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Abstract

ABSTRACT

This is the third semiannual report of the U.S. Nuclear Regulatory Commission’s Short Cracks in
P'ping and Piping Welds research program. This 4-year program began in Maich 1990. The overall
objective of this program is o verify and improve fracture analyses for circumferentially cracked
large-diameter nuclear piping with crack sizes typically used in leak-before-break analyses or in-
service flaw evaluations.

Progress for through-wail-cracked pipe involved: (1) evaluation of a 4-inch-diameter French TP316
pipe which showed high anisotropy, (2) completion of a matrix of FEM analyses to determine the
GE/EPRI functions for short TWC pipe, and (3) examination of a 28-inch-diameter TP316 stainless
stee] SAW test, which showed that the crack grew significantly farther in the fusion line, indicating a
lower toughness region. A significant finding to date is that shorter cracks fail closer to net-section-
collapse predicted loads than long cracks, hence there is greater margins for short cracks than lung
cracks in SRP 3.6.3 for LBB which is based on the ASME Section X1 code source equations for long
crack behavior.

For surface-cracked pipe, a comparison of pipe experiments with Net-Section-Collapse predictions
showed the limitation of the Net-Section-Collapse analysis as a function of the pipe R/t

The investigation of dynamic strain aging (DSA) involved: (1) an examination of a carbon steel SAW

it had different high temperature fracture properties from the base metals examined, )
measurement of crack velocities during an unstable crack jump due to DSA, (3) an examination of
fracture surfaces in stable and unstable crack jump regions, and (4) a comparison of the occurrence of
crack jumps in pipe tests relative with those in lahoratory specimen tests

For anisotropic fracture evaluations, a literature review on microstructural aspects that affect
anisotropic fracture properties in carbon steel was conducted. A correlation between the degree of
anisotropy and angled crack growth in past pipe experiments showed more scatter than anticipated.

Crack-opening area analyses involved validation of deterministic analvses for probabilistic evaluations
to provide a technical basis for changes to NRC Regulatory Guide 1.45 on leakage detection systems.

A new version of the NRCPIPE code, containing numerous circumferential through-wall-cracked pipe
J-estimation schemes, was compiled and released to the NRC. Other efforts involved: (1) numerical
evaluations of residual stress on elastic plastic fracture (conducted at the University of Michigan), and
(2) several ASME Section X] activities on pipe flaw evaluation criteria.
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Executive Summary

EXECUTIVE SUMMARY

The objective of the U.S. NRC's Short Cracks in Piping and Piping Welds Research Program, which
began in March of 1990 and will extend for four years, is to verify and improve fracture analyses for
circumferentially cracked large diameter nuclear piping using integrated results from analytical,
material characterization, and full-scale pipe fracture efforts. Only quasi-static loading rates are
evaluated, since the NRC's International Piping Integrity Research Group (IPIRG) Program evaluated
the etfects of seismic loading rates on cracked piping systems.

The term “short cracks” excompasses crack sizes typically considered in leak-before-break (LBB) or
pragmatic in-service flaw evaluations. A typical LBB size crack for a large diameter pipe is 6 percent
of the circumference, which is much less than the 20 10 40 percent ratios investigated in many past
pipe fracture programs. Some key results from this reporting period are presented below.

Short-Through-Wall-Cracked Pipe

Ceveral material characterization efforts were undertaken in this task, The first involved evaluation of
the mechanical properties of a French wiought TP316 stainiess steel pipe which, unlike other
austenitic steels tested, displayed significant anicotropic strength. At this time, it is not known if such
anisotropy may be important in analyzing pipe fracture behavior.

A metallographic investigation was conducted on a tested piece of a 28-inch-diameter TP316 stainless
steel pipe that had a through-wall crack in the center of a girth weld. The most striking observation
from the pipe test vas the strovg tendency for the crack to extend along the weld fusion line for a
considerable distance. Crs k& growth along the fusion line of stainless steel submerged arc welds is
consistent with Degraded Piping Program results indicating that the toughness of the fusion line may
be lower than the toughness of the submerged arc weld. This lower toughness region could affect the
NRC LBB procedures and the ASME IWB-3640 analysis where cracked pipe evaluations typically
consider flux weld metals as having the lowest toughness.

Finite element analyses were conducted to evaluate the GE/EFR! J-estimation functions for short
circumferential through-wall cracks .a pipes subjected to bending loads. The new functions
significantly improved the pradicted rotation for the cracked pipe section. These new functions will
be included in a future rele.s¢ of the NRCPIPE code.

Short-Surface-Cracked Pipe

An analysis of the earlier small-d.ameter surface-cracked pipe experiments on stainless steel pipe
showed that ther is a general correction factor on the Net-Section-Collapse analysis as a function of
the pipe radius to thickness ratic. This correction appears to be independent of the crack size. The
trend is that as the mean radius to thickness ratio increases, the maximum load decreases delow the
Net-Section-Collapse analysis prediction:. This work points out a limitation of the ASME flaw
evaluation criterion.

Xix NUREG/CR-4599
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Crack Jumps end Dynamic Straio Aging

Dynamic strain aging (DSA) is being ivestigated because it is believed to he responsible for crack
jumps in pipe fracture tests at 288 C. Work on this task included consideration ot several new
experiments and tests that gave further insight into the phenomenon of DSA. One evaluation was on
a carbon steel Rabcock & Wilcox (B&W) submerged arc weld that behaved differently from all the
hase metals tested Strongth and hardness peaks @t elevated temperature indicated strong susceptibility
10 DSA, but at a significantly higher temperature than for hase metal, This weld also had a higher
toughness at seismic loading rates than at guasi-static rates, unlike base metals, which showed reduced
wughness 07 no change .1 toughness at seismic rates, The reasons for the different DSA behaviors of
the weld remain uncertain, but may be related to chemical composition.

Additional efforts involved examination of the fracture surfaces of areas where there was stable and
unstable crack growth in g C(T) specimen test at 288 C. The two types of growth showed similarities
in fracture profile, microstructure, and failure mode (ductile dimple rupture) but differences in dimple
size (larger in the unstable fracture regions) and coloration (distinet color difference on the oxidized
stable and unstable crack suriaces).

Finally, we conducted an examination of the number and magnitude of crack jumps that occurred in
Jahoratary specimens and pipe tests ¢n the same material. While a loose correlation appears (o exist
hetween laboratory tests and pipe tests, the crack jump phenomenon appears to be probabilistic and
will require more test ata if predictive techniques are to be improved. It was also found that crack
jumps =t LWK temperatures are more likely 10 occur in pipe fracture tests than in laboratory fracture
tests, suggesting that the laboratory tests may not be reproducing full-scale fracture hehavior.

Anisotropic Fracture Properties and Skewed Crack Growth in Circumferentially Cracked Pipes

Data from this program and results from the literature were examined to see if 2 screening criterion
could be developed 1o estimate the likelihood of skewed crack growth in circumferentially cracked
pipes. Avisotropic fracture properties are believed to be the cause of cracks turning away from the
circumferential direction, even under pure longitudinal loading. This crack turning could be
significant for LBB analyses where there are compined fongitudinal, hoop, and torsional stresses.
Frequently, only the longitudinal stresses are considered for circumferential cracks. However, if the
low toughness direction and principal stresses are at an angle to the circumferential directicn, the
concern is whether the failure stresscs could be lower than calculated in current LBB procedures.

Our findings indicated that toughness amisotropy, as determined from Charpy tests in several
arientations, is more dependent on the shape of the nonmetallic inclusions than on their volume
fracture or on any other metallurgi:  teature; stringer type inclusions cause far greuter anisotropy
than do globular inclusion.  Anisotropy can best be minimized by sulfide shape control (via chemical
additives) or by cross-rolling of plate for scam-welded pipe.

Attempts to sorrelate skewew crack growth in pipes to the degree of toughness anisotropy met with
only limited success. Although there is a slight general trend toward less-angular crack growth with
decreasing anisotropy. the results show a great deal of scatter. A closer evaluation of these data will
be conducted.

NUREG/CR 4559 XX
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Crack-Opening Area Analyses

The results in this reporting period are on ¢ subtask to provide a technical basis for changes to NRC
Regulatory Guide 1.45 on leakage detection systems. A probabilistic analysis is being conductea to
assess changes to leakage detection system capabilities relative 1o conditional failure probabilities.

Initial efforts involved examination of some deterministic aspects. The first was 1o assess the
accuracy of current J-estimation schemes to predict the maximum load and vrack opening of complex-
cracked pipe. Another deterministic evaluation was to assess the potential for restraint of crack
opening when the crack is close o a terminal end. A fixed terminal end prevents ovalization and the
induced rotation of the pipe due to the eccentricity of the crack and axial membrane strasses. This
assessment showed that if the crack is far from the fixed end or short in !.ngth, there is no restraint
of the axial membrane stress component of the crack opening. In these cases, the existing crack-
opening-area analyses can be used. However, for longer cracks that are close to a fixed end, the
crack opening due to the pressure loading can be reduced significantly (up w a factor of 2). It may
be advisable to account for this crack-opening restraint in an LBB analysis. This is the first time such
an effect has been considered.

NRUPIPE Code

Task 7 is the effort to formalize the fracture analyses inio & computer code called NRZPIPE  The
cu.rent NRCPIPE code was created during the Degraded Piping Program and contains only analyses
for circurr ferential through-wall-cracked pipe. Some corrections to that code were made and released
in Version 1.4e. An initial surface crack version called NRCPIPES has been created, It contains the
SC.TNP and SC TKP J-estimation «nalyses for finite-length circumferential surface cracks. These
analyses were developed in the Degraded Piping Program.

Interprogram Program Cooperation and Program Management

Professor Jwo Pan at the University of Michigan is parforming a numerical evaluation of weld
residual stresses on the crack driving force for elastic-plastic ana'yses. These results will be
compared with simple approximate methods to assess potential Code technigues.

Another activity within this tiok involves cooperation with the ASME Section X1 pipe flaw evaluation
task group, Several different efforts were undertaken in this reporting period.  The first was to
develop equations to allow Charpy energy values to be used in an elastic-plastic fracture mechanics
analysis of an axial surface crack in ferritic pipe. The second was 10 develop a data base of past
qQuasi-static pipe fracture data. Finally, an evaluation of the potential effect of proposed changes to
the ASME Code Section 111 to eliminate inertial stresses from the design equations was made. It was
agreed that if inertial stresses are eliminated in the design stress, then they should be explicitly
included in the flaw evaluation criteria. The Battelle assessment included technical Justification from
the NRC's International Piping Integrity Research Group (IPIRG) program, where double-ended-
guillotine break fracture occurred in pipes tested under inertial, seismic anchor motion, thermal
expansion, pressure, and dead-we.ght loading.
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Major Conclusions

Major conclusion to date is.

Short circumferential through-wal! flaws fail closer to limit-load (net-
section-collapse) predictions than the longer flaws tested in past programs.
The significance of this is the® for LBB analyses, typically the
circumferential flaw lengths in large diameter pipe (28 inches or larger) are
quite short, approximately 6 percert of u.2 circumference. This short
length means that; (1) the failure loads are not as sensitive to toughness
variations, and (2) if using a criterion such as the ASME Z-factor
approach, which is based on leng circumferential flaws, then there is an
extra degree of conservatism. However, for small diameter pipe (i.e., 4 to
6 inches), the LBB through-wall-crack size may be up to 30-percent of the
circumference, hence these pipes would be more sensitive to toughness
variations, and the ASME Section X1 Z-factor based criterion would b
more appropriate. it is possible to develop engineering corrections to the
Z~factor approach that would account for crack length, as well as diameter,
to have a more consistent fracture analysis for LBB of any size pipe.
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Nomenclature
NOMENCLATURE
1. SYMBOLS
A, Charpy specimen cross-sectional area
a Half the crack length
a, Power-law coefficient in stress-strain model
iy Power-law exponent in stress-strain madel
i, Effective half crack length
¢ Half the circumferential crack length
¢ Constraint factor for complex-cracked pipe, see E¢ 273
D Nominal pipe diaineter
D, Mean pipe diameter
d Surface crack depth
E Young's modulus
F Function relating elastic stret © intensity factor to stress in GE/EPRI
estin  on scheme
Falx,y) Dimensionless geometry function
TR R A Function used in GE/EPRI estimates scheme
hyhahyhy Functions tabuiated in GE/EPRI method
I Moment of inertia
] J-integral fracrure parameter
Ip Deformation J
1. Elastic component of J-integral
] J-integral ar crack initiation but not necessarily a valid J;, by ASTM E813-
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Plane strain J at crack initiation by ASTM ER1)
Modified J

Complex-crack Jy-resistance curve
Through-wall-crack Jy,-resistance curve
Plastic component of J-integral

I-integral resistance (curve)

Elastic stress intensity factor

Mode | stress intensity facior

Linear-elastic fracture toughness

Half axial crack length

Pipe length

Location of pipe restraint measured from crack plane
Moment

Lulging factor for surface crack

Folias through-wall flaw bulging factor
Slope of I -resisiance curve

Limit moment at a nominal stress of g,

I/n, also used for number of cycles
Ramberg-Osgood strain-hardening exponent
Applied load

Load required to close the crack

Membrane stress

Ratio of minimum load over maximum load
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Nomenclature

Adjusted mean radius of complex-cracked pipe

Mean pipe radius

Plactic-zone radius

ASME design stress

Thickness of pipe

Adjusted thickness of complex-.cacked pipe, t-d
Displacement functions in GE/EPRI analysis

A stress multiplier in ASME TWB-1640 and -3650 analyses
Ramherg-Osgood parameter

Dimensionless factor in expression for half the plastic rotation of a pipe
with no crack

Gamma function

Load-line displacement for axia tension
Increment of crack growth

Elastic axial Gisplacement due to the presence of the crack
Plastic part of load-point displacement
Displacemant at center of crack

Elastic displacement at center of crack
Crack-opening dispiacement at crack initiation
Normalized crack-opening dispiacement
Plastic displacement at center of crack

Scaled center crack-opening “'splacement
Unscaled center crack-opening displacement

Crack-opening displacement Jue to axial tensile stress with no restraints

XXVH NUREG/CR-4599
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Nomenclature

" Eta factor, a geometric factor (g) times the energy = |

¢ Strain

£ Ramberg-Osgood reference striin

# Half crack angie of through-wall crack in a pipe |
v Poisson’s ratio !
L Half rotation angle of pipe l
9. Haif the elastic rotation due 0 presence of crack |
Mg Half the elastic rotation if no crack is present !
¢, Half the plastic rotation due to presence of crack |
¢,"‘ Half the plastic rotation if no crack is present a
0 Stress ‘
¢, Axial stress '
OCade Bending stress calculated according to ASME Code Source equations |
O p Experimentaily determined bending stress

o Flow stress |
_ A Normalized crack-opening displacement J
0, Net-Section Collapse analysis predicted stress

0, Ramberg-Osgood reference stress |
Oi Reference tensile stress
Oien Tension stress |
a, Ultimate strength :
a, Yield strength |
o® Far field applied stress

NUREG/CR-4599 XXVt



3.
AEC
AlSI
APl
ASME

ASTM

BHN
BMI
cC

CEA

C-L

COA
COoD
CTOA
Cen
CVN
CVP
d-¢c EP
DEGB
Dpp
Dp2p
DS

Nomenclature

ACRONYMS AND INITIALISMS
Atomic Energy Commission
American lron and Steel Institute
American Petroleum Institute
Amnerican Society of Mechanical Engineers |
American Society of Testing and Materials
Babcock d Wileox :
Brinell hardness number
Battelle Memorial Institute
Complex crack
Commissariat a I'Energia Atomigue

Circumferential fongitudinal oriendation (axial through-wall crack growth :
direction) _.

Crack-opening area
Crack-opening displacement .'
Crack tip opening angle |
Compact (tension) specimen
Charpy V-notch

Charpy V-notch plateau energy
Direct current electric potential
Double-ended guillotine hreak
Degraded Piping Program

Dimensiouless plastic-zone parameter

T — -

Double shear |
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Nomenc leture

DSA
DTRC
EDF
El* *
EP
EPFM
EPRI
YEM
GE
GR

Ip
IPIRG
JAERI
LBB

LC

L-R

LWR

ND

NRC
NRC-NRR
NSC

oD

NUREG/CR-4599
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Dynamic strain aging

Vavid Taylor Research Center

Electricité de France

Electric-discharge machining

Electric potential

Elastic-plastic fracture mechanics

Flectric Power Research 'nstitvte

Finite element method

General Electric

Urade

Internal pressure

International Piping Integrity Research Group
Japanese Atomic Energy Research Institute

Leak-before-break

Longitudinal -circumferential orientation (direction of through-wall crack

growth around pipe circumference)
Longitudinal-radial orientation
Light wacer reactor

Not determined

Nuclear Regulatory Commission

Nuclear Regulatory Commission - Office of Juclear Reactor Regulation

Net-Sectior _oilapse analysis
Outside diameter
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R-C
R-L
RT
SA
SAW
SC
SEM
SG
SL
SMIRT
S8
SSE

|

Nomenclature

Pressurized water reactor |
Radial-circumferential orientation

Radial-longitudinal orientation

Room temperature

Shear area percent at the Charpy V-notch energy temperature

Submerged arc weld

Surface crack

Scanning electron microscope

Side groove

Short-longitudinal orientation

Structural Mechanics in Reactor Technology (Conference)

Single shear '
Safe shut-down earthquake

Short transverse ofientation

Science and Technology Agency (of Japan)
To be determined

Transverse-longitudinal direction
Transverse-short direction

Through-wall crack, through-wall-cracked

Ultimate tensile strength

Yald strength
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Section | INTRODUCTION

1. INTRODUCTION

The "Short Cracks in Piping and Piping Welds" program was initiated to address Nuclear Regulatory
Commission (NRC) licensing needs and to resoive some critical findings from the NRC's Degraded
Piping Program. The term “short cracks” refers to the type of cracks assessed in leak-before-break
(LBB) or pragmatic in-service flaw evaluations. A typical LBB-size crack for # large dismeter pipe is
6 percent of the circumference, which is much less than the circumferential lengths of 20 to 40
percent investigated in other past pipe fracture programs. Hence, the term “short cracks” in this
project does not refer to microscopic cracks in the sense of the technical interests of the aerospace
industry

This 4-year program started on March 23, 1990, This third semiannual repori covers progress from
March 1991 thiough September 1991, along with plans for the next 12 months.
The nine tasks addressed in this program are:

(1) Short through-wall cracked (TWC) pipe evaluations

(2)  Short surface-cracked (SC) pipe evaluations

(3)  Bi-metallic weld crack evaluations

(4)  Dynamic strain aging and crack instabilities evaluations

(5)  Fracture evaluations of anisotropic pipe

(6)  Cruck-opening-area evaluations

(7 NRCPIPE Code improvements

8)  Additional tasks, if needed

(9)  Imerprogram cooperation and program management.
Of these, significant work has stacted in Tasks 1, 2, 4, §, and 6. No work has been identified under
Task 8 at this time.

