
- - - - _ -

. .
.

|

NUREG/CR-4599
BMI-2173
Vol.1, No. 2

Short Cracks in Piping
and Piping Welcs

Semiannual Report
October 1990-March 1991

.. .
.

.

.

Prepared by
G. M. Wilkowski, F. Brust, R. Francini,
N. Ghadiali, T. Kilinski, P. Krishnaswamy, M. Landow,
C. W. Marschall, S. Rahman, F Scott

Battelle

4

Prepared for
U.S. Nuclear Regulatory Commissite

388"2888E '2 4
CR-4599 R PDR

___-___--__--__u



.- _ , _ _ _ _ _ _ _ . m _ _

.. .

AVAILABILITY NOTICE

Availabi!ny of Reference Matena!s Cited in NRC Pubbcations

Most documents cited in NRC publications will be available from one of the following sources:

1. The NRC Public Document Room,2120 L Street, NW., Lower Level, Washington, DC 20555

2. The Superintendent of Documents. U.S. Gove.nment Printing Office, P.O. Box 37082 Washington,
DC 20013-7082

3. The National Technical Information Service, Springfield, VA 22131

Although the Esting that follows represents the majority of documents cited in NRC publications, it is not
intsadt? to be exhaustive.

Referenced documents available for inspection and copying for a fee from the NRC P.,blic Document Room
include NRC correspondence and Internal NRC memoranda: NRC bulletins, circulars, Information notices,
inspection and investigation notices; keensee event reports; vendor rer., orts and corresoondence; Commis-
tion papers; and apphcant and kcenses documents and correscondence.

The fol;owing documents in the NUREG series are available for purchase from the GPO Sales Program:
formal NRC staff and contracter reports, NRC-sponsored conference proceedings, international agreement
reports, grant publications, and NRC booklets and brochures. Also available are regulatory guides, NRC
regulations in the Code of Federal Regulanons, and Nuclear Regulatory Comm;ssion Issuances.

Documents available from the National Technical Information Service include NUREG-series reports and
technical reports prepared by other Federal agencles and reports prepared by the Atomic Energy Commis-
sion, forerunner agency to the Nuclear Regulatory