistically acceptable toughness values for use in
the ASME Code or LBB applications such as noted in NRC Standard Review Plin
3.6.3 "Leak-Before-Break Procedures”.

Data that currently appear to be lacking include ferritic weld toughness

(especially SMAWs), thermally aged material data, and fucion line toughness
data.

Some observations made during from the material characterization efforts may
impact piping analyses, These observations are described below,

Reproducibility of Tensile Test Data

In mavy fracture mechanics analyses, the crack driving force calculations are
sensitive to the fit between the stress-strain curve data and the Ramberg-
Osgood relation, To assess the reproducibility of tensile stress-strain
curves, a round-robin wac carried out with several NRC contractors. This
showed that the varicds labs reasonab) reproducert the true stress-strain
curves a* 550 F (¢€8 C) (Section 3.5.1{. These data might also be useful at
some me in the future to asscss the sensitivity of the pipe J-estimation
schenzs to statistical variations of the material strength. Currently these
data are being used to assess the sensitivity of pipe fracture analyses if
dverage, rather tnan lower bound, stress-strain c.rves are nsed.

§-22



Detection of Crack Initiation

For many of the nuclear piping materials evaluated in this program, it was
difficult to detect the start of crack initiation in the laboratury specimen
testing, The direct-current (d-c) electric potential method was used to give
greater sensitivity, but in many case: it was necessary to use engineering
judgment and experience to pick the point of crack initfation, Currently, it
appears that more of the technical community 1s changing from the unloading
compliance technique to the d-c electric pote.cial method for crack growth
monitoring. Consequently, there fs a need to standardize a d-c electric
potential procedure to detect crack initiation and to monitor crack growth to
provide a verifiable database that can be used in licensing decisions. Cur-
rently, the David Taylor Research Center (DTRC) is conducting a round-robin on
the d-c electric potential method which should help to standardize the method.

Reproducibility of J-i Curve Calculations

In ASTM E1152-87, Standard Test Method for Determining J-R Curves, the
necessary equations to compute J from the test data are given, but no sample
calculations for verification of computer programs are provided. With the
advent of other versions of J, Modified J for example, .t becomes more
important to have a quality assurance check. During t'e data r~duction
efforts in this prugram, it was deemed worthwhile to zonduct a calculat’-nal
round-robin to see 1f all the NRC contractors were indeed calculating Deforma-
tion Theory and Modified J-R curves in exac.ly the same way (Section 3.5.2).
From the given load, displacement, and crack-growth data it was found that
most of the participants were calculating J-R curves that differed only by
round-off error. One participant had a difference of 1 percent, because of
erroneous compliance equations (different from those given) used to calculate
the J-R curves., This sample calculatione] problem is a valuable check that
added confidence to the materia) property data being generated, and should
perhaps be adopted as an appendix to ASTM E1152-87.

Fracture Toughness Correlations with Charpy Data

More often than not, J-R curve toughness data are not available to make a
practical flaw assessment., Hence, {f Charpy data are availabls from mill
reports, they can become valuapnle in estimating the actual toughness. Charpy
data could also be used as a gquality control toughness requirement for new
plants, or for flaw assessments if plant records could be retrieved. In
Germany, for instance, Kraftwerke Union has a Charpy energy requirement for
carbon steel piping (Ref. 4.3.2).

From the data developed for the pipe materials, a lower bound Charpy plateau
energy versus J correlation was verified for nuclear ferritic steels at 550 F
(288 C). This correlatior could be valuable in pipe fracture analyses or flaw
assessnent criteria, In Reference 4.3.3, Section 4,1 shows nhow the correla-
tion was used in the Simplified Piastic-Zone Statistical analysis.
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In addition, the Charpy data were used to cdevelop a statistica) correlation
where the Charpy plateau eneruy could be determined if transition temperature
Charpy energy and shear area percent data were available (Ref, 833,

pp. 4-16). The calculated plateau energy could then be used to estimate J from
the above noted correlation. This could prove useful in ferritic pipe flaw
assessment criteria,

One point of caution in us’ng Charpy to J ¢ correlations is that they need to
be sufficiently conservative to account fér the effect of dynamic strain aging,
which can reduce the materfal's toughness. Alternatively, a screening
criterion could he developed to show when a material is not susceptible to
dynamic strain aging, and a lecs conservative Charpy to JIc correlation could
be de 2loped.

4.3.2 Extrapolation of J-Resistance Curvas to
Larger Amounts T Crack Growth

In the prediction of through-wall pipe fracture experiments and fo. cipe
fracture analyses, it is sometimes necessary to ¢ rapolate J-R curves from
small specimens to larger amounts of crack growth. In NUREG-~1061 Volume 3
(Ref. 4.3.4), one procedure was suggested for Jeformation theory J-R curves,
This involved a tangent extrapolation of J-R curve data when plotted in terms
of J versus the tearing modulus, T, (T is proportional to dJ/da.)