Most of the tasks in this program involve integrated analytical, material characterization, and full-
scale pioe fracture experimental efforts. The specific efforts in this program are limited to
circumferential cracks in straight pipe, and Inads that are applied at quasi-static rates. A summary of
all the pipe experiments is given in Table 1.1. Seismic loading rate behavior is being investigated in
the NRC's Internutional Piping Integrity Research Group program (IPIRG).

1-1 NUREG/CR-45%99



INTRODUCTION Section |

Table 11 Summary of proposed pipe experimants

(a)  Expeniment numbers we consecutive with Degraded Piping Program Data Record Book entries
M) Antic pated test dates in parenthesis

Test™  Task
Expt. No.'™ Cuameter  Schedule Material Temperature Date No.
1.1.1.21 28 inch ) AS16 Gr70 2ERC (S50F) 10/25/90 |
1.1.1,22 36 inch 160 AS16 Gr 288C (550F) (5/93) 1
1.1.1.23 Minch 80 TP3I6 SAW 288C (550F) 5/23/91 |
1.1.1.24 4 inch 100 A333 Gr6 SAW 288C (550F) 3/1392 |
| 1.1.1.26 4 inch %0 TP3I6LN 20C (12F) 2121191 1
| 1.1.1.28 Minch 60 AS16 Gr70 288C (550F) 2101192 \
1138 6 inch 160 AS16/88 SAW 288C (550F) (1/94) 3
. , ked pi ‘
| 1.2.1.20 16 inch 30 TP3l6 100C 212F) 171592 2 1
12.1.21 6 inch XXS  TP4 28RC (550F) 4/16/91 2
12.1.22 6inch &0 TPIO4 288C (S50F) 3/15/91 2 |
1.2.3.15 2Minch &0 AS16 288C (550F) 11/03/91 2
1.2.3.16 2% inch %0 TPAI6 SAW 285C (550F) 9/05/91 2
12317 36 inch 160 AS16 SAW 288C (550F) (9/93) 2
Bi-metallic weld fusion lir- experiments - SC
1.2.3.21 36 inch 160 AS16/SS-SAW 288C (550F) (1/94) 3
|
\
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Section 2 TASK | SHORT TWC PIPE EVALUATIONS

2. TASK 1 SHORT TWC PIPE EVALUATIONS
2.1 Task Objective

The objective of this task is to modify and verify analyses for short through-wall-cracked (TWC) pipe
using existing and new data on large-diameter pipe

2.2 Task Rationale

The results of this task will belp o refine the fracture ar.alyses in LBB procedures used 10 evaluate
through-wall cracks in large-diameter pipes.

2.3 Task Approach

The five subtasks in this task are.

Subtask 1.1 Material characterization of pipes to be tested

Subtask 1.2 Facility modifications for large-diameter pipe experiments
Subtask 1.3 Conduct large-diameter pipe exper'ments

Subtask 1.4 Analysis modification and verifications

Subtask 1.§ Topical repcnt.

During this reporting period progress wa: made in Subtasks 1.1, 1.3, and 1.4 hence, only these
subtasks will be discusseo.

2.3.1 Subtask 1.1 Material Characterization for
Short TWC Pipe Experiments

2.3.1.1 Objective

The objective of this activity is to generate the data necessary 1o document the material strength and
toughness for analysis in Subtask 1 4.

2.3.1.2 Rationale

The material property data needed for the analysis procedures in Subtask | 4 will be determined from

each pipe and weld to be tested. These data are also of value for the NRC PIFRAC database (Ref.
2.

2-1 NUREG/CR-4599
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TASK 1 & vi© fWNT PIPE EVAL:  TIONS Section 2

NPl N T L, Charpy, chemical analysis, tensile, and J-R curves, need 1o be generated
9 e M wian. w0t Stainless steel weld and the 24-inch-diameter carbon steel submerged-arc
Wids asva in Subtask 1 3. Characterization of the stainless steel weld has been completed and the
resuits were reported in Reference 2.2,

No characterization work is planned within Task | for the 24-inch-diameter carbon-steel submerged-
arc weld because characterization work s planned within Task 2 for & nominally identical weld
prepared in 25.4-mm (1-inch)-thick carbon-steel plate (see Section 3.3.1.3).

Characterization of the French TP3IOLN stainles: steel pipe used in the new 4-inch-diameter TWC
pipe experiment has been completed and was reported in Reference 2.2, Material property data for
other materials 1o be subjected to pipe tests in Task | are available from the Degraded Piping
Program (Ref 2.3). All characterization data are recorded digitally and reduced to a format identical
10 that used in past Degr ded Piping Program data record book entries. These data also are available
for input into the NRC PIFRAC database.

In addition to the complete characterization activities described here, other activities in support of pipe ,
fracture experiments are undertaken as needed. Several of these other activities are described in
Section 2.3.1 4.

2.1.1.4 Progress

During the past reporting period, several activities were undertaken in support of pipe fracture
experiments within Task 1. These activities included: (1) tensiie tests on the base metal for pipe
experiments in which the crack was located in weld metal, (2) visual and metallographic examination
of the fracture in a welded T304 stainless steel pipe (Usperiment 1.1.1.23), and (3) examination of
ovalization of tension and compression specimens in Pipe 1P-A2 (TP316LN stainless steel).

Base Metal Teasile Tests

In Pipe Experireent 1.1.1.23, a through-wall crack was located in a submerged-arc girth weld in Pipe
DP2-AS1, a 28 anch-diameter TPI16L stainless steel pipe that had been purchased from excess
inventory of replacement pipe from the Nine Mile Point plart (Ref. 2.2). The chemical composition
of the pipe is shown in Table 2.1, Longitudinal tensile specimens were machined from a section of
the pipe that had already been subjected to the pipe experiment. They were tested to provide tensile
data needed in the analysis of the pipe experiment. The specimens were located in close proximity to
the through-wall machined notch so that the material from which they were machined would not have
experienced plastic strain during the pipe test.

Quasi-static tensile tests were conducted at both room temperature and 288 C (550 F) at a strain rate
of nominally 3 x 10¥. Table 2.2 is a summary of the tensile properties of the pipe. Engineering
stress-strain curves and true stress-strain curves are presented in Figures 2.1 and 2.2, respectively, |
As is commonly observed in austenitic stammless steels, both strength and ductility properties are lower

at 288 C (550 F) than at room temperature.

NUREG/CR-4599 -2
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Section 2 TASK | SHORT TWC PIPE EVALUATIONS
Table 2.1 Chemicul Compaosition of Pipe DP2-AS]
(TP 6L Stainless Steel)
Percent by Weight of Indicated Element
ASTM A240 Requirement
Element Pipe DP2-ASI for TPI16L
C 0021 0.030 max
Mn 1.8 2 .00 max
P 0.031 0.045 max
S 0018 0.030 max
Si 0.55 0.75 max
Cu 02 (a)
Sn 0 00% (a)
Ni 9 8™ 10.00-14.00
Cr 17.3 16.00-18 00
Mo 2.1 2.00-3.00
Al 0.01 (a)
Y 0.08 (a)
Nb 0.013 (a)
Zr 0001 (a)
Ti 0.004 (@)
B 0.0002 (@)
Ca 00024 (a)
Co 0.12 (a)
w 0.0 (a)
Se 0.00 (a)
N ’ 0.07!" 0.10 max
o
(%) Not g5 ecified

(b) Nickel ontent does not meet specification.

23 NUREG/CR-4599
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Sectron 2
Tuble 2.2 Tensile properties of Pipe DP2-AS1 (TPI6L stainless stoel)
0.2% Offset Ultimate
Test Yield Tensile  Elongation,
Temperature Strength Strength pet in Reduction
Specimen 254 mm of Area,
Number  C ¥ MPa ksl MPs ki (1.0in.) pet
ASLA 20 68 254 369 ND  ND 79.0 L
AS|12 20 68 263 K1 §97 K6 6 790 839
AS1 4 2ER S50 43 208 427 620 R4 708
600
s00
i 400
g 300
200
Pipe DP2-AS1
108 ko 28-inch Diameter
00 Austenitic Stainless Steel Pipe
o L

0 0.1 0.2

0.3 0.4 0.5
Strain

0.8 0.7 0.8

Figure 2.1 Engineering stress-strain curves fur tensile specimens machined
from Pipe DP2-AS] (TPAI6L stainless steel)

NUREG/CR45%9
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e - - L 'v-1
R N
: i v Throughowall Flaw

v d, o - i
T b-—fqmnpeumx-m T -

Cross-dectiion &7 -ef = A} Blow  wenp
‘

Figure 2.5 Sketch of fracture path in pipe tes ' 1.1.23

Note: The view is from the outsids of the pipe and assumes the
pipe 10 be Nattened. The shuded areas indicate fracture
surfaces tilted toward the viewer,
SC-SA-8/92-F..3

growth were in opposite directions, (2) the Side A fracture surface exhibited a bifurcation in the crack
at the end of the saw-cut notch, and (3) the length of the crack front in the early stages of growth was
larger on Side A than Side B of the crack due to the greater tilt angle.

Sections were taken from each side of the crack for metallographic examination. Sections Al and Bl
(see Figure 2 3) contained the jewelers-saw-cut portion of the through-wall flaw; Sections A2 and B2
were located approximately 25 mm (1 inch) from the original flaw tips. The arrows in Figure 2.3
indicate the viewing direction of each cross section, Each section was ground through 600 grit paper
and etched 1o reveal the location of the weld. Figure 2.4 shows that the saw-rut starter notch was
located very nearly in the center of the root pass of the weld zone at each end . “ the flaw. Figure 2.5
shows the crack location relative to the weld zone at Sections A2 and B2, Most of the fracture
surfaces on both sides of the crack appear to be along, or very close to, the wely fusior line, The
presence of the weld metal in Section A2 and the near absence of weld metal in Section B2 indicates
that the crack on Side A extended along one fusion line and the crack from Side B extended along the
other fusion line. Notice also that the tilt angle in Section B2 is substantially less than in Section AZ.

Knoop microhardness and Rockwell B hardness profiles were determined in the weld in Sections Al
and Bl. Figure 2.6 shows the approximate locations at which the hardness measurements were made
and lists the corresponding hardness numbers. The results show very little difference between the two
sides of the weld  The hardness of the weld varied from 85 to 97 Rockwell B (143 to 232 Knoop
hardness number) on Side A and from 89 to 96 Rockwal' B (150 to 263 Knoop) on Side B. The
average Rockwell B hardness was 91.4 for Side A and 92.8 for Side B. The Knoop hardness
number: showed a higher variation than the Rockwell B numbers, which is typical for microhardness
test results in weld metals. They also showed that, on average, Side B was slightly harder than Side
A. Thus, the observation that cutting the final slot in Side A required more jewelers-saw blades than
in Side B cannot be explained by greater average hardness at Side A, Rather, it is likely that the
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Figure 2.4 Cross sections showing the location of the saw cut nolch in the weld
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Base
' Metal
Fracture

\ Section A2 50229 1 % Section B2 50231

} ire 2 Cross sections showing the location of the crack with respect to the weld
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Section 2 TASK | SHORT TWC PIPE EVALUATIONS

Both tension tests and compression tests at room temperature had led to ovalization of the originally
circular cross sections of the test specimens as plastic strain occurred.  In the necked region of the
tension specimens, the ovalization was very pronounced; the ratio of the ellipse minor axis to the
ellipse major axis was approximately 0.58.  Ovalization was less pronounced in the compression
specimens and depended on the amount of plastic strain imposed before the test was terminated.  For
a compressive strain of approximately 9 percent, the ratio of minor-to-major ellipse axis was
appreximately U.96,

Metallographic examination of a ¢ross section of one of the tension specimens, one of the
compression specimens, and a piece of the pipe from which they were machined showed clearly the
orientation of the ellipses relative to the pipe wall, As is shown schematically in Figure 2.7, the
major axis of the elliptical cross section of the tension specimen was aligned with the circumferential
direction in the pipe wall. In the compression specimen, vn the other hand, the minor axis of the
ellipse was aligned with the circumferential direction. These observations, along with the finding that
the madulus of elasticity in the longitudinal direction of the pipe was unusually low for an austenitic
stainless steel—157.5 GPa (22.84 x 10° psi), as determined by a resonant frequency method —suggest
that the pipe has preferred orientation, or crystallograpnic texture, of the individual grains making up
the pipe. The presence of preferred orientation could have important implications in interpreting
finite element analyses of the pipe fracture experiment for this and other pipes, since FEM analyses
typically assume isotropic strength properties.

~~ Compression
Specimen

Pipe -~

Figure 2.7 Schematic illustration of ovalization in tension
and compression specumen (ross sections from
Pipe [P-A2 (TPMGLN stainless steel)
Note: Drawing not to scale

SC-SA-5/92-F2.7
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TASK | SHORT (WC PIPE EVALUATIONS Section 2

2.3.2 Subtask 1.3 Large-Dinmeter Pipe Fracture Experiments
20201 Objective

The objective of this activity is 1o develop pipe fracture data for the verification of fracture analyses
used in LBR evaluations of large-diameter pipe

2.3.2.2 Rationale

Past work in the Degraded Piping Program (Ref. 2 3) on long circumferential through-wall cracks
showed different results for thinner versus thicker large diaeter pipe. A relatively thin steam-line
pipe had failure stresses well below those predicted by the net-section-collapse (NSC) analysis, but
agreed weli with predictions from various J-estimation scheme analyses. Conversely, a thicker cold-
leg pipe reached the NSC stress, which is much higher than that predicted by the J-estimation scheme
pre¢ tions. Fur all of these experiments, a wong (37 percent of the pipe circumference) through-wali
orack was evaluated  Addition.  ge-diameter pipe experiments with shorter through-wall cracks in
sufficiently low toughness pipe materials are needed 1o assess the various elastic-plastic fracture
analyses.

2.3.2.% Approach

Four through-wall-cracked pipe experiments and one uncracked pipe experiment on large-diameter
pipe will be conducted as part of this subtask, see¢ Table 2.3 The pipe diameters for these
experiments are 24, 28, and 36 inches  Different mean radius 1o thickness, R/, ratios will bhe
considered.

1o addition, the test matrix for this subtask wlso includes a 4-inch-diameter pipe experiment. The
objective of this experiment (1.1.1.26), which was not included in the original test matrix, is 1o
compare the French (EDF) pipe test system with the Battelle pipe test facilities, since discrepancies

Table 2.3 Test Mutrix for Subtask 1.3 - Large-Diameter Through-Wall-

Cracked Pipe Fracture Experiments
Crack
Neminal Test Length
litpl“ N, Diameter Schedule Muterial Temperuture (2c/ub) d

1.2 28 inches A513 GR 60 2ERC (550 F) 0 0625
11122 36 inches 160 AS16 GR 70 288C (550 F) 0.0625
1.1.1.23 28 inches RO TP316L. SAW 28RC (S50 F) 0.0625
11124 24 inches 80 A133 GR6 SAW  2B8C (550 ) 0.0628

11128 28 inches 60 AS1S GR 60 28RC (550 F) 00
11126 4 inches RO TP316LN 2CMF) 0.244

NUREG/CR 4599 2.10
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were found in FEM analyses of one Battelle and one French pipe test on different size pipes. The
section of French pipe used was from the moment am of their Experiment No. 24, The test
specimen was machined o reproduce nearly the same diameter, wall thickness, and crack size as use'
in the EDF experiment

2334 Progres

The results for the 28-inch-diameter carbon steel through-wall-cracked pipe experiment (1.1.1.21)
were discussed in the first semiannual report for this program (Ref. 2.5). The results for the 28-inch-
diameter stainless steel submerged-arc weld (SAW) through-wall-cracked pipe experiment (1.1.1.23)
atw the d-inch-diameter stainless steel French pipe experiment (1.1.1.26) were discussed in the second
seminnnudl report of this program (Ref. 2.2)

In this reporting period, work has focussed on preparing test specimens for the 24-inch-diameter
carhon steel SAW through-wall crack experiment (1.1.1.24) and the 28-inch-diameter carbon steel
uncracked pipe experiment (1.1.1.25). For the 24-inch-diameter carbon steel SAW experiment, a
pipe material and weld procedure to be used for the experiment have been identified. The pipe
material to be used is DP2-F4. This is a section of 24-inch-diameter Schedule 80 (30.96 mm

(1.219 inch) wall thickness) SA-333 Grade 6 pipe obtained for the Degraded Piping Program. That
pipe came from the excess pipe inventory of a nuclear power plant. The weld procedure for this
experiment will be SAW . The weld wire will be a high manganese, high molybdenum wire carrying
the designations EAY and SFA 5§23, The flux will be Linde 80. This procedure was obtained from
Babcock and Wilcox (B&W) as being typical of the procedures used by B&W in the construction of
the Midland nuclear power plant, as well as most other carbon steel piping systems in their other
PWR's, At this ime quotes for fabricating this weld, along with a similar plate weld to be used for
material characterization, have been chtained from a local ASME Nuclear Code-certified welding
shop. The welds wiil be made in the near future.

For the 28-inch diameter carbon steel uncracked pipe experiment, the test specimen has been cut to
length and an iastrumentation plan has been formulated. After consulting with the individuals
conducting the finite element analyses for this experiment, it was decided to collect the data listed in
Table 2.4, These are the data deemed necessary to verify the finite element analyses.

In addition 1o preparing the test specimens for Experiments 1.1.1.24 and 1.1.1.25, a number of
calculations were made to compare the experimental results (i.e., maximum experimental momrants)
with predictions from various analyses. The analysis methods considered were the Net-Section-
Coliapse (NSC), Dimensionless Plastic Zone Parameter (DPZP), and ASME Section X1 IWB-3640
(for austenitic steels) and IWB-3650 (for ferritic steels) analyses. The experimental results from
Experiments 1.1.1.21, 1.1.1.23, and 1.1.1.26 as weil as the experimental results from the companion
long through-wall crack experiments from the Degraded Piping Program are compared with the
various analysis methods in Tahle 2.5 and Figures 2.8 through 2.10.

In comparing the resuits from the short through-wali-cracked pipe experiments from this program
with results from the long through-wall-cracked pipe experiments from the Degraded Piping Progr um,
it can be seen that the NSC analysis overpredicts the experimental maximum load to a greater extent
for the long ¢ a.as than it does for the short cracks. This observation also holds true for the DPZP

211 NUREG/CR-4599
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Table 2.4 Data to be collected on 28 inch-dimmeter carbon steel
uncracked pipe experimend (1.1.1.28)

. Load

. Load-line displacement

. Pipe cvalization at one cross section inside center span
. Pipe rotation

. Strain data at one cross section inside center span:

Bi-axial gage at top outside surface

Uni-axial gage (longitudinal orientation) at top inside surface

Uni-axial gage (longitudinal orientation) at side of pipe on outside surisce
Bi-axial gage at bottom outside surface

Bi-axial gage at bottoin inside surface

andd ASME analyses, since these analyses have their basis an EPFM correction based on long cracks.
The reason for the greater overprediction of maximum loads for the long cracks Is that the longer
cracks are more sensitive to toughness effects than the short cracks. As Figure 2,11 shows, the
longer the crack length the greater the difference between the elastic-plastic and limit-load solutions,
Therefore, since the failure criterion for large-diameter, low-oughness pipes, such as evaluated
herein, is governed more by elastic-plastic conditions than by limit-load conditions, it is not surprising
that the NSC analysis overpredicts the experimer - 1 results more for the long crack length case than it
does for the short crack length case. This observation will be further validated as the results from the
remaining two large-diameter short through-wall-cracked pipe experiments become availabie.

The signii.cance of this finding is that for lea-bufore-break (LBB) analyses, the margins associated
with any Himit-load based fracture/stability analyses for LBB size through-wall flaws will be greater
than expected, based on the long through-wall crack ¢ata from the Degraded Piping Program, as well
s the ASME Z-factor and DPZP analyses.

Aiso of note from Table 2.5 and Figure 2,10 is the fact that the ASME Section X1 analyses typically
underpredicted the experimental failnre moments for the five experiments considered. The one
exception was the 4-inch-diameter stainless steel pipe experiment (1.1.1.26). The degree of
overprediction for this experiment was minor, less than 4 percent. For the two carbon steel
experiments the extent of the underprediction was especially significant, The Section X1 predicted
moment for the long crack experiment (4111-2) was only 47 percent of the experimental maximum
moment while the predictad moment for the short crack experiment (1.1.1.21) was only 39 percent of
the experimental maximum moment. As noted in References 2.2 and 2 6, the IWB-3650 analysis
tends to he more conservative than the IWB-3640 analysis.

NUREG/CR-45%9 212
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Table 2.5 Camparison of maxumum expermmental moments from through-wall cracked expermments
with predicted moments from NSC, DPZP, and ASME analyses

Mavemnem
Expt. oo, « o, S, 5 e IWE.  GwB-
No. Materisl  mm  mm 205D, MPa MPx MPa Mim'  ANem (NSO OPZP a3
41112 ASISGR & 7112 236 037 3 544 il4 216 1204 0738 0.%34 NA 2mm
Base Metal
9 B W 4 ASISGR 60 7112 2.7 0.0625 231 544 ils 216 R 0.%68 0.980 NA 2.535
Base Metal
4i11-5 TP316 SAW 7156 302 0.37 229 501 121 09 1256 0.636 0847 1077 N&
1.1.4.23 TP316L Ti1.2 30?2 0.6025 143 427 96 9.7 3062 0.853 1.172 Y47 NA
SAW
1.1.1.26 TP3I6LN 106.2 831 0.244 254 532 138 La it 0942 0942 0962 NA
Base Metal
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2.3.3 Subtask 1.4 Analyses for Short Through-Wall Cracks in Pipes
2.3.3.1 Objective

The objective of this subtask 15 to develop, improve, and verify the engineering analyses for short
circumferential through-wall-cracked pipe.

2.3.0.2 Rationale

The short through-wall-cracked pipe analysis improvements are aimed at LBB fracture evaluations for
larger diameter pipe.

2.3.3.3 Approach
The three activities in this subtask are: |

Activity 1.4.1 Improve short through-wall cracked pipe analysis and compare predictions
with existing data

Activity 1.4.2 Analyze large-<diameter pipe TWC test results

Activity 1.4.3 Analyze through-wall cracks in weld:.

Activity 1. 4.1 Improve Short Through-Wall-Cracked Pipe Analysis
and Compare with Existing Data

Objective ,

This activity will involve several efforts to identify shortcur 'ags \n existing analyses and then to
make and verify improvements. In general, the objective of this activity is to make nexded
improvements in the analyses for better Hcediction of circumferential short through-wali-. “acke (), 'ne.

Approach
The four separate efforts 12 this activity are:

(@) Numerically assess the effect of plastic ovalization on the validity of J

(h)  Deiermine nipe ovalization effects on limit-load analysis

(€}  lmprove F-, V-, and h-functions

(d)  Compare predictions from improved analyses with existing data. |
Activities 1.4.1(a) and |.4.1(c) were thz only »ctive efforts during this progress report,

Activity 1.4.1(a) Numerically Assess the Effect of Plastic
Ovalization on the Validity of J

Experiment 1.1.1.21 was chosen to be modeled for this activity. This west was conducted on a 28-
inch-diameter TWC pipe. A 3D finite element model was prepared for this case. The FE calculation

17 NUPEG/CR-4599
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up to crack initation has been performed using the incremental theory of plasticity law given in
ABAQUS A scheme to extend the anilysis 1o incorporate crack growth has also heen developed.
The analysis beyond crack initiasion has been put on hold until problems dealing with mesh
refinement have been resclved

tivity 1.4.1(c) Improve F-, V-, and h-functions

aiytical methods for predicting the elastic or elastic-plastic vehavior of large circumferential
teromgh-will cracks (0 tubes subjected 1o bending, tension, or combined bending and tension are well
developed References 2.7 and 2 8 summarize five such methods and provide a number of
comparisons between analytically predicted results and experimentsl data, These techmgues consist of
developing methods for estimating the value of the J-integral. Classical J-tearing theory is used for
the analyses. A method has ulso been recently developed to estimate J for a through-wall crack in a
pipe weld (Ref. 2.9).

Unfortunately, the ability of these J-estimation technigues o predict the crack growth behavior for
amall cracks (€ 12 percent of the circumference) has not been established, even though such small
cracks are often of concern in practical structures. Indeed, the finite element solutions compiled in
the GEVEPRI handbook (Ref. 2.10) appear quite inadequate for small-size cracks (ee defs. 2.7 and
28 This activity completes the results of a series of finite element solutions for small cracks
tabulated in the spirit of the GE/EPRI handbook (Ref. 2.10). Specifically, the solutions of Reference
2.10 for @/x = 1/8 and 1716 are redone for Ramberg-Osgood coefficlents n = 1, 3, 5, 7, 10 for
bending, where # is half the crick angle.

The theoretical background for the development and use of simplified elastic-plastic fracture methods
is fully discussed in Reference 2.7, Here we provide solutious for the J-integral, the crack-opening
displacements, and the rotation due to the crack for short crack problems under pure bending. Some
of these results were presented in the second semiannual report (Ref. 2.2) with more detailed
discussion. However, for completeness, the entire set of solutions is provided here.

The GE/EPRI Estim ation Scheme—The GE/EPR] methed takes advantage of the scaling properties in
linear and nonlinear elasticity to interpolate over the range from small-scale yielding to large-scale
yielding and to normalize fracture parameters such as J, crack-opeaing displacement (COD), and
displacements  The elastic-plastic solution is obtained by superposition of a small-scale yielding
solution and of the fully plastic solution. The stress-strain law is defined by a Ramberg-Osgood
relation,

€0, .(.z]' @-1)

¢ ) a

] o o

where o is an arbitrary reference stress (usvally defined as the yicld stress), a and n are curve fitting
parameters, and ¢, = o /E,

This normelization reduces the fracture parameter determination to the computatior: of coefficients
depending, for given types of geometry and loading, only on the strai” hardening coefficient n and a
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Figure 2.12 Typical finite slement (a) mesh used for analysis (1/4 model),
and (b) circumferential cracked pipe geometry

SC-SA-8/92-F2.12
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Section 2 TASK | SHORT TWC PIPE EVALUATIONS

Table 2.7 Check case for R/t = 10, 6/x = /2, n = 1

Functions® GE/EPRI  3D-Solid ARAGUS

h 2.105 2,105
h, 3331 3.195
hy 3232 4,535

(8) hy reiates fully plastic J to moment
h, relates fully plastic center crack-mouth-opening displacement
0 moment.
hy relates fully plastic pipe votation to moment

Tables 2.8 through 2.11 provide the solutions compiled for all of the cases listed in Table 2.6. Table
2.8 is the elastic solution, while Tables 2 9 through 2.11 provide solutions for R/t = §, 10, and 20,
respectively. Note that GE/EPRI did not provide solutions for n = 10 and some of the n = 7 cases
due to numerical difficulties.

In order to obtain the h-functions, the ABAQUS calculation involved elastic and plastic analysis
(deformation theory) for a series of bending moment loads until a fully plastic criterion was met.
One check on the fully-plastic h-tunctions reported in Tables 2.9 through 2.11 was to calculate these
functions at all load levels and verify that h-functions do not vary once certain load levels (plasticity
dominates) are reached. A typical ple. Jof the h, function with bending moment is shown in Figure
2.13 and it shows that the h; function levels off after some load value. This technique was used to
produce all of the h-functions. It was also necessary to ensure that the rotations were nit large in

Elastic Tension Soluiions—In a manner completely analogous to that described for bending, the elastic
functions were compiled for a tensile-loaded cracked pipe. Here,

Kl = o"/na F(.g' .R.:] (2-15)
n t

g . d0%a 2,3:] (2-16)
X E ="t

2-25 NUREG/CR-4599
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\ Figure 2.13 Pasticity function h, (ABAQUS - Solid Elemen
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Section 2 TASK | SHORT TWC PIPE EVALUATIONS
Table 2,12 Fy, V,, V, for tension'™ (Elastic Analysis, ABAQUS Results)
Case Function®  #/x = 1/16 bix = 1/8 Ox = 172

l R/t =§ F 1.027 (1.049)  1.139 (1.176) ()
Vv, 1.178 (1.050)  1.359 (1.202) (©)
Vs, 0.042 (0.044) 0.096 (0.114) ()

2 R, /t = 10 F 1.049 (1.077) 1,250 (1.259) ()
v, 1.179 (1.082) 1.481 (1.319) (©)
V, 0.054 (0.052) 0.437 (0.127) (©)

3 Rt =20 F 1.107 (1.127)  1.469(1.387) (©
v, 1.258 (1.144) 1.719 (1.530) ()
Vv, 0.230 (0.059) 0.591 (0.138) ()

4 R /=10 3 (©) (©) 4.401 (4.208)
Vi {c) {c) 9.280 (8.323)
V. (¢) (¢c) 3.140 (2.807)

(2) The numbers in parentheses represent the GE/EPRI onginal solutions

(h) F relates elastic stress intensity factor o stress.
V, relates elastic center cruck-opening displacement o load.
V, relates elastic axial displacements due to the ~rack 10 load.

{¢) These runs were not pant of the current program. For checking purposes,
one run for 8/x = 1/2 and R/t = 10 (Case 4) was made.

From an LBB viewpoint, this means that the GE/EPR! functions may be nonconserve..ve. Solutions
for large n were not possible as convergence problems occurred in Reference 2.10. Here, no
convergence problems were experienced. The problems with the small crack solutions of Reference
2.10 are discussed in much more detail in References 2.7, 2.8, and 2.11.

Figure 2.14(a) presents a plot of the F-function results (Eq. 2-8) and the GE/EPRI solution as a
function of R/t for 8/» = a/b = 1/16, where a is the crack length and b is the uncracked ligament.
The differences are about three percent. Figure 2.14(b) shows a comparison of V, values (Eq. 2-6),
which are related to the crack-opening displacement. The differences are about 20 percent for R/t
= §. Comparisons of h, (J-integral) and h, (crack-opening displacement) are presented in Figures
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Section 2 TASK | SHORT TWC PIPE EVALUATIONS

2.15 and 2.16, respecuvelv . these figures, note that the present solutions were not compiled for
n = 2 (1/n = 0.5), while the GE/EPRI solutions were not compiled for n = 10 (I/n = 0.1). The i,
and h values differ by as much as 25 percent between the two solutions.

A comparison of J as a function of moment is given in Figure 2.17 for #/x = 1/8, R/t = §, and n
= 3,7 and in Figure 2.18 for €'y = 1/16, R/t = 20, and n = 3, 7. These figures show that the
differences between the original and modified solutions can be significant at higher loads.

Finally, Figures 2.19(a) through 2.19(d) provide comparisons between the presently produced rotation
results and those of Reference 2.10. These ars presented last because it will be seen that some major
differences between the results are realized. All of these comnarizons are “or J/x = 1/16.

Figure 2.19(a) compares the two calculations of the elastic function, Vs, Of particular note are the
negative values of V4 from the GE/EPRI results. Of course, it is physically impossible to obtain
negative rotations due to the crack, Similar observations for the plastic (hy) solutions can be made, as
seen in Figures 2.19(b) through 2.19(d), for R/t = §, 10, and 20, respectively, and 8/x = 1/16.
The ariginal GE/EPR! solutions are either negative or far too smail,

Conclusion—Solutions for the small circumferential crack under elastic-plastic conditions have been
compiled for the case of pure bendiag. These are compiled in a format identical to that of Reference
2.10. Solutions for the tension ca.e and combined tension-bending may be compiled in the future.
Work is also continuing on the development of alternative improved estimation schemes for small
cracks in pipe (Refs. 2.7 and 2.8) and a crack in a pipe weld (Ref. 2.9). Results will be published in
the next semiannual report,

Activity 1.4.2 Analyze Large-Diameter Pipe TWC Test Results
Objective

The objective in this activity is to analyze the large-diameter, short through-wall-cracked pipe fracture
gxperiments.

Rationale

These pipe fracture data were developed to assess th2 J-estimation schemes to be used in LBB
analyses for typical fracture behavior.

Approach

The pipe fracture data will be used to assess the accuracy of J-estimation schemes in the current
version of NRCPIPE and the unproved versions from the analysis improvements deveioped in

2-35 NUREG/CR-4599
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Figure 2.18 Comparison of J versus moment for R/t = 20,
8/x = 1/16
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TASK | SHORT TWC PIPE EVALUATIONS Section 2
Activity 1.4.1. This effort will consider accuracy of the Ramberg-Osgood fit, different fits of the J-R
curve, as well as the other improvements made in the J-estimation schemes.

Progress

Progress in this activity during this reporting period was presented in the second semiannual report.
This was done for the sake of completeness; most of the work conducted in this activity had been
performed in the previous reporting period.

Activity 1.4.3 Analyze Through-Wall Crack in Welds

Objective

This activity involves developing a methodology to accurately assess the fracture behavior of pipe
with a crack in the center of the weld.

Rationale

The current practice is to use the toughness of the weld and the strength of the base metal. Limited
data from the Degraded Piping Program on as-welded and solution-annealed welds suggest that the
strength of the weld metal should also be included.

Progress

Progress in this activity during this reporting period was presented in the second semiannual report.

This was done for the sake of completeness as most of the work conducted in this activity had been
performed in the previous reporting period.

2.4 Plans for Next Year of the Program
Work expected to be completed during the next year of the program is described below,

2.4.1 Subtask 1.1 Material Characterization for
Short TWC Pipe Experiments

As was noted in Section 2.3.1.3, fabrication and ‘haracterization of a weld in a carbon-st.el plate,
nominally identical to a weld in a carbon steel pip.e which is to be tested in Task 1, will be carried
out within Task 2. Fabrication of the welded plate is expected to be completed in the first half of

NUREG/CR-4599 240
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PIPE EVALUATIONS

ibtask Material Characterization for Surface-Cracked Pipe Experiments
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Figure 3.1 Empirical ovalization correction factor for
crcumferentially surface-cvacked
(d/x = 0.66 and 2¢/xD, = 0.5, pipe in bending

SC-SA-5/92-F3.1

generalize such a correction, The correction for the limit-load case is necessary since many of the
elastic-plastic fracture analyses and code flaw assessment criteria (i.e., IWB-3640 and IWB-3650 from
Section X1 of the ASME Code) have as their basis limit-load solutions.

3.3.2.3 Approach

To satisfy the need for data to verify the analyses, three smaller dismeter pipe fracture experiments
will be conducted, see Table 3.1. The pipe material for each experiment will be a high toughness
stainless steel. Therefore, for the pipe diameters under consideration in this subtask, fully plastic
conditions should xist. This will facilitate the analysis of the data in that any lowering of the failure
moments with respect o the net-section-collapse predicted moments can be attributed to ovalization
effects and not contained plasticity (elastic-plastic) conditions,

Note that the three pipe materials evaluated in this study are pipes obtained from canceled nuclear
power plants. The pipe geometries repre. 2at the range of R/t ratios that may be used in nuclear
piping; the largest radius-to-thickness (R,,/t) ratio is 21.3 and the smallest is 3.8.

The surface flaw size used in this subtask was established through parametric analysis. The flaw size
chosen, 25 percent of the pipe circumference in length and 50 percent of the pipe wall thickness in

33 NUREG/CR-4599
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versus 11.8 for the 6-inch Schedule 40 pipe experiment) would probably b kle prior to maximum
load if it were not pressurized.

3.3.3 Subtask 2.3 Large-Diameter Surface-Cracked Pipe Fracture
Experiments Under Combined Bending and ension (Pressure)

3.3.3.1 Objective

The eonective of this subtask is 1o develop experimental data for internally surtace-cracked large-
diameter pipe under more typical combined pressure and bending loading conditions for the purpose
of maling & critica: assessment of the ASME Section X1 and J-estimation scheme predictive analyses.

31.3.3.2 Rationale

With one exception, the largest pipes evaluated in the surface-cracked pipe experiments conducted as
part of the Degraded Piping (Ref. 3.2), the IPIRG (Ref, 1.5), and the EPRI NP-2347 (Ref. 3.6)
programs were 16 inches in diameter. The one exception was a 30-inch-diameter carbon steel
surface-cracked pipe experiment conducted as part of the IPIRG program, Ref. 3.7. Consequently, a
definite void exists in the pipe fracture experimental database. Since pipe diameter is an important
governing par»zaeter in assessing the failure mode, i.e., limit-load or elastic-plastic, it seems prudent
to fill this void. The effects of larger diameter pipe on the fracture behavior of surface-cracked pipe
need to be evaluated in order o make a critical evaluation of the ASME Section XI and J-estimation
scheme predictive analyses.