To evaluate this aproach, three different specimen sizes of the same thickness
were tested in this program from plate materials, (Section 3.3 and Ref. 4.3.5).
The results showed that the NUREG-1061 Volume 3 method was extremely conserva-
tive and generally unusable because of the restrictions it employs. A further
assessment involved the use of the Modified J-R curves. In this analysis, it
was found that, contrary to the data of Ernst, who developed the paramete-
(Ref. 4.3.6), the Modified J-R curve approach did not eliminate all of the
?eometry effects. This may be due tc the fact that the nuclear piping mater-
als tested are believed to fracture under plane stress conditions, whereas

plane strain is belfeved to prevail in the specimens and materials used by
Ernst,

In order to provide some method tha* might appear workable, a hyperbolic fit to
the Modified J-R curve was proposed in Reference 4.3.5. This required data
from a standard small specimen which gave lower ) values, and data from a
larger specimen of the same thickness which gave a lower T value. Results from
Section 3.3 of this report suggest that a C(T) specimen with a planform size
larger than 4 times the specimen thickness is needed to get a low2r bound
tearing resistance,

4.3.3 Determining J-R Curves for Weld Metal Specimens

In most pipe fracture and flaw assessm.nt analyses, the critical fl v loca-
tions are in or near welds. For toughness evaluations of welds, another
consideratfon is the specimen size selection relati.2 to the size of the
weldment, The analysis procedures used in reducing these data are vase” on
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the assumption of a homogeneous specimen. One can imagine that {f most of the
specimen consists of a high-strength weld metal, then the current ASTM
analysis procedures will give a J that is close to that of the weld itself.
However, if most of the specimen consists of a lower strength base metal, then
the ASTM calculated J could be much higher because rf the deformation con-
tributions in the lower scrength base metal, The J value here is not a
materfal property, but rather reflects geometry and dissimilar material
structural interactions. Limited studies to date suggest that two specimen
sizes may be needed to evaluate the behavior of a larger structure, such as a
pipe with a flawed girth weld (Ref. 4.3.7)., Further efforts are needed to
define weld specimen desi?n considerations, and may evolve from current welded
pipe fracture experimental results.

Another important finding was that for a stainless steel flux weld, the use of
the high-toughness tungsten-inert-gas (TIG) weld metal in the root and initial
hot pasces can affect the composite toughness ~f the weldment. Thinner
stainless steel SAWs have a greater percentage of the tougher TIG weld metal
and hence exhibit a higher coughness. OData from thinner welds should not be
used to assess a thick pipe.

4.3.4 Possible Roie of Dynamic Strain Aging in Causing
ties in

Metallurgically Induced Instabili
Ferritic Steels at 550 F (288 C)
In pipe fracture experiments and laburatory specimen tests at 550 F (288 () on
some nuclear grade ferritic p1p1n? materials and their weldments, limited
y

crack instabilities were frequently observed. These crack instabilities
occurred in low compliance experiments. Prior to the start of this program,
such instabilities were not expected to occus, In one pipe experiment, these
limited crack instabilities were found to lower the crack growth resistarce by
60 percent (Ref, 4.3.8), It is belfeved that these crack instabilities may be
jue to uynamic strain a?1ng (DSA) at the crack tip (Section 3.1.2). One
concern is how well small specimen data can predict the reduction in the
toughness that can occur from these metallurgically induced instabilities in a
pipe. A second conce n is the effect of higher strain-rates, such as those
that occur in a seismic event, on the fracture resistance. A basic under-
standing of the possible role of DSA on these crack jumps {s needed.

4.3.5 Anisotropy Effects on Crack Growth
Behavior in Ferritic Steel Piping Materials

It was observed in most of the pipe experiments on ferritic pipes that the
crack grew out of the circumferential plane (Section 3,.1.3). For one of these
materials, laboratory specimens were machined out of the pipe in several dif-
ferent orientations, Test data showed that the loughness was lower in the
helical direccion in which the crac’. grew, This was also confirmed by metallo-
graphic sections which showed inclusions oriented in the direction of that
helical angle. This helical anisotropy probably comes from the hot forming in
seamless pipe manufacturing, This failure mode was most striking 1a a c¢ircum-
ferential cracked cold-leg pipe test where the pipe was in four-point bending
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without internal pressure, but the crack turned into the axfal direction,
Since that pipe was manufactured Yrom rolled and welded plates, the rolling
direction (and hence the lowest toughness) was in the axial direction in which
the crack grew (Section 2.1.3 of Ref, 4.3.3). Further study is needed to
better assess the significance of the out- )f-plane crack growth., For example,
ifs i1t desirable to have the c¢rack grow in the helical direction, and how can
this growth easily be predicted? Another concern may be that if the low
toughness direction is in the helical direction, then a combined pressure plus
bending stress state or torsional loading contributions may result in lower
fai}ure stresses and become more important to consider in a pipe fracture
analysis.

References for Section 4.3
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4,3,2 Scott, P. M., and Ahmad, J. A., “Experimental and Analytical Assessment
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4872, April 1972,

4,3.3 Wilkowski, G. M., and others, "Degraded Piping Program - Phase II",
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pril 1987.
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