3.3.3.3 Approach

To satisty the data requirement for verifying the analysis methods, three large-diameter surface-
cracked pipe fracture experiments will be conducted, see Table 3.2

Table 3.2 Test matrix for large-diameter surtuce-cracked pipe experiments

Expt. Nominal Test Test
No. Diameter  Schedule Material Temp. Pressure ZdrE. d’t
1.2.3.18 <o-inch 60 A515 GR&O 288 C 9.56 MPa 0.25 05
(550 F) (1387 psi)
1.2.3.16 28-inch 80 TP3II6L SAW 288 C 10.14 MPa 0.25 0.5
(550 F) (1470 psi)
1.2.3.17 36-inch 160 Af16 GR70 288 C TBD TBD  TBD
SAW (550 F)

TBD = To be determined

3-5 NUREG/CR-4599
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Table 3.3 Material property data for 28-inch-diameter stainless steel base
metal and SAW materials at 288 C (350 F)

Base Metal (DP2-AS1)  Weld Metal (DP2-A45W2)

Yield Strength, MPa (ksi) 143 (20.8) 24 (53.0)
Ultimate Strength, MPa (ksi) 427 (62.0) 503 (72.9)
Reduction of Area, percent 70.8 58.5
| 1, kJim? (in-Ib/in®) NAW 59.5 (3a1)®
dl/da, Mi/m? (in-Ibin’) NA® 160 (23,250)

(n) NA - Not available
(b) Average of two 20 percent side-groove specimens.

3-9 NUREG/CR-4599
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Section 3 TASK 2 SHORT SC PIPE EVALUATIONS

The initial law size was SO percent of the pipe wall thickness i depth and 25 percent of the pipe
circumference in length. The flaw was introduced into the inside pipe surface using electric-
discharge-machining (EDM) technigues. The machined flaw was not fat'gue procracked. The test
temperature was 288 C (550 F). The loading conditions were quasi-static, monotonically increasing
4-point bending with a constant internal pipe pressure of 10,14 MPa (1.47 ksi). "his internal pipe
pressure resulted in an axial membrane stress (P ) of 59.6 MPa (B 65 ksi), which is 62 0 percent of
the design stress (5,0 for this material ot 288 C (550 F) The pressurizing medium was subcooled
water

Figure 3.5 is a plot of the total applied load versus load-line displacement for this expeciment. The

tal applied load values in Figure 3.8 include the equivalent applied load at the actuator of 62 .2 kN
(13,975 pounds) from the distributed dead-w. “ght load contribution due to the weight of the pipe,
water, and wire ropes at the end restraints.  From this figure it can be seen that the maximum applied
load for this experimen.  as 1018 kN (225,900 pounds).

Figure 3.0 is a plot of the crack section moment versus the crack section rotation data from this
experiment.  The rotation data represent the half rotation (¢) of the crack section, see Figure 3.6, and
are the data from the inclinometers that were mounted to the side of the pipe, 59 mm (22 inches)
either side of the crack plane. From Figure 3.6 it can be seen that the maximum moment for this
experiment was 2094 kN-m (18,530,000 in-Ibs).

Comparison of Experimental Results with IWB-3640 and IWB-3650
Predictions for Large-Dismeter Surface-Cracked Pipe Experiments

Table 3.5 shows 4 comparison of the experimental maximum load values from the 28-inch-diameter
AS1S Grade 60 carbon steel “ase metal (1.2 3.15) and 28-inch-diameter TPA161. stainless steel SAW
(1.2.3.16) surface-cracked pipe experiments with predictions from the in-service flaw assessment
criteria in Section X1 of the ASME Code, e, IWB-3640 and IWB-3650  From Table 3.5 it can be
seen that hoth assecsment criteria underpredicted the experimental maximum moments. The IWB-
3640 predicted or "allowable” stress for the stainless steel SAW experiment (1.2.3.16) «as 75 percent
of the maximum experimental stress, while the IWB-3650 predicted stress for the carbon steel base
metal experiment (1.2 3 15) was only 40 percert of the maximum experimental stress. The extreme
underprediction of the carbon steel results is consistent with past findings (Refs. 3.2 and 3. 5).

L34 Subtask 2.4 Analysis of Short Surface Cracks in Pipes
3340 Objective

The objective of this subtask is to develop, improve, and verify the engineering analyses for short
circumferential surface-cracked large-diameter pipe where elastic plastic fracture is expected,

33042 Rationale

The short surface-cracked (SC) pipe analysis improvements are aimed at assessing and improving the
ASME Section X1 flaw evalugtion crivoria (Refs, 3.8 and 1.9)
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L2438 Approach

The five activities in this subtask are.

Activity 741 Uncracked pipe analysis

Activity 2. 4.2 Improve SC. TNP and SC.TKP analyses

Activity 2 4.3 Compare improved limit-load solutions with short surface-cracked small-
diameter pip= Jata

Activity 2.4 4 Analyze large-diameter surface-cracked pipe test data

Activity 2.4.5 Evaluate procedures in J-estimation schemes for surface cracks in welds,

Activity 24 6 Extend SC.TNP and SC TKF for external surface-crach geometries under
combined loading.

Only Activities 2.4.1, 2.4.3, and 2.4.6 were active during this reporting period.
Activity 2,41 Uncracked Pipe Analysis

During May, 1991, we met with Dr Brickstad of Sweden while he attended the IPIRG meeting.

Dr Brickstad brought copies of a Swedish report by Dr. H. Oberg showing that fr & stainless steel
uncracked bend-har specimen, the analytical method underpredicted the experim ntal results by more
than the investigators thought possible. This is consistent with our uncracked pipe analyses of the
JAER! stainless steel uncracked pipe experiments, as well as many of the stainless steel through-wall-
cracked pipe analyses. We therefore conducted an FEM analysis of this simple uncracked bend-bar
specimen for comparison with the Swedish analytical result.

Two sets of analyses were completed. The first involved an in-house research code (FLIP) used at
Battelle that allows a power-law representation of the stress strain behavior. The constitutive model
was described by

e =alo)V @3-1)
where
a = 4065x10% for0 < ¢ S 242.5 MPa
a = T14x10" for e > 242.5 MPa
and
N = 1,019 for0 < o & 242.5 MPa
n = 4718 for o > 242.5 MPa

Tne data and the power-law fit are shown in Figure 3.7 As seen, this representation for the stress-
strain behavior is excellent. The FEM results using this representation under plane stress assumptions
were identical to the analytical predictions using elastic-plastic beam theory (Figure 3.8) of Dr. H.
Oberg in Sweden
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TASK 2 SHORT SC PIPE EVALUATIONS Section 3

The second set of FEM calculations was conducied using incremental theory of plasticity in
ABAQUS. Three cases were used: (1) 2D plane stress, (2, 2D plane strain, and (3) complete 3D
models. These results are also shown in Figure 3 8. As expected, the experimentally measured
values fall between the predictions of plane stress and plane strain.  The results using the 3D model
were expected to be in direct agreement with experimental observations, but were found to be almost
identical to those for the plane stress model.

This discrepancy between experimental results and analytical/GE predictions on uncracked stainless
steel specimens has not been resolved. A more letailed study of this problem and its implicati »ns in
predicting the behavior of uncracked pipe (and hence cracked pipe) will be undertaken in the IPIRG-2
Program,

Activity 2.4.3 Compare improved limit-load solutions with short
surfacecrreked small-diameter pipe data

The maximum moment for the 6-inch-diameter Schedule XXS pipe Experiment 1.2.1.21 was

1.1 x 10 inIbs. This value of the moment includes kinematic ¢ rrection. Figure 3.9 shows a plot
of the maximum moment predicted for this pipe geomercy and material properties using the Net-
Section-Collapse analysis for various flaw geometries Also indicated are buckling loads calculated
by ABAQUS and by Battelle's (Mesloh's) closed form buckling analysis, Ref. 3.10. The
experimental value for the maximum moment is zbout 22 percent less than that predicted by the Net-
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Consequently, If deetned appropriate, one generalized ovalization correction factor for limit-load
failures for all crack sizes could be incorporated into & code in-service flaw-assessment criterion such
as found in Section X1 of the ASME Code, or limits on the applicability of the net-section-collapse
analysis as of sunction of i/t can be established.

Activity 2.4.6 Extend SC.TNP and SC.TKP for External Surface
Crack Geometries under Combinod Loading

A copy of the DTRC report (Ref. 3.12) on J versus crack growth per cycle, da/dN, for low cycle
latigue was revicwed with the application to low cycle fatigue predictions in mind. The main concern
& the compatibulity of the Dowling operational definition of J with the J values in the SC. TNP and
SC.TKP solutions.

The DTRC repait uses an operational definition of J developed by Dowling. This methodology
makos laboratory specimen low cycle fatigue crack growth data consistent with high cycle fatigue
data. The difficulty comes when one wants to use this relationship in a structural application where
there are negative load ratios. In this case, the Dowling definition of J is inconsistent with the
deformation or incremental plasticity definition of J used in structural analysis.
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Step 6 involves a recalculation of the moment-rotation or load-displacement response tor the
incremented crack using the methods in Step 2. A potential problem is in accounting for any
cyclic hardening or softening in predicting the moment-rotation response of the structure for
subsequent cycles beyond crack initiation. This is a difficunt problem even in a full blown
finite element analysis.

Simplified Modification to SC.TNP Analysis

Another approach would be to simply add the closure load (P, ,.) 10 the applied load (P) directly in
the SC.TNP analysis, i.e.,

=1+ (3-5)
’o « (P + Pclo-m-‘z (36)
J,w (P + RSN L 3-1)
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TASK 2 SHORT SC PIPE EVALUATIONS Section 3

LA Subtask 2.1 Muterial Characterization for Surface-Cracked
Pipe Experiments

During the next year, it is expected that charasctarization of the replacement 16-inch-diameter
sustenitic stainless steel pipe from Savannah River will be completed. In addition, the carbon sieel
submerged-arc weld in 25 4-mm (1-inch)thick plate will be fabricated and material charactesization
tests completed.

342 Subtask 2.2 Smaller Diameter Pipe Fracture Experiments in Pure
Bending for Limit-Load Ovalizaticn Correction

The 16-inch-diameter Schedule 30 stainless steel surface-cracked pipe experiment will be conducted in
the next year.

3.4.3 Subtask 2.3 Large-Diameter Surface-Cracked Pipe Fracture
Experiments Under Combined Bending and Tension (Pressure)

Specimen preparation for the 36-inch-diameter carbon steel (cold-leg pipe) SAW surface-cracked pipe
experiment (1.2.3.17) will begin. The test weld for this experiment will be fabricated at the same
time as the test weld for the 24-inch-diameter carbon steel SAW through-wall crack experiment
(1.1.1.24). The weld procedures for both experiments wili be the same. Experiment 1.2.3.17 cannot
be conducted until the upgrade of the large- ‘oe test fachity is completed in Subtask 1.2,

34,4 Suitask 2.4 Analysis of Short Surface Cracks in Pipes

For Activity 2.4.1, it has been proposed that the discrepuncy between the experimental data and finite
element predictions for the uncracked pipe will be studied as part of IPIRG-2. Thi se results will be
incorporated into the conclusions of this activity, This subtask will be put on hold during the next
reporting peciod. Some literature survey for the LBB.ENG2 1netod for the surface crack analysis
may be conducted  Once the TWC analyses work in Subtask 1 4 i* completed this subtask will be
resumed.

3.5 References

3.1 Hiser, A. L. and Callahan, G. M., "A User's Guide to the NRC's Piping Fracture Mechanics
Dacabase (PIFRAC)," NUREG/CR-4894, May 1087

32 Wilkowski, G. M. and others, "Degraded Piping Program - Phase 11," Summary of Technical
Results and Their Significance o Leak-Before-Break and In-Service Flaw Acceptance Criteria,
March 1984-January 1989, by Battelle Columbus Division, NUREG/CR-4082, Voi. 8, March
1989.

33 Wilkowski, G. M. and others, “Degraded Piping Program - Phase 11," Semiannual Report,

April 1985-September 1985, by Battelle Columbus Division, NUREG/CR-4082, Vol. 3, March
1986,
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Section § TASK 4 DYNAMIC STRAIN AGING

S, TASK 4 DYNAMIC STRAIN AGING
5.1 Task Objective

The objective of this task is 10 evaluate and §redict te effects of crack instabilities, believed to be
due 10 dynamic strain aging (DSA), on the fracture hebavior of pipe.  Specific objectives are 10
establish a simple screening criterion w predict which ferritic steels may be susceptible to unstable
crack jumps, and to evaluate the ability of current J-hased analysis methodologies to assess the effect
of unstable crack jumps on the fracture behavior of fcrritic steel pipe. If necessary, alternative
procedures for predicting pipe behavior in the presence of crack jumps will be derived.

£.2 Task Rationale

The methudology developed here will be applicable to both LBB and in-service flaw evaluations. It
will also be vaiuable for selection of materials for future sdvanced reactor designs.

5.3 Task Approach

The four subtasks and two optional subtasks in this task are:

Subtask 4.1 Establish a screening criterion to predict unstable crack jumps in ferritic
stels
Subtask 4.2 Evaluate procedures for characterizing fracture resisiance during crack
| Jumps in laboratory specimens
| Subtask 4.3 Assess current procedures for predicting crack jump magnitude in pipes
| Subtask 4 4 Prepare intedim and topical reports on dynamic-strain-aging induced crack
| instabilities in ferritic nuclear piping steels at LWR temperatures
Subtask 4.5 (Optional Subtask) Refine procedures for characterizing fracture resistance
during crack jumps in laboratory specimens
Subtask 4.6 (Optional Subtask) Refine procedures for predicting crack jump magnitude
in pipes.

Significant efforts were made only in Subtask 4.1 during the past reporting period.

5.3.1 Backgrovrnd

| The approach in Task 4 is based on experimental data obtained in the Degraded Piping Program (Ref, L
| 5.1). In several pipe steels tested at 288 C (550 F), both in laboratory and pipe specimens, crack '
| instabilities were observed, interspersed between periods of stable, ductile tearing. These instabilities
i have been assumed to be related to a steel s susceptibility to DSA (Ref. 5.2). DSA is a pinning of

dislocation moement by free nitrogen or carbon atoms in the crystallographic structure.  This
| increases the flow properties and reduces the ductility. However, no firm proof of that tie-in between
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analysis methods w account for crack jumps. The results of Subtask 4.2 will provide information on
the variability of the toughness during the instability event and at the end of the crack junp.

The results of Subtask 4.2 will then be used in Subtask 4.3 to make engineering predictions of the
length of crack jumps in pipe, using several approaches. One approach will apply the NRCPIPE code
(se¢ Task  and another will use an energy halance method (Ref. 5.3;. The success of these
engineering approaches will be evaluated and a determination will be made as to whether improved
methods should be recommended for study in optional activitias. The Srst optional subtask is aimed
at improving the analytical procedures for calculating fracture resistance during unstable cracking in
laboratory specimens. The second seeks 1 improve the ability to analyze crack jumps in pipes.

The details of the steps to be undertaken in each of the activities are given in the following sections

£.3.2 Subtask 4.1 Establish a Screening Criterion to Predict
Unstable Crack Jumps in Ferritic Steels

The establishment of a screening criterion will involve the following efforts:

Activity 4.1.1 Conduct laboratory tests 1o determine correlations among tensile properties,
hardness, DSA, and the occurrence of crack instabilities in both C(T)
specimens and pipes, and

Activity 4.1 2 Using the results of Activity 4.1.1, formulate a practical screening criterion
for predicting crack instabilities in pipes

The details of these activities are given below.

£3.2.1 Activity 4.1.1 Conduct Laboratory Tests to Determine Correlations
Among Tensile Properties, Hardness, DSA, and the Occurrence of Crack

Instabilities in Both C(T) Specimens and Pipes

The objectives of this activity are to: (1) establish a direct link between crack instabiiities and
dynamic strain aging (DSA), thus making it possible to use tests that reveal susceptibility to DSA as
screening tests for indicating susceptibility to crack instabilities, (2) examine test data and fracture
specimens to correlate crack jumps in C(T) and pipe specimens, (3) investigate reproducibility of
crack jumps, and (4) discern any unusual fractographic and/or microstructural features associated with
crack instabilities.

Work during the last six months included the following items:

. Conduct additional elevated-temperature Brinell hardness tests on carbon-steel weld
metal 10 determine the temperature of peak hardness
. Conduct additional compact-specimen tests at 288 C (550 F) on a carbon steel which is

known to exhibit crack jumps to obtain data on the reproducibility of crack jumps in a
given material; in those tests, instrumentation was employed that permitted gathering
load, displacement, and crack growth data during the crack jump event
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. Conduct fragtographic and metablographic examinations of compact specimens o

reveal possible ditferences in tracture mode OF microstructure hetween slow, stable
tearing and crack jumps

ﬂ . Examine load-displacement records to obtain quantitative data on crack jump
! magnitude and frequency for hoth pipe tests and compact-speciinen tests of carbon
seels

Conduct Additional Elevated-Temperature Lrinell Hardness Tests

Fatlier work (Ref. €.4) bad shown that carbon steel base metals susceptible to Jynamic strain aging

exhibited @ peak 19 ultimate tenside strength at temperatures in the range of approximataly 200 o
t 260 (' (307 1 482 ). The single submerged-arc weld metal examined in that study ( identified as
| DF2-FI9W, an SAW girth weid in & 16-inch-diameter A106 Grade B carbon steel pipe) also exhibitad
u strength peak, but at a higher temperature of approximately 350 C (662 F). Fach of the base metals
also displayed a hardness peak, but at a temperature somewhat higher than that of the strength peak.
The reason for the higher temperature of the hardness peak was assumed 10 be the result of a higher
«irain rate in the hardness tests compared with the tensile tests. The hardness tests on the submerged-
arc weld metal also showed indigations of a peak value but the range 0f test lemperatures was not
sufficiently great 1o reveal the temperature at which the peak oceurred. Accordingly, additional
hardness tests were performed on the same weld metal specimen tested previously, but nearer the
hottom of the weld, 1o encompass & wider range of temperatures.  The procedures employed for
conducting the elevated-temperature Bringll hardness tests were the same as those described 1n our last
semiannual report, Ref, §.4,

The results of those additional hardness tests are shown in Figure 5.1, along with the earlier hardness
and tensile strength results. Notice that a hardness peak was abserved at a temperature of :
approximately 500 € (932 F), which is more than 150 degrees C (270 degrees F) higher than the ,
ultimate-tensile-strength peak. Notice also that the two series of hardness tests did not superpose, '
presumably hecause the tests were conducted in two different regions of the weld where the chemical !
composition and/or the microstructure may have been slightly different.

The reasons for the higher peak-temperature for the ultimat: tensile strength and hardness in the weld 5
metal as compared with base metal are not known at this time. Pant of the difference might be related :
1o the nigher silicon content (approximately 0.6 versus 0.2 jercent) and higher molybdenum content ;
(approximately 0.4 versus 0.04 percent) in the weld metal compared with the various base metals '
studied (Ref. §.4). Whatever the source of the different hehavior between the welu metal and the
hase metals, it is (nteresting to note that the J-R curve for the weld metal was raised significantly by
increasing the loading rate in the compact-specimen tests by a factor of several thousand, whereas that
for 4 carbon steel base metal (DP2-F30, A106 Grade B) was lowered substantially (Ref. §.5). These
limited data indicate that the effect of strain rate on the crack-growth resistance of carbon steels
depencs on the temperature range of the dynamic strain aging phenomenon, which itself is strain-rate
dependent.
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Figure 5.1 Brinell hardness and tensile strength versus test temperature
for a submerged-are weld in A106 Grade B pipe (DP2-F29W)

SC-SA-5/92-FS.1
Conduct Additional Compact-Specimen Tests at 288 C (550 F)

The steel selected for further study of the crack-jump phenomeron at 288 C (550 F) was AS15 Grade
60 (Pipe DP2-F26) becaw.e earlier tests indicated that side-grooved compact specimens machined
from this pipe consistently exhibited crack jumps of sufficient magnitude to permit gathering of data
during one or more of the crack jump events. The two principal purposes of conducting additional
tests on this steel were to: (1) determine the reproducibility of the crack jump behavior in one steel,
and (2) obtain load, displacement, and crack extension data during one or more of the crack jump
events,

Each of the compact specimens machined from Pipe DP2-F26 v as 1T planform size and had a
thickness of 20.8 mm (0 82 inch); side grooves had a depth of 10 percent per side. Each was tested
at 288 C (550 F) because previous experiments had shown that this was the temperature at which
crack jumps were most likely to occur, The experimental approach in conducting these additional
tests was to use a conventional load cell and conventional clip gage in conjunction with rapid-response
amplifiers, remove all filtering of the electronic signals, and record via a high-speed tape recorder
only that portion of the test beyond maximum load, i.e. that portion in which crack jumps were more
likely to occur. Additionally, a transient recorder was used in an attempt to capture data at very high
rates during actual crack jump events. Conventional recording devices also were used to obtain data at
slow rates during the entire test.

Of the four tests conducted at 288 C (550 F) on compact specimens machined from Pipe DP2-F26,
three were instrumented to provide data during crack jumps. Each of the four specimens exhibited at
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Table 5.1 Reproducibility of crack jumps in compact specimens machined
from Pipe DP2-F26 (AS15 Gr 60, 28-inch diameter)

(Note: _pecimens were 1T x 21 mm (0.82 in.) thack,
L-C onientation, fatigue precracked, 20 percet
side gi -, tested at 288 C (550 F)

Specimen Total Number of Sudden  Number of Load Drops

Identification No, Load Drops Observed 2 10% of Existing Load
F26-19 - i
F26-22 6 4
F26-103 3
F26-107 pi 2
F26-108 3 3
F26-109 3 2

appeared to be associated with slow, stabl crack growth and the light bands with rapid crack jumps.
The dark/light sequence soemed contrary to intuition, which might have supposed that there would be
a more gradual gradation in fracture-surface color from dark to light as the crack progressed from its
origin to its final position at the end of the test, although the region associated with a crack jump
might have been expected to show a fairly uniform color,

Figure 5.3 is an enlarged photograph of a portion of the fracture surface of Specimen No. F26-107,
which displayed two significant crack jumps when tested at 288 C (550 F). The boundaries between
the light regions (Regions B and D) and dark regions (Regions A, C, and E) have been highlighted
with a dark ink line; these ink lines were used in making nine-point-average crack-length
determinations directly from the photographs. Also shown on the photograph is the crack length at
the dark/light interface, relative to the fatigue-precrack tip, along the mid-thickness line. These
dimensions were useful in positioning the specimen in subsequent examinations in a scanning electron
microscope (SEM).

To test whether the boundaries between the dark and light regions were truly indicative of transitions
between slow and fast crack growth, the nine-point-average crack lengths at the boundaries, measured
from the photograph in Figure 5.3, were compared with the crack lengths at the start and end of
crack jumps, as determined from the direct-current electrical potential (d- EP) data obtained during
the test. Similar measurements were made on Specimen No. F26-108, which exhibited three distinct
crack jumps in a 288 C (550 F) test. The results, shown in Table 5.2, indicate that the magnitude of
the crack jumps mezsured from the dark/light boundaries overestimated the crack jumps calculated
from the change in d-c EP by an average of approximately S5 percent for the five crack jumps
observed in the two tests. Indi,idual overestimates ranged from approximately 15 to 90 percent.
Figure 5.4 is a comparison of crack lengths as determined by the two different measuren, it methods

5-7 NUREG/CR-4599
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Table £.2 Comparison of crack boog ' ngths hased on fracture surface appearance
[Aa (nppearance)] with those based on change in d« EP [aa (EP)

AalApprarance) Au(kly) a(A
mm inch mm inch Au(ER)
Spec. F26-107
Crack jump No. | 147 0058 0.99 0.0%9 1.49
,' Crack jump No 2 152 0.060 AR 0.038 1.7
Spec. F26-108
Crnck jump No. | 1.07 0042 V.91 0.036 147
Crack jump No. 2 135  Q.053 091 0.036 1.47
Crack jump No 3 147 0058 0.79 0 031 LK7
Avg. 1.54
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Figure §.4 Comparison of crack longth messurements by d-¢ EP with
those from fracturc surface appearunce Tor Specimen £26-107
(AS1S Grade 60 steed)
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Figure 5.5 (Continued) SC-SA 5/92-F§8.5¢
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Figure 5.6 Photomacrograph of midthickness plane to reveal crack profile of Compact
Specimen No, F16-107 tested at 288 C (2530 F)

A, C, and E: dark-colored fracture surface having stable crack growth (see Figure 5.3)

Ba dD: light-colored fracture surface having unstable crack growth (ses Figure £.3
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gxamination are presented in Table 5.3, which provides information on hoth the total number of load
drops and the magnitude of the load drops for a particular test, Notice in Taple 5.3 that there is no
close correlation between the number of crack jumps or their magnitudes when comparing compact
specimens and pipes.

Table 5.4 compares the crack-jump behavior of pipes and compact specimens for each of thirteen
carbon steels ‘nvestigated (ter base metals and three weld metals). Further, Table 5.4 indicates that
there is no overall correlation between the occurrence of crack jumps in compact specimens and their
occurrence in pipes. In only eight of the thineen steels was such a correlation observed. In two of
the si-els (Pipe DP2-F1 and DF2-F86W), a total of only one crack jump was observed in four
compact-specimen tests. In two other steels (DP2-F2 and DP2-F26), crack jumps were observed in
side-grooved compact specimens but not in plane-sided specimens. In one steel (DP2-F29W),

compar t-specimen tests showed only numerous tiny jumps, while in _nother steel (DP2-F9), through-
wall-cracked pipes exhibited crack junips while surface-cracked pipes did not. In general, unstable
crack jumps did not occur for surface-cracked pipe prior to the maximum lod, but occurred after the
surface crack became a TWC. A possible rzason for this is that there is very little crack growth for a
surface crack from initiation to maximum load, hence the likelihood of an instability occurring
probabilistically is small.

Two conclusions may be drawn from the results presented in Tables 5.3 and 5.4: (1) the fact that
eight of thirteen steels studied (62 percent) showed agreement between through-wall-cracked pipes and
compact specimens in whether or not crack jumps occurred suggests that a loose, but not a perfect,
correlation exists between pipe behavior and compact-specimen behavior in this regard, and (2) the
occurrence of crack jumps is a probabilistic phenomenon and requires considerably more data than are
now available to establish the nature of the correlations between compact-specimes .ests and pipe
tests. It may be that the crack growth in the pipe tests is much larger than in C(T) tests, hence
probabilistically there is a more significant likelihood of a crack jump in TWC pipe than C(T)
specimens, This will be examined further in this program.

§.3.2.2 Activity 4 1.2 Using the Results of Activity 4.1.1,
Formulate a Practical Screening Criterion for Predicting Crack
Instabilities in Pipes

The objective of this activity is to formulate & practical screening criterion, based on the results of
Activity 4.1.1, that will permit prediction ot crack instabilities in specific pipes.

In Reference 5.4, it was concluded that hardness data at 288 C (550 F) and at room temperature
would be sufficient to assess a particular steel's propensity fur crack jumps at {3 C (550 F). If the
hardness ratio at those two temperatures, BHN (288)/BHN (RT), equals or exceeds 1.02, crack jumps
should be anticipated in compact-specimen tests at 282 C (550 F). The additional elevated-
temperature hardness results obtained during the current reporting period on a submerged-arc weld in
A106 Grade B steel (DP2-F29W) do not alter that conclusion,

Several other questions were addressed during the current reporting pericd. They pertained to the

reproducibility of crack jumps in C(T) tests, the presence of unusual fractographic or metallographic
features associated with crack jumps, and the ability of C(T) tests to predict crack jumps in pipe tests.

NUREG/CR-4599 5.14
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Mumpber of Crack Jumps in Which the [oac
Tonal Tropped by G indicated Permentage

Numie: of the Existing i.oad
Test Went. No. Type of Test™ ‘,'2': 6% S10% 105% 2040% -O% Remarks
Fipe DP2F2y (\106 Gr By 6-inchdia x 183 iach wall
41128 Pipe t=st; & pt bead, 5C L] L 0 (] e e
7291 Compact tensios: 1T x 085 in, 20% SG 5 o 4 ! o 0 ‘
F29.13 Compact teesion; 1T x 085 in; 20% SG s 0 1 3 ¢ 0
F23-17 Compact teasion; 1T x 685 in; 0% 5C 2 G 1 3 o o i
F19-18 Compact tension; 1T x 085 in; 20% 5G 5 o o 5 il o |
wmw_&m_wa-wuﬂ. i
11418 Pbclcn:lp.he.‘;&(f L] mmmw»mdms«c l
41419 Pipe test; 4 gt bead 4+ peess, TWC 3 3 0 0 wumme:;?m—muo T ,"
F29W-12 Compact tension; 1T x 055 in; 2% SG n o un e e o o :
Fipe DP2 F30 (A106 Gr B): 6 inch dia. 1 0562 inch wall f
41126 Pape iest; & i bend; SC B 3 1 8 0 0 Crack jumps occurred afier SC became TWC. :
41135 Pipe test; 4 pt. bendt, OF n . 1 1 o 0 Three of the crack jumps occurred prios o max. koad :
Py Pipe test; € pt. bend; CC 6 « 9 ] 1 §  Twoof the crack jumps occurred prior to mas. ke the lanest 5
mdm-mm&bd*uw 1
record :
#1141 Pipe test; & pi. bead; OC 1 o 0 0 8 i One mags imstability 21 maz_ boad produced a double cnded: - i
guiliotine hreak. > i
127 Pipe test; 4 pt. bead; TWC G @ L] 0 0 o ’: ]
ZP1531C™ Compact toosion; YZT 2036 in; 0% 5G B 5 0 i D) [ =) i
ZPia4LC™ Comypact weasios; 1727 1036 in 0% 56 15 15 0 [ o o 2 ’
715 SLC™ Compact sension; /2T x 0.3 in; 2% SG 5 15 e 0 o o z
7P 61LC™ Comgpact tension; 127 » 036 in; 20% 5G i 1 o 0 " o A
F30-108 Compact tepsion; 12T 2036 in.; 20% SG 24 19 5 ] L] 0
F30.112 Compact tension; 12T 2036 in; 20% SG 3 8 0 ¢ 1 2 é
F3113 Compact tension, 12T 1636 in; 20% 5G s 1 0 3 1 z
Fi-114 Compact tension; 1727 X 636 in 20% SG 2 6 0 o o 2 >
Fi0-11% Compact tension, 12T x 636 in; 20% SG 20 17 1 o 1 1 %
=)
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Table 53 (Continned)

Mumber of Crack Jumps in Which the | e
Tol  Dropped by the Indicaied Percentage

Number of the Existing Load
Test Idco No. Type of Tes™ e 5% SH% 02% 240% e Kemarks
E018 Sut 4 v Wekd in Pige 86 (AY06 Gr B, 66.inch din.x 05 in. wall
BCD/WI-1 Pipe test; 4 pt bead; TWC 1% 7 8 3 o 0 Onc crack jump occurred prior 4o mas. losd.
FROW-13 Compact tension; 12T 2 038 in. 6% SG 0 0 o o o 6
FEEW 14 Compact 1ension; V2T x 038 in; 0% 5G [ 0 0 o 9 i
FREW 15 Compact tension; 1/2T 2 038 in | 20% SG 1 0 1 0 0 0
FEOW-i6 Compact tension; 1727 x 038 i ; 209 SC 0 L) L] 0 0 o
Pipe IP-F} {similar 1o Gr 8): 30.inch dia x
IPIRG 431 Pipe test; 4 bend + presa; TWC 1 0 0 o 1 G Tested at 300 C (572 F); both ends of the crack experienced 3 pamp,
but the end that had the saallcr smwount of watic proseth had the
lacper crack jump.
IPIRG 432 Pipe test; & pu. bend + press; SC v 0 4 0 0 o
PF14 Compact teasion; 3T 2 1 in; 0% SO o o 0 W 0 @
P-F15 Compact vension; 3T x 1 in; 2% 5G o o o @ 0 0
IPFl1 6 Compact tession; 3T x 1 in 06 SG o o “ 9 0 6
P-F1-2 Compact iension; 1.5T 2 140 0% 56 L] o 0 ] o 9
P-F1-8 Compact tension; 1.57 £ 1.4 in; 20% $G L 0 L o o «

(n) SC = surfece crack

5G = side grouve.

TWC = dwough well creck.

CC = comples crnck (360 degree SO with TWC s same planc).
ibs Tested @t Materinis Engincoring Associstes (Ref 5 6).
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LASK 4 DYNAMIC STRAIN AGING Section §
Table §.4 Observations of crack jumps in compact specimen tests
and full scale pipe tests of carbon steels at 288 C (550 F)
Crack Jumps Observed
Pipe ldent. In Pipe Tests In C(T)
No. Material T™WC SC Tests
DP2-FI A106 Gr B, 6-in. dia., Sch. 40 No® No® Yes'©d
DP2-F2 A106 Gr B, 6-in. dia., Sch. XXS$ Yes'® No®  yegled
DP2-F13  A106 Gr B, 16-in. dia., Sch. 40 Yes® No® No
DP2-F29  A106 Gr B, 16-in. dia., Sch. 100 No(® No® Yes
DP2-F30  A106 Gr B, 6-in. dia., Sch. 120 Yes'® No™ Yes
DP2-F29W  SA weld in Pipe DP2-F29 (A106 Gr B) Yes Yes®™®  yes™
DP2-FB6W  SA weld in A106 Gr B, 6-in. dia., Yes NT Yes'®
0.54in. wall
DP2-F9 A333 Gr 6, 10-in. dia., Sch. 100 Yes No Yes
DP2-F11 A333 Gr 6, 4-in. dia., Sch. 80 No NTW No
IP-Fi Japanese STS49, 30-in. dia., 1.54-in. wall Yes No® No
(Similar t0 A333 Gr 6)
DP2-F26  ASIS Gr 60. 28-in. dia., 0.875-in. wall Yes NTW Yes'® 1
DP2-F34  AS16 Gr 70, 36-in. dia , 3.5-in. wall Yes NT® Yes ‘
DP2-F34W  Shop weld in Pipe DP2-F34 (AS16 Gr 70) Yes NTY No

(&) Neo crack jumps after cracks in SC test beeame 8 TWC
(h) A single surtave cracked pipe test was conducted,

(©) A total of one vrack jump was observed in four pipe tests
(d) C(T) tests wore conducted at Materials Engineering Associates using the unloading, comphance method, Ref. §.6.
(e} Crack jumps were observed only in side-grooved C(T) specimens

() Crack jumps were observed in each of three complex-ciacked pipe tests, a singie TWC pipo test exhibited

no erack jumps; in an SC test (here were unstable orack jumps after the crack became & TWC.
() Crack jump prior o surface crack penetration
(h) Crack jumps were numerous but of small magnitude.

(1} Nut tested.
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In the single steel selected for crack-jump reproducibility studies (DP2-F26, A515 Grade 60), a total
of six nomirally identical tests at 288 C (550 ) on side-grooved specimens demonstrated good
reproducibility. As was noted i1 Secticn $.3.2.1, each specimen exhibited two to four significant
load drops (2 10 percent of the existing load) during the course of a J-R curve test. On the other
hand, the repraducibiiity among nominally identical specimens was not as good in several other
materials,. Fou example, in Pipe DP2-F1 (.. 106 Grade B) and in a submerged-arc girth weld in Pipe
DP2-FR6W (A 106 Grade B), four compact specimens were tested for each pipe; three of those
displeyed no crack jumps, but the fourth showed one crack jump.

Additional examination of the compact specimens from the steel used in the crack-jump
reproducibility studies revealed no unusual fractographic or metallographic features associa’ed with
the crack jumps. As expected, the jumps do not appear to be associated with microstructural
variations. Also, the appearance of the fracture surfaces in the SEM is nominally the same for rapid
crack jumps as for slow, stahle crack growth

Probably the most significant finding within Task 4 during the current reporting period is the failure
to find an overall correlation between crack jumps in pipe tests and crack jumps in compact
specimens machined from those pipes (see Table 5.4). Of thineen pipes tested, eight showed
agreement between pipes and C(T) specimens with respect 1o the occurrence, or lack of occurrence,
of crack jumps. The remaining five pipes did not show agreement between the two types of tests.
From these findings, it appears that the occurrence of crack jumps is a probabilistic phenomenon and
will require the accumulation of more extensive data than are now available to establish the nature of
the correlations between compact-specimen iests and pipe tests. The source of greatest concern is the
fact that, of four pipes that showed no crack jumps in C(T) tests, three showed crack jumps in pipe
lests,

5.4 Plans for Next Year of the Program
The efforts described below will be undertaken during the next year.

5.4.1 Subtask 4.1 Establisn a Screening Criterion to
Predict Unstable Crack Jumps in Ferritic Steels

There are two specific activities in this subtask. Plans for these activities are:

Activity 4.1.1—Conduct Laboratory Tests to Determine Correlations Among Tensile
Properties, Hardness, DSA, and the Occurrence of Crack Instabilities in Both O(7) Specimens
and Pipes. All the experimental efforts have been completed. Data reduction on the dynamic
crack growth measurements will be completed this year.

Activity 4.1.2—Using the Results of Activity 4.1.1, Formulate a Practical Screening Criterion
for Predicting Crack Instabilities in Pipes. All of these efforts will be completed next year.

$-21 NUREG/CR-4599
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§.4.2 Subtask 4.2 Evaluate Procedures for Assessing Fracture
Resistance Duving Crack Jumps in Laboratory Specimens

There are three specific activities in this subtask. The plans for next year for these activities are:

Activity 4 2.1 —Evaluate J-resistance Curve Approach. These efforts will be completed next
year,

Activity 4.2 2--Evaluate Alternative Material Resistance Measuras. These efforts will start
next year but will not be completed until the following year,

Activity 4.2 3 Assess Plausible Analysis Methods to Account for Crack Jumps., These efforts
will start next year but will not be completed until the following year.

5.4.3 Subtask 4.3 Assess Current Procedures for Predicting
Crack Jump Magnitude in Pipes

There are two specific activities in this subtask. The plans for next year ure:

Activity 4.3, 1—Predict the Magnitude of Cracx Jumps in Pipes Using Current Analysis
Methads, These efforts will start in the next year,

Activity 4.3 2—Assess the Success of the Current Approximate Approaches and Identify if
Optional Efforts are Warranted, These efforts will start in the next year.

5.4.4 Subtask 4.4 Prepare Interim and Topical Reports on
Dynamic Strain Aging Induced Crack Instabilities in Ferritic
Nuclear Piping Steels at LWR Temperatures

These reports will be written in the next year,

5.4.5 Optional Subtask 4.5 Refine Procedures for Assessing
Fracture Resistance During Crack Jumps in Laboratory Specimens

If this subtask is undertaken, it will start in the next year.

5.4.6 Optional Subtask 4.6 Refine Procedures for Predicting
Crack Jump Magnitude in Pipes

If this subtask is undertaken, it will start in the next year

L]

o
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Section 6 TASK 5 FRACTURE EVALUATIONS OF PIPE ANISOTROPY

6. TASK § FRACTURE EVALUATIONS OF PIFE ANISOTROPY
6.1 Task Objective

The objective of this subtask is to assess whether aaisotzopic fracture properties (where the toughness
is typically lower in a helical direction or the axinl direction for ferritic seamless pipe) together with
the occurrence of high principal stresses in a helical direction can cause a lower failure stress than
calculated using the toughness in the L-C orientation and using cnly the longitudinal stresses.

6.2 Task Rationale

The rationale for this task is to assess if margins in current LBB and ASME flaw evaluation
procedures could be significantly eroded for out-of-plane crack growth under certain service loading
conditions. 1f margins in current procedures are found to be significantly eroded, modifications to
existing fracture analysis methods will be made.

6.3 Task Approach

Five subtasks will be conducted in this task. Two of them are optional subtasks that would be started
only with NRC approval after an interia report is coinpleted.  The subtasks are:

Subtask 5.1 Assess effect of woughness anisotropy on pipe fracture under combined
loads

Subtask §.2 Deteruune magnitude of toughness anisotropy and establish a screening
eri* srion to predict ont-of-plane crack growth

Subtask 5.3 Prepare interun and topical reports on anisotropy and mixed-mode studies

Subtask § 4 Establish ductiie crack growth resistance under mixed-mode loading
(optional subtask)

Subtask <.§ Reiine J-estimation scheme analyses for pipes (optional subtask).

6.3.1 Background

The approach is based on the following two facts: (a) out-of-plane (angled) crack growth under
nominally Mode I loading has been observed in both laboratory and pipe specimens of ferritic pipe
materials (Refs. 6.1 and 6.2) and (b) the data and observations have not yet been acequately analyzed
to assess the ramifications of the phenomenon under realistic loading conditions and for large

diameter pipes

Existing data suggest that the out-of-plane crack growth observed in the Degraded Piping Program
experiments was due to toughness (or, more precisely, crack growth resistance) anisotropy (Ref, 6.2).
The toughness anisotropy arises from nonmetallic inclusions, which tend to be aligned parallel to the
principal working direction In the Degraded Piping Program, an ad ho¢ modification to existing J-
estimation analysis methods was made by using projected rather than actual crack length in J-R curve

6-1 NUREG/CR-4599



TASK § FRACTURE EVALUATIONS OF PIPF ANISOTROPY Section A

calculations for pipe experiment data. 1t is not known if this procedure would be sutficiently accorate
for larger-diameter pipes under combined bending, internal pressure, and torsional loads,

A prudent overall approach is to first assess the ramifications of toughness anisotropy on the belavior
of pipes under a sufficiently broad range of service loading conditions. This as“essment will be
accomplished using parametric analyses (Subtask 5.1). The analyses will be performed using the
finite element method on a pipe iuvolving bending, internal pressure, torsion, and comhined loadings.
The crack driving force will be cotuputed under each loading type as a function of angle from the
crack plane. Using existing data and engineering judgment, the results will be used to identify
realistic service loading conditions, which may require modifications to existing analysis methods to
avoid nonconservative predictions. So that the assessment is realistic, Subtask 5.2 is focusing on
determining the realistic magnitude of anisotropy in representative ferritic piping materials. This
determination will be made mostly by using available data. A minimum number of la* ‘ratory
specimens are being tested 1o generate quantitative information for analysis. In Subtask 5.2 we are
also attempting 10 develop a screening test that would make it possible to predict the occurrence of
toughness anisotropy or out-of-plane crack growth in pipes.

An interim report will be prepared (Subtask 5.3) using the findings in Subtasks 5.1 and 52 The
report will provide the technical bases for a decision { * the NRC as to the subsequent course of
action. For exampie, the findings may indicate that there is no practical need for modifying existing
analysis methods.  But assuming that, for certain realistic situations, modifications in analysis methods
are called for, our approach contains Optional Subtasks 5.4 and 5.5. These activities are aimed at
providing the NRC with a validated analysis procedure for predicting crack growth behavior in
nuclear power plant piping of materials with significant material anisotropy.

Progress is reported for Subtasks 5.1 and 5.2 only, because the other subtasks are inactive.

6.3.2 Subtask 5.1 Assess Effect of Toughness Anisotropy on
Pipe Fracture Under Combined Loads

The general objective of this subtask is to conduct a parametric analysis (o determine if there is
significant nonconservatism in current LBB analyses for service loading conditions of
circumferentially through-wall cracked pipe with anisotropic fracture toughness. There are six
activities within this subtask,

Determine driving force for angled stationary crack

Conduct tensile tests at different orientations, and on additional skewed
orientation C(T) specimens on a 4-inch-liameter pipe 10 assess strength and
toughness vartations

Activity 5.1.1
Activity 5.1.2

Activity §5.1.3
| Activity 5 1.4
Activity 5.1.5
' Activity 5.1.6

NUREG/CR-45594

Determine driving force for angled growing crack
Determine angled crack principal stresses
Formulate approximate corrections

Assess if optional efforts are necessary.
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TASK 5 FRACTURE EVALUATIONS OF PIPE ANISOTROPY Section 6

Activity §.2.1 Document inclusion size, shape, distribution, and orientation in carbon-steel
pipes

Activity §.2.2 Examine the literature and conduct tests to determine 1oughness anisotropy
as a function of inclusion characteristics

Aciivity §.2.3 Assess usefulness of screening tests to predict out-of-plane crack growth

Progress during *he past six-month period has been confined primarily to examination of the literature
pertaining to toughness anisotropy within Activity §.2.2. Attention was also given to assessing the
ussfulness of screening tests to predict out-of-plane crack growth in Activity 5.2.3.

6.3.3.1 Activity 5.2.2 Fxamine literature and conduct tests to determine toughiess
anisotrapy as & function of inclusion characteristics

The objective of this activity is to determine the relation between inclusions, or other microstructural
features, and toughness anisotropy in carbon steels, based on a review of data from the technical
literature and on the results of Ch epy V-notch impact tests on specimens machined from pipes at
several different orientations.

During the last six months, pertinent references from a limited review of the literatue were obtained
and carefully examined. Extended abstracts of selected references are presented in Appendix B.
Charpy V-notch impact tests at several different orientations for four ditferent carbon steel pipes that
exhibited skewed crack growth in pipe fracture experiments were completed during the previous
reporting period and the result: were reported in Reference 6.3.

The limited review of the literature conducted within this activity has led to no new information on
skewed crack growth in carbon-steel pipes containing circumferential flaws, or on the explanation for
the skewed growth. It has b-en assumed by Battelle investigators that the skewed crack growth arises
trom anisotropy of the toughness properties; that is, the crack-growth resistance is much lower in the
axial direction than in the circumferential direction. Thus, a crack that originally is growing
circumferentially will have a tendency to deviate from that direction if the toughness in the axial
direction is substantiaily lower. On a microscopic scale, it may be that the crack is extending by a
combination of circumferential and axial growth, and that the crack-growth angle depends on the
relative amount of the axial growth component which, in turn, depends on the degree of anisotropy.
In addition (o the anticipated effect of toughness anisotropy on crack-growth angle, it might be
anticipated also that the method of loading would have an effect. For example, bending, which
produces axial tensile stresses, might be expected to favor circumferential growth while internal
pressure, for which hoop tensile stresses predominate, might be expected to favor axial growth. Each
of these possibilities is considered in Section 6.3.3.2 of this report. The remainder of this section
reviews information from the technical literature which deals with sources of toughness anisotropy in
carbon steels.

From information found in the review, there are three main contributors to toughness anisotropy in
carbon steels: (1) elongated inclusions, (2) banded microstructures, and (3) crystallographic texture.
By far the most important contributor is elongated nonmetallic inclusions, predominantly manganese
sulfides, which become elongated during the metalworking operations by virtue of their high ductility.

NUREG/CR-4599 6-4
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Wher highly elongated sulfide inclusions are present, the ratio of the Charpy upper plateau energy in
the minimum-tonghness direction to that in the maximum-toughness direction (termed the anisotropy
coefricient in Reference 6.4) can reach values as low as approximately 0.25 to 0.35 (Refcrences 6.3,

6.56.11).

Several methods have been advanced for minimizing or overcoming the toughness anisotropy due 10
the manganese sulfide inclusions. An obvious method would be 1o reduce the sulfur content of the
steel. However, according to Matrosov and Polyakov (Ref. 6 4), significant reductions in toughness
anisotropy occur only when the sulfur content is be ow approximately 0.01 percent. Reducing the
sulfur from 0.04 to 0.02 percent has relatively linile effect. Sharp improvements can be realized when
the sulfur level is maintained at 0.004 percent or below. Nonetheless, two of the references examined
(References 6,10 and 6.12), in which steels contaiaing 0.005 percent sulfur were tested, indicated that
even low-sulfur steels can exhibit significant toughness anisotropy. For example, in Reference 6.10,
the anisotropy coefficient was 0.50 as determined from Charpy tests on a heat treated, low-alloy steel
plate. In Reference 6.12, the anisotropv coefficient fur AS33, Grade B, Class | steel plate was 0.63
1o 0.74, as determined from compact-specimen tests. Although at one time the attaioment of low
sulfur levels was difficult and expensive economical industrial methods are currently available for

accomplishing this result,

Sirilarly, anisotropy due to manganese sulfide inclusions could be miniinized by reducing the
manganese content. However, because of its many useful alloying characterictics in carbon steels,
elimination of manganese is not recommended (Ref. 6.4).

A second way to minimize anisotropy due to manganese sulfide inclusions is to employ cross rolling
in the fabrication of plate and sheet. Hodge, Frazier, and Bouliger (Ref. 6.10) demonstrated that
planar anisotropy could be eliminated in a steel that contained as much as 0.06 percent sulfur by cross
rolling it 46 percent, However, cross rolling is not always practical, in any event, it cannot be
employed in the manufacture of seamless pipes.

A third method for minimizing toughness anisotropy is to reduce the ductility of the sulfur-bearing
inclusions and, therefore, their ability to form highly elongated si ngers. As pointed out by
Matrosov and Polyakov (Ref. 6.4), the most effective way to form low-plasticity sulfides is to add
titanium, zirconium, calcium, or rare-earth metals, especially cerium. Each of these elements has 4
higher affinity for sulfur than does manganese. Those authors cited an investigation in which the
anisotropy coefficient was approximately 0.4 when the cerium/sulfur raiio in the steel was zero.
However. when cerium was added to bring the cerium/sulfur ratio to 1.5 to 2.0, the anisotropy
coefficient was raised to a value of approximately 6.85. Park and others (Ref. 6.13) also reported
benefits, albeit smaller than those in Ref. 6.4, of adding an unspecified rare earth to steels containing
approximately 0.02 percent sulfur. Such means for achieving sulfide-shape control have been
adequately investigated and developed for use in tonnage production of weldable structural steels.

For steels tested at Battelle within Activity 5.2.2 (Ref. 6.3), the shape of the sulfur-bearing inclusions
was found, as expected, to have an important effect on the anisotropy coefficient. For two pipes that
contained stringer-type inclusions (Pipe DP2-F11 (A333 Grade 6) and Pipe DP2-F30 (A106 Grade
B)], the anisotropy coefficient was approximately 0.3, whereas for two other pipes that contained
elliptical inclusions [Pipe DP2-F26 (AS1S Grade 60 and Pipe DP2-F29 (A106 Grade B)], the

6-5 NUREG/CR-4599
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anbsotropy coefficient was 0.51 to 0.55. In the examples cited, it is interesting to note that the
inclusion shape was much more important than the volume fraction of ‘nclugions present - the two
steels which 2xhibited the lowest coefficients (greatest anisotropy) had sulfur contents from 0.014 10
0.C15 percent, while those showing the highest coefficients (least anisotropy) had sulfur contents from
0.023 w0 0.027 percent.

The reasons for the different shapes of the inclusions in the steels discussed in the preceding
paragraphs are uncertain, based on the chemical compositions reported in Table 6.2 of Reference 6.3.
The two steels which contained stronger-type inclusions had higher aluminum contents (0.01 and

0,03 percent) than did the two which contained elliptical inclusions (0.000 and 0.003 percent),
indicating that they may have been killed, or semi-killed steels, thereby improving the plasticity of the
sulfides, as is discussed more fully in the next paragraph. There is no indication from the chemical
composition that there was a deliberate attempt to control inclusion shape in the two steels which had
elliptical inclusions; both 7itanium and zirconium were absent anc the chemical analysis did not
attempt to detcrmine rare eartn or calcium levels,

Matrosov and Polyakov (Rel. 6.4) also discussed the role of oxygen in controlling the shape of sulfur-
bearing inclusions. Although the role of oxygen is relatively modest, the authors state that, in
halanced oi rimmed steels, the sulfides contain significant amounts of cxygen, which considerably
reduces their plasticity and their ability to form stringers. Therefore, rimmed steels are likely to
show less toughness anisotropy than fully kiled steels, in which most of the oxygen is present in the
form of oxide inclusions and the sulfides are nearly pure manganese sulfide.

In addition to elongated inclusions, & second contributor to toughness anisotropy is banded
microstructures resulting from chemicai inhomogeneities. For example, in a stesl made up of ferrite
and pearlite, a banded microstructure would appear in the micrascope as alternating bands of ferrite
(light etching) and pearlite (dark etching), aligned in the principal working direction. According to
Matrosov and Polyakov (Ref. 6.4) handing alone can produce an anisotropy coefficient as low as
approximately 0.8, Several references were reviewed in which elevated-temperature homogenization
treatments were employed to reduce the degree of banding. In Reference 6.12, hot-rolled carvon-
manganese steel plates containing approximately 0.02 percent sulfur were homogenized at unspecified
temperatures for unspecified times. For a steel that had been rare-earth treated to control sulfide
shape, homogenization increased the anisotropy coefficient from 0.67 to 0.85. The effect of
homogenization was much less pronounced for a steel without rare earth additions; the anisotropy
coefficient increased only from 0.54 to 0.58. In Reference 6.8, a ferritic steel plate of unspecified
type and unspecified sulfur content showed an increase in anisotropy voefficient from 0.35 to 0.45
after 3 homogenization treatment. However, in Reference 6,10, relatively little effect on the
anisotropy coefficient was noted, regardless of sulfur cor.ent from 0.005 to 0.179 percent, from a
homogenization treatment of 10 hours at 1290 C (2350 F), even though Charpy value, were
increased.

The degree of handing can also be reduced by decreasing the carbon content of the steel (Ref. 6.4).
In order for the effect of lower carbon to be significant in reducing anisotropy due to banding, it is
necessary to go to reduced-pearlite steels (up to 0.08 percent carbon) or even 10 pearlite-frec steels
(up to 0.03 percent carbon). Of course, reducing the carbon to those levels causes a substantial loss
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of strength, which can be overcome by microalloying with elements such as nioblum, vanadium, and
titanium. The authors of Reference 6.4 point out that, even at the time of preparation of their paper
(1976), the beneficial effect of a reduction in carbon was being widely used in the development of a
group of reduced-pearlite and pearlite-free precipitation hardening steels.

A third contributor to toughness anisotropy is known variously as crystallographic texture or preferred
orientation. This condition exists in a plate o~ a pipe when the individual grains (crystals) are not
randomly oriented, but have a preferred orie’ -~ ‘on dictated by the details of the thermomechanical
treatments to which the component has been .. . jected. Little information is available on the
quantitative effect of crystallographic texture on toughness anisotropy. Fegredo, Faucher, and
Shehata (Ref. 6.14) investigated the effect of texture by rolling low-carbon steels containing two
levels of sulfur (0.007 and 0.02 percent) at a number of different temperatures, ranging from 680 to
1200 C (1255 10 2190 F). However, they did not make any toughness measurements in the
orientations of highest toughness. Hence, it is not possible to determine anisotropy coefficients from
their data. In spite of the lack of data regarding texture effects on toughness anisotropy, it is believed
that the magnitude of the texture effect is comparable with that of banding and much less important

than sulfide shape.

To summarize briefly, the major contributor to toughness anisotropy is highly elongated, stringer-
type, suifur-bearing inclusions. When they are present, anisotropy coefficients as low as 0.25 t0 0.35
are commoniy observed. Reducing sulfur levels below approximately 0.005 percent and achieving
sulfide shape control by addition of elements that reduce the plasticity of the inclusions are effective

in achieving greatly improved anisotropy coefficients, Nonetheless, significant anisotropy may remain
even after those procedures are adopted. The most certain way to achieve an anisotropy coefficient of
1.0 is to employ cross rolling, Unfortunately, that procedure is not always practical and can be
employed only in the manufacture of sean' welded pipe but not seamless pipe. Much less is known
about two other sources of toughness anisotropy —oanded microstructures and crystallographic
texture—hut each is believed to be much less important than inclusion shape. Some researchers
report that modest reductions in anisotropy due to banding can be achieved by thermal

homogenization treatments.

6.3.3.2 Activity 5.2.3 Assess Usefulness of Screening
Tests to Predict Out-of-Plane Crack Growth

The objective of this activity is to assess the usefulness of screening tests, namely, microscopi -
examination of nonmetallic inclusions or Charpy V-notch tests at several different orientations, to
predict the occurrence and severity of out-of-plane crack growth in pipe experiments.

As was noted in Battelle's Second Semiannual Report (Ref. 6.3), it appears that microscopic
examination of inclusions may provide a promising approach to predicting the relative degree of
anisotropy in carbon steel pipes. Specificaily, it was found that pipes having elliptical-type inclusions
displayed significantly less Charpy V-notch toughness anisotropy than did pipes having stringer-type
inclusions. A question that was not answered however, was whether a correlation exists between the
anisotropy coefficient and the tendency for out-of-plane crack growth. An attempt was made to
answer that question during this reporting period by examining the fracture paths in carbon steel pipes
that have been subjected to Charpy tests to determine anisotropy coefficients.
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Fracture paths were examined and documented in a total of 23 pipe fracture experiments representing
10 different carbon steel pipes tested at Battelle. Sketches of the fracture paths are shown in
Appendix C. Information from those experiments is summarized in Table 6.1, where the approximate
crack-giowth angles were measured from the illustrations in Appendix C. Also shown in Table 6.1
are the toughness anisotropy coefficients that were determined from Charpy tests or C(T) tests in
several orientations.

Figure 6.1 is a grapn of crack-growth angle versus the anisotropy coefficiant of the pipe, in which the
data have heen differentiated according to the type of crack and the type of loading. Clearly, the data
shown do not reveal a distinct relation between crack-growth angle and anisotropy ccefficient. A
high degree of scatter in crack growth angle is evident over the entire range of anisotropy coefficients
examined. Notice particularly the data for through-wall-cracked pipes tested in four-point bending at
an anisotropy coefficient of 0.35; one pipe displayed a crack-growth angle as great as 59 degrees,
while in another pipe, both the crack tips grew ut zero degrees. Although it may be possible that
pipes free of anisotropy (coefficient of 1.0) would consistently display circumferential crack growth
(zero degrees), that result is not suggested by the data in Figure 6.1

In addivion to the unexpected lack of correlation between crack-growth angle and anisotropy
coefficient in Figure 6.1, two other puzzling features are evident. First, the addition of internal
pressure loading to the four-point bend loading, depicted by filled circles and filled squares in Figure
fi.1, did not significantly change the crack-growth angle at a given value of anisotropy coefficient,
even though an increase in angle might have been anticipated. Secand. the lone test in which loading
was accomplished entirely by internal pressure (no bending) and in which it might have been expected
that an unusually large crack-growth angle would occur, exhitited circumferential crack growth.

The results shown in Figure 6 1 suggest that development of a simple screening criterion, involving
microstructural examination of inclusions or Charpy testing in several directions, to predict the
tendency for skewed crack growth in pipe tests is not feasible at this time. Other factors, as yet

unknown, apparently have a greater effect on skewed crack growth than does the anisotropy
coefficient.

6.4 Plans for Next Year of the Program
During the next year the following efforts are scheduled.

6.4.1 Subtask 5.1 Assess Elfect of Toughness Anisotropy
on Pipe Fracture Under Combined Loads

There are six activities in this subtask, The plans for each of these are given below.

Activity 5.1.1—Determine Driving Force for Angled Stationary Crack. These finite element
analyses will be completed for stationary cracks of different orientations.

NUREG/CR-4599 6-8
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Table 6.1 Skewed crack growth in circumferentially cracked carbon steel pipes tested at Battelle

Approx. Crack
Pipe Ident. Type of Type of Growth Angle, Anisotropy
No. Steel Type Pipe Test No.  Crack'™ Loadiog™ degree' Coefficient'?
DP2-F1 AL06 Gr B 41128 SC (o) 4 pt. bend 17, 24 ND®
DP2 k2 AI06 Gr B 41127 5C (iat) 4 pt_bend 47,72, 48, 48 N.D
DP2F9 A3 Gr 6 41181 SC (int) 4 pt. bend §2; 38 0 40"
41216 §C (ent) ¥ caly 90 040
41313 T™WC 4 ptbend + IP 45,19 040
41314 SC (int) 4 pt bend + iP 28; 3§ 040
Qg TWC 4 pt. bend 18; 2§ 040
41318 SC (int) 4 pt. bend LIPE b 0.40
DP2-F11 AXII O & 111 T™WC 4 pt. bend 89 17 0.35®
DP2-F13 AL06 Cir B 41129 SC (int) 4 pt. bend 28, 31,39, 28, 28, ND.
40, 48, 36, 27, 18, 27
DI2-F26 AS1S Ge 60 41112 ™WC 4 pt. bend 15, 34; 27, 12 0510
DP2-F29 Al06 Gr B 41138 SC (int) 4 pt. bend 29; 38 0 55
DP2-F29W  SAW in A106 Ge B 41419 T™WC 4 pt. vend + [P 30, 13; 520 0.58%
DP2-F30 A106 Gr B 41126 $C (int) 4 pt bend 30, 42 0.280
IPIRG 122 T™WC 4 pt. bend” 61, 65 028
IPIRG |24 ™C 4 pt. bend® 57; 56 0.28
IPIRG 1 .26 TWC 4 pt. bend™ 27,29 0.28
IPIR s 1. 2-6A ™C 4 pt. bend™ 16, 8 028
IPIRG 1.2.7 TWC 4 pt. bend $1; 34 0.28
IPIRG | 2-8 TWC 4 pt. benad® 12; 32 28
IPIRG 1 2-10 ™C 4 pt. bend™ 228 0.28
IPIRG 1.2-11 TWC 4 pt. bend™ 29, 30 028
DP2-F32 API SLX6S 41114 TWC 4 pt. bend 0,0 0.35"

(8} SC (int) = nternal surface crack.
SC (ext) = external surface crack.
TWC = through-wall crack

(b} 1P = internal pressure.
(¢) Where more than twe angles are listed, the ceack changed direction., sometimes the new growth angle returnc! the orack toward
the plane of the original circumferential crack. For SC pipe, the angle s after the crack grows beyond the initial noteh.
{d) Ratio of minimum (0 maximum toughness
(¢)  Not determined.
(N Determined frem Charpy V-notch impact tests in two, or more, diregtions.
(g) Determined from compact-specimen tests in two directions. Note that the minimum-toughness direction was st angle
of approximately 66 degrees o the circumferential direction in this scamless pipe
(h)  Cracks grew out of weld metal into hase metal.
(i) Cyclic loading; R ratio (i.e., min, load/max . load) = 0
(i) Cyclic loading; R = -1.
(k) Cyelic loading at high rate; R = |,
(1)  Monotonic loading &t high loading rate

(m) Cyclic loading at high rate; R = 0

69
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Figure 6.1 Crack-growth angle versus anisotropy coefficient for circumf rentially
cracked carbon steel pipes tested at Battelle (see Table 6.1 for key

to abbreviations)
“ &-sm'“. l

Activity 5.1.2—Conduct Tensile tests at Different Orientations. This activity has been
completed. The data will be put into a digital format for future incorporation to the PIFRAC
data base.

Activity 5.1.3—Determine Driving Force for Angled Growing Crack. No efforts are planned
for next year.

Activity 5.1.4—Determine Angled Crack Principal Stresses. No efforts are planned for next
year.

Activity 5.1.5—Formulate Approximate Corrections. No efforts are planned for next year.

Activity 5.1.6—Assess if Optional Efforts are Necessary. No efforts are planned for next year.

6.4.2 Subtask 5.2 Detertiine Magnitude of Toughness
Anisotropy and Establish a Screening Criterion to
Predict Out-of-Plane Crack Growth

There are three activities in this subtask. The plans for each of these are given below,

NUREG/CR-459% 6-10
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Activity § 2. 1-—Document Inclusion Size, Shape, Distribution, and Orientation in Carbon-Steel
Pipes. These efforts have been completed,

‘ctivity 5.2.2—Examine Literature and Conduct Tests to Determine Toughness Anisotropy as
a Function of Inclusion Characteristics. These efforts have been completed.

Activity 5.2.3—Assess Usefulness of Screening Tests to Predict Out-of-Plane Crack Growth,
These efforts were initiated ouring the current reporting period and will be completed during

the next year.

6.4.3 Subtask 5.3 Prepare Interim and Topical Reports

on Anisotropy and Mixed-Mode Studies

No efforts are planned for this subtask next year.

6.4.4 Optional Subtask 5.4 Establish Ductile Crack Growth

Resistance Under Mixed-Mode Loading

No efforts are planned for this optional subtask next year,

6.4.5 Optional Subtask 5.5 Refine J-Estimation Scheme

Analyses for Pipes

No efforts are planned for this optiona! subtask next vear,
p P y
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TASK 6 CRACK-OPENING AREA EVALUATIONS Section 7

7.3.1.2 Rationale

Regulatory Guide | 45 was published w Miy 1973 and 15 now considered omdated. The NRC
currently wants o update this procedute, taking into account the current leak-detection
instrumentation capabilities, experience from the accuracy of leak detevtion systeras in the past, and
current analysis methods to assess the significance of detectable leakags re’ tive (o the structural
integrity of the plant. Leak-detection capabilities at normal operating conditions are used in current
leak-before-break (LBB) analyses. The consistency of the LBB pracedures needs to be considered in
any changes to Reguiatory Guide 145, and the impact of such changes on structural integrity of
piping not approved tor LBB needs to be considered.

TALY Approach

The snalyses to be performed shall build on other work being done in Task 6. The specific work to
be performed shadl include the following activities

Activity 6.6.1 Dovelop the technicul background information for verification of analyses
o e used

Activity 6.6 2 Develop SQUIRTS snd SQUIRTS Codes

Activity 6,63 Evatuate the proposad changes in leak detection requirements in terms of
the potential impact on LBB analyses

Activity 6.6.4 Evaluation of the proposed changes on leak rate for “non-LBB" piping
systems

Activity 6.6 5 Coordination with NRC-RES and NRC-NRR statf

Activity 6.6.6 NUREG report.

Detailed approaches Yor some of the above activities (Activities 6.6.1, 6.6.3, and 6.6.4) are described
in the second semiannual report (Ref. 7.1) and will not be repeated here.  Activity 6,6.2 18 a new
activity created since the last semiannual report.  The effort under this activity involves moditication
of a computer code SQUIRT, which was previously developed at Battelle in conjunction with the
IPIRG program (Ref. 7.2). The modified versions (SQUIRT4 and SQUIRTS) will allow the
deteraunation of circumferential crack size for a specified leak rate and load condition with known
geometnic and material properties of the pipe.

Prograss to be reported is limited to several efforts under Activities 6.6.1 and 6.6.2. The details of
these 2fforts are reported below.

Activity 6.6.1 Develop the Technical Background Information
fur Verification of Analyses

The efforts involved in ™is activity toclude:
(1) Olnaining typical system normal plus safe shut-dowa sarthquake (SSE) stresses. This shail te

done by reviewing information in technival reports and through guidance from NRC-NRR
statf.
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TASK 6 CRACK-OPENING AREA EVALUATIONS Section 7

(a) Simple Through-Wall Crack (b) Internal Surface Crack

(¢} Complex Crack

Figure 7.1 Typical crack geometries in piping and piping welds
SC-SA-8/92-F7.1

generally tough and ductile, the fracture mechanics approach should include elastic-plastic
considerations. However, elastic-plastic fracture mechanics analysis of a comnplex-cracked pipe in
bending poses a formidable problem even with three-dimensional fiuite element analysis. The main
difficulty is in determining the crack driving force, since attention must be given to both radial and
circuinferential crack-growth directions, Another complicating factor is that the surface crack may
close in the compressively stressed region of the pipe. This would necessitate the use of special
techniques to model the resulting load transfer across the cracked surfaces.

A detailed numerical investigation of the complex-crackad pipe problem using three-dimensional finite
element nonlinear analysis would be prohibitively expensive and s considered beyord the scope of the
current effort. Instead, simple engineering estimation techniques will be used. In general, the
estimation schemes may be classified as either predictive or generative. Predictive schemes usually
require knowledge of the crack-growth resistance and plastic-flow behavior of the material. This
information is used to pradict the joad<lisplacement behavior of the structure, including loads and
displacements at crack initiation and at crack-growth instability. Generative schemes require
knowledge of the experimentally applied load (or displacement) versus crack-growth data, and are
used to calculate crack-growt™ resistance as a function of crack extension.

NUREG/CR-4599 7-4
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this study, the J-resistance curve will be represented by the Jy-resistance curve defined above. On
the basis of Equations 7-1 and 7-2, the ) resistance curves can be determined from a single pipe
experiment once the simultaneous measurement of load, load-point displacement, and crack extension
are provided.

J-Resistance Curves

In common elastic-plastic fracture mechanics applications, Jy -resistance curves are obtained from
small-specimen data. To determine whether these can be used to reliably and accurately predict the
elastic-plastic crack growth behavior in nuclear power-plant pipes, it is worthwhile to assess how
these Jy g resistance curves compare with those obtained from the complex-cracked pipes,

In Reference 7.8, a detailed study comparing the J, cesistance curves from the C(T) specimens and
pipe test data was carried out. For example, Figur, /.2 shows a plot of Jy, versus crack extension Aa
obtained from both g-factor analysis (generative J-estimation) and C(T) specimen data for two Type
304 stainless steel complex-cracked pipe expeciments (Experiment 4113-1 and 4113-2) conducted in
Reference 7.8 Rosults from these experiments along with others performed in the same reference
and elsewhere consistently show that the complex-cracked pipe resistance curves are significantly
lower than the side rooved C(T) snecimen resistance curves. The quantitative aspects of the study in
Reference 7.8 also indicate that the 10 of Jy,-resistance obtained from complex-cracked pipe tests
and CT) specimens is strongly correlated with the pipe geometric parameter d/t, where d and t
represent the depth of the surface crack ana the thickness of the pipe, respectively. This ratio is also
found to be invariant with respect to crack length increment Aa at which it is evaluated.
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Figure 7.2 Comparison of Jy-resistance curves from pipe experiments
and C(T) specimen data
SC-SA-592.F1.2
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during stable crack growth, and at instability, provided the fracture resistance of the material is
known. Currently, available predictive J-estimation schemes applicable to cracked-pipe geometries
include the GE/EPRI method (Ref 7 12), the Paris method (Ref. 7 13), the LBR NRC technigue
(Ref, 7.14), the LBB ENGI and LBB ENG2 methods (Refs. 7.'5 and 7.16), among others. These
estimation schemes are, however, mainly developed for simple TWC pipes. To date, no estimation
method exists for evaluating the performance of complex-cracked pipes subjected 1o external loads.

[0 this study, the LBB ENG2 method will be used to determine various fracture parameters of
interest Details of this method can be obtained from the original references (Refs. 7.15 and 7.16)
In performing analytical calculations,  is assumed that the J-estimation formulas (LBB.ENG2) for
simple through-wall-cracked pipes can be applied to analyze complex-cracked pipes. This is
accomplished by adjusting the pipe radius and the thickness in the cracked plane to account for the
presence of the inernal surface crack. Thus, any radial crack-driving force contribution is ignored.
Only growth of the through-wall crack in the circumferential direction is considered. In addition,
possible closure of the surface crack in the compressive region of the crack plane is not included in
the analysis.

Mumerical Resulls

In order to meet the objectives of this study, results of ten comples-cracked pipe experiments
condcted under the Degraded Piping Program (DPP) (Ref. 7.4) are considered.  These are
Experiments 4113-1, 41132, 4113-3, 41134, 4113-5, 41136, and 4114-1, 41142, 41143, 41144
Table 7.1 shows the test matrix of complex-cracked pipe tests considered in this study, Background
and verification calculations are carr’~d out by (!) analytically (theoretically) predicting maximum
loads and center-crack-opening displa  ments of various complex-cracked pipes from these tests, and
(2) comparing the theoretical results waa those ootained from the aforementioned experimental data.
In the predictive estimation method, two cases based on the selection of Jy-resistance curves are
investigated. One corresponds to using a constraint factor of 1, implying the use of the Jy,-resistance
curve for C(T) specimen data without any reduction (1 T¥C). The other is based on a Jy,-resistance
curve of C(T) specimens multiplied by the relvvant reduction factor C < 1 as a function of 4/t
U“©). Table 7.2 shows the numerical valyes of the C factors corresponding to each of the
experiments considered in this study. The C values are obtained from the upper curve in Figeo: o

In conducting the predictive calculations, various analytic idealizations are considered. For example,

it is assumed that the constitutive law characterizing a material's stress-strain response can be
represented by the Ramberg-Osgood model

1w d via (_9.)" (14)
€, L

in which ag is a reference stress, E is the modulus of elasticity, ¢y = ao/E is the reference strain, and
o and n are model parameters usually chosen from 4 best fit of laboratory data.  Also, the Jy-
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Table 7.1 Test matrix of complex cracked pipe experiments

¢ oy

Battelle
— h;:eﬂ Outside Hre Wall 1-::_’
Neo. Number  Pipe Material ~ mm (inches)  wn finches) 202D 204D, ™ 4 cw
4113 DP2-A23  SA-376 TP304 168 (6625) 145050 0.37 10 031 288 (550)

Stainiess Steel
41132 DP2-A23  SA-376 TP304 168 (6.625)  14.5 (0.570) 037 0 063 288 (550)
Stainless Steel
41133 P21 Inconel 600 168 (6.625)  11.0 (0.435) .37 10 034 258 (550)
4154 DP2-1 Inzonel 600 168 (6.625)  11.0 /.435) 037 10 661 288 (550)
41135 DP2F30  A106 Grade B 168 (6.625) 142 (0 569) 0.27 10 €31 288 (550)
41136 DP2-F30  A106 Grade B 168 (6.625)  14.2 (0.560) 037 1.0 064 188 (550
41141  DP2F3IA A6 Grade B 165 (6.50) 127 (6 501) 0.37 10 047 288 (5S)
41142 DP2-A2IG  SA-376 TPI4 167 (6.56) 135 (6.530) 0.37 10 032 288550
41143 DP2-A8  SA-358 TP304 414 (16.3) 26.2 (1.03) 9.37 10 033 288550y
41144 DP2-AR  SA-358 TP304 414 (16.3) 26.2 (1.03) 037 10 033 288 (550)

{a) 2a s length of through-wall crack
b 2c s length of internal surface crack

ic) d s depth of micrnal surface crack. t & thickness of pipe
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Figure 7.8 Load versus center-crack-opening displacement in
Experiment 41135
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Figure 7.9 Load versus center-crack-opening displacement in

Experyment 4113-6
SC-SA-592-F1.9
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TASK 6 CRACK-OPENING AREA EVALUATIONS Section 7

pipes, an effective through-wall cracked pipe thickness ©* = 1 - d is used in the l-estimation formulas
for through-wall cracked pipes. Consequently, the “equivalent” TWC pipe assumed in estimation
models will have lower stiffness than actual complex-cracked pipe and, hence, the predicted COD
becomes larger when compared with experimental results. Obviously, when the surface crack
becomes deeper (¢.g.. Experiments 4113-2, 41134, and 4113-6), the magnitudes of these over-
estimates of the COD will also become 'arger and can be significantly different from the experimental
results, as exhibited in Figures 7.5, 7.7, and 7.9. Again, this general 'oss of accuracy can be
attributed to the over-simplification in the J-estimation formulas for TWC pipes used for predicting
COD of complex-cracked pipes.

Figures 7.8, 7.10, and 7.11 also indicate that the predicted COD for pipes in Experiments 4113.5,
41141, and 4114-2 obtained from both cases of Jy-resistance curves compare reasonably well with
the expefimemally observed COD values, However, the analytical prediction becomes superior when
I3y "€ is used as the Jy,-resistance curve instead of J,, ™€

Finally, Figure 7.14 exhibits several plots of COD at maximum load for various experiments
considered in this study. As before, results of both predictive estimation model and experimental data
are compared. They all consistently show that the use of the Jy,-resistance curve from C(T)
specimens multiplied by a relevant correction (constraint) factor C < 1 Ge, 14" in Table 7.2
results in better prediction than that based on the use of J, ™

‘57- — N
.-

404 | e e ") S LB ENGE U SC) e e ]/

35 i vm /

164

COD at Maximum Load, mm
3 ?;
e
J
i

- w L
118 l1'3-‘ 0'13@ lﬂM QHM Q|“ C"&' .H“ ATAD Alaa

Experiment Number

Pigure 714 COD at maximum load for vanous complex-cracked

pipe experunents
SC-SA-8/92-¥7.14
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TASK 6 CRACK OPENING AREA EVALUATIONS

Figure 7.16 7 e clement mesh for lineur elastic restraint of crack-
opening displacement

SCM-5/9)-F¢

reg-tive stresses at these cross sections  Denote the unscaled COD and the tension
stress by 5, and o, respectively.

Compute the scaled COD, 8, = 8, ¥ (0,,/0,,), where o, is any arbitrarily defined
reference tensile stress. &, now represents the COD due 1o the reactive tensile stress
O With complete restraint of bending at cross sections a distance 1y away from the
cracked plane. This scaling is permissible since the analysis is linear elastic.

Pick again a structural model (finite element model) and apply a tension stress loading
0¢ magnitude o, (any value will do) but allowing free rotation. Denote the resultant
COD by 8, which now represents the reference crack-opening displacement due to
axial tensile stress o, when there are no external bending restraints present in the pipe,
i.e., when the restraint length Ly approaches infinity.

Divide the scaled COD, &, by the reference COD, &, to get the normalized COD,

Spoe = 8,000 8, now represents the restrained COD normalized by the unrestrained
CoD.

7-21 NUREG/CR-4599
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TASK 6 CRACK-OPENING AREA EVALUATIONS Section 7
Step 7. For a given crack poometry, repeat Steps 146 for several values of Ly, Hence,

determine the effects of restraim length Ly or normalized restrairt length Lg/D on the
crack-opening displacement

Numerical Results |

As 4 numerical example, consider 8 TWC pipe with R, = 355.6 mm (14 inches), t = 35.56 mm
(1.4 inchy, R/t = 10, and two disiinet cases of initial crack angle 26 with #/x = 1/8 and 6/x = 1/4
("small" and “large” cracks). For material properties, it i assumed that the modulus of elasticity E
= 200 GPa (29,000 ksi) and the Poisson's ratio » = 0 3. The pipe is subjected 1o remote pressure E
with the resultant force applied at the centroid of the uncracked pipe cross section.  Linear elastic
analyses using the finite element method (FEM) were performed using the code ABAQUS (Ref. ‘
7.18). Thiee-dimensional solid brick elements were used in the FEM. |

Tables 7.4 and 7.5 show the calculated values of various crack-opening displacements for hoth
“small" (6/w = 1/8) and “large” (6/n = 1/4) cracks. These are obtained following the steps
described eartier. Several values of restraint length Ly are considered and »v¢ also tabulated. It is
assumed here that the arbitrary applied displacement A = 2 54 mm (0 | inw., (Step 2), and Ly/D,, = ,
10 for both crack angles (Step $). The arbitrary reference tensile stresses &, are assumed to be |
650.97 MPa and 84912 MPa (94 4 ksi and 123 ksi) for &/n = 1/8 and 6/x = 1/4, respectively
(Steps 4 and 5). Following the FEM analysis, the corresponding values of reference COD, 8o, Are
computed 1o be 2.569 mm and & 692 mm (0101 inch and 0.342 inch), respectively (Step 5).

Figure 7.17 presents the resulte of normalized crack-opening displacement (5,,) 2 a function of
normalized restraint length Ly /D in which D = 2K represents the mean pipe duy “eter. As .
mentioned before, the CUD values are normalized with refervnce to the crack-opening displacement |
when there are no external constraints present in the pipe (i.e., when the restraint iength becomes

infinity), allowing free rotation and ovalization. Results suggest thac when the crack angle is small

Table 7.4 Eiastic crack-opening displacements for TWC Pipe (6/x = 1/8)

Unscaled COD, Tensile Stress, Scaled COD, Normalized COD,

Ly mm 6. Mea (0,,,) mm (b,) _mm (b,
| 2,460 84912 2.460 09573
§ 0.547 182.47 2.546 0.9909
10 0.290 95 .83 2.569 1.000

NUREG/CR-4599 -2




Sevteon 7 TASK 6 CRACK OPENING AREA EVALUATIONS

Table 7.5 Flastic cruck-opening displucements fur TWC Pipe (02 = 1/4)

Liasculed COD, Tensile Stress, Scaled COD, Sormalized COD,

|
!
!
Ly D mm (b MPu (0,,,) mm () mm (3,,) §
| 4 %71 650 97 4873 05606 k
5 | 624 174 38 6.065 06977 |
10 0 870 75 84 7469 0.8593 5
20 0474 16.54 § 445 0.9716 :
|
|
!
'i
u'
‘ T — 1 |
‘E 095+ /,,/ h

T 4 a/n = | /8 _/
i e // ‘
o 0854 - |
8 084 j
|
g 0.751 |
0.7+ g
0.654 / L
0.6- /’ i

- ‘

§ O.S&«l R A = 10 5
05"" T T T ki 5 g Y T &) I
2 4 6 8 10 12 14 18 18 20 !
Normalized Restraint Length, LD, :

Figure 717 Effect of fully restrained bending conditions from crack location
on COD normalized by unrestrained COD
SC-SA-892-F7.17
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TASK 6 CRACK OPENING AREA EVALUATIONS

7.4.5 Subtask 6.5 Prepare Topical Report on Crack-Opening-
Area Improvements

This subtask was not scheduled 1o start in this year. Work w.. © gin in the next year of the

program

7.4.6 Subtask 6.6 1 cak Rate Quantification

Thete are six activities in this subtask. Iems 2(a) and 2(b) of Activity 6 6.1 have been completed.
The future plan for the activities are given below.

Activity 6.6.1

Activity 6.6.2

Activity 6.6 3

Activity 6.6.4

Activity 6.6.5

Activity 6.6.6

7.5 References

tems 1, 2(¢), und 3 under this activity will be completed in the next year.

The development of the SQUIRTA program will be completed. In order to
facilitate large number of repeated calculations 1o be made in the Activity
6.6.3, snother version numed SQUIRTS will also be developed to automate
the calculations.

Novel probabilistic methods will be developed to obtain a conditional
failure probability based on LBB criteria.  This will allow an evaluation of
proposed changes in leak detection requirements in terms of potential
impact on LBB analyses. Following development of SQUIRT4 and
SQUIRTS from Activity 6 6.2, calculations will be started 10 determine
conditional probability of failure for various PWR and BWR nuclear piping
systems. All these efforts will be completed in the next year of the
program.

Evaluation of the proposed changes on leak rate for "non-LBB* piping
systems will be started and completed during the next year.

Coordination with NRC-RES and NRC-NRR will be initiated for guidance
on the selection of typical piping systems for the calculations to be made in
the Activitics 6.6.3 and 6.6 4.

Following completion of the techaical work on the previcus activitie., a
topical report will be prepared. This will be completed in the next year of
the program.

7.1 Wilkowski, G. M. and others, “Short Cracks in Piping and Piping Welds," Second
semiannual report by Battel'e, NUREG/CR-4599, Vol. 1, No. 2, August 1991.
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K. TASK 7 NRCPIPE IMPROVEMENTS
8.1 Task Objective

The main objective of this task s o incorporate the analysis improvements from Subtasks 1.4 and 2.4
into the NRCPIPE code. A secondary objective 1s 1o make the NRCPIPE code more efficient and
also 1o restructure the code to allow for ease of implementation of the activities described below,

8.2 Task Rationale

In the Degraded Piping Program, the computer code NRCPIPE was developed for circumferential
through-wall-cracked pipe fracture analyses. A VAX version of the code also contained the
circumferential internal surface-wall-cracked pipe algorithms. The PC version was made specifically
for the through-wall-cracked anulyses. Numerous J-estimation schemes were developed or modified.
The improvements developed in the current program need to be incorporated into this code to take
advantage of technology developments, as well as to facilitate comparisons with the experimental
results.

8.3 Task Approach

To accomplish the objectives of this task, four subtasks are to be undertaken:

Subtask 7.1 Improve efficiency of cuirent version of NRCPIPE
Subtask 7.2 Incorporate TWC improvements in NRCPIPE
Subtask 7.3 Make surface crack version of NRCPIPE

Subtask 7.4 Provide new user’s manual

The crack-opening-area analysis improvements will be incorporaied into the SQUIRT code in Subtask
6.4

Before and after each of the changes described in the following activities, quality assurance
caleulations will be made. These wiil involve cases for which experimental data exist or data are
being generated in Tasks 1 and 2 and hypothetical cases that check critical parameters of interest.

Although some progress was made, w.. results are not significant yet.  These will be reportad in the
NEeXt program report.

8.3.1 Subtask 7.1 Improve Efficiency of Current Version of NRCPIPE

Effonts to improve the efficiency of the current version of NRCPIPE continued during this reporting
period. Minor bugs relating to the COD values and output narameters in the LBB. ENG2 method
were fixed and incorporated into Version | de.

-1 NUREG/CR45»
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Socuon 9 TASK § J.R JURVE VALID!ITY LIMITS

9. TASK § ADDITIONAL EFFORTS

This task was not active this fiscal year, hence there is no progress to report, An initial subcask on
assessment of J-R curve validity limits o be conducted by Prof F. Shih at Brown University is
scheduled to start during the next reporting period.

91 NUREG/CR-4599
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Section 10 TASK 9 INTERPROGRAM COOP. & PROCRAM MANAGEMENT

10, TASK 9 INTERPROGRAM COOPERATION AND
PROGRAM MANAGEMENT
10.1 Task Objective

The objective of this task is to develop and maintain national and international cooperation in sharing
data and analysis procedures and to maintain program administration.

10.2 Task Rationale

In the Degraded Piping Program, a series of anal ytical round-robin efforts was organized. These
efforts provided verification of procedures used in the Degraded Piping Program and helped develop a
consensus on how to handle difficult anlytical problems. This effort will build on that tradition

thereby enhancing the quality of the work done in this program. The results of this program will be
presented to ASTM E-24 and the ASME Section X1 Flaw Evaluation Working Group. This will help

implement the results into U.S. Codes and Standards,

In addition, it is efficient from a cost viewpoint to have the international cooperation and program
administration efforts consolidated within a single task.

10.3 Task Approach
There are two specific subtasks in this task:

Subtask 9.1 Technical exchange and inforraation meetings
Subtask 9.2 Program administration.

Only the technical efforts that are in Subtask 9.1 will be reviewed.
10.3.1 Subtask 9.1 Technical Exchange and Information Meetings

10.3.1.1 Ohjective

The nbjective of this subtask is 1o enhance the program’s technical efforts by developing a “stum to
exchange technical information both nationally and internationally.

10.3.1.2 Rationale

The timely exchange of technical developments adds credil * ik results of this program, may
rasult in cost savines to the NRC, and enhunces implem:  aion of the results into regulatory or code

crieria

10-1 NUREG/CR-4599












R I e ————

el e L i U sl & § A i — e R ke -

Section 10 TASK 9 INTERPROGRAM COOP. & PROGRAM MANAGEMENT

conservative, but perhaps too conservative. The second option is to use a statistical correlation as
defined in Equation 10-6 for the Charpy V-notch plateau energy, CVP

CVP = (CVN * 100'/(SA + 25) (10-6)

Here,

CVP = Charpy V-notch energy,
CVN = Charpy V-notch ensrgy at any temperature,
SA = Shear area percent at the CVN temperature.

This correlation is a reasonable lower bound to Charpy data found for line-pipe (Ref. 10.1) and
nuclear pipe steels tested in the Degraded Piping Program (Ref. 10.3). These daia a:¢ shown in
Figure 10.3 with average and + standard deviation linear regression fits to the data. Tabl= 10,1
shows a comparison of calculated Charpy plateau energy values, using Equation 10-6, to the actual
Charpy energy value for Charpy data from an AS1S Grade 60 pipe. Note that at low shear area
percents, the calculated values are relatively low because the confidence in the data in that region is
not good; alsc see Figure 10.3. When the data are actually at 100 percent shear area, then Equation

10-6 is also inherently conservative.

Since these data and analyses seemed to be close to average values and slightly conservative, they
were proposed to be included in Appendix H of Section X1

Pipe Fracture Data Bases

The second effort in the ASME Code activities was the start of a database for the committee to use
that contains past quasi-static pipe fracture data. This effort was started, but additions are needed
before a version is ready for release. This database will contain, at the least, data from:

. past EPRI/Battelle stainless steel pipe fracture programs (EPRI NP-192 and EPRI NP-

2347),

the NRC's Degraded Piping Program (NUREG/CR-4082),

some of the past DTRC pipe fracture data (NUREG/4538 and NUREG/("R-3740),
the [PIRG program, and

results from this program.

Evaluation of ASME Section 111 Redefinition of the Design Stress Equation

As part of this effort, Dr. Wilkowski served on a snecial panel to evaluate the potential effect of
changes proposed in Section 11 to eliminate inertial stresses from the design equations. Although the
panelists had different reasons for reaching a consensus, the panel agreed that if inertial stresses are
eliminated in the design stress, then in the flaw evaluation criteria they should be explicitly included.
Battelle’s assessment included technical justification from the NRC's International Piping Integrity

10-5 NUREG/CR-4599
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Section 10 TASK 9 INTERPROGRAM COOP. & PROGRAM MANAGEMENT

Table 10.1 Sample calculations of Charpy upper plateau energy Asing
Equation 10-6 for an AS1E Gr 60 pipe (Pipe number DP2-F26)

Calculated Cale./Actual

Charpy Charpy
Temperature, Charpy Shear Area, Plateau Plateau
¥ Energy, Mt-1b percent Enecgy, ft-lb Energy ™ 2

15 5 2 19 0.15
15 8 10 23 0.18
2 32 20 71 0.56
32 70 40 108 0.8S
54 76 40 117 0.92
55 90 55 13 0.89
75 100 o0 118 0.93
115 116 8S 105 0.83
150 127 100 102 0.80
212 126 100 101 0.80

(8) 1265 f-Ib used as actual Charpy plateau energy value

Research Group (IPIRG) program, where DEGB fracture occurred in pipes tested under inertial
loading, Ref. 10.4,

Activity 9.1.4 Coordination with Japanese Elastic-Plastic Fracture
in Inhomogeneous Materials (EPI) program

As part of this effort, we are conducting some research investigations that are compatible with the
Japanese Elastic-Plastic Fracture of Inhomogeneous Materials program. One of these is an analysis
that is being conducted by Professor Jwo Pan at the University of Michigan. This involves a
numerical evaluation of weld residual stresses on the -rack driving force. The ASME Section X1 pipe
flaw evaluation criteria say to consider the residual stresses, but there are no guidelines. The
numerical analysis from this program will involve thermal plastic analysis to numerically create the
residual stress field, then create the crack by node release and evaiuate the J values as the welded
structure is loaded. Those results will be compared with simple approximate methods to assess
potential Code techniques.

10-7 NUREG/CR-4599
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TASK 9 INTERPROGRAM COOP. & PROGRAM MANAGEMENT Section 10

10.4 Plans for Next Year of the Program
10.4.1 Subtask 9.1 Technical Exchange and Information Meetings |

During the next year, efforts to coordinate with the ASME Section XI Code will continue. This will
involve:

. Continuing to work on implementing the axial crack EPFM analysis into the ASME
Section X1 code for ferritic pipe.

. Continuing to develop the guasi-static pipe fracture data base for use in the ASME
Section X1 Code committees.

. Relating the results in this program, such as the effects of R, 't ratio on the applicability
of the Net-Section-Collapse analysis,

. Presenting the IPIRG program results, and drawing implications of that work on the
ASME pipe flaw evaluation criteria.

The work at the University of Michigan on the effects of weld induced residual stresses and their
etfect on EPFM analyses will continue.

Additionaily, Dr. C. Marschall will attend the ASTM E24 fracture mechanics meetings 1o keep
abreast of any changes and to share relevant results from this program if they may affect the
toughness testing standards.
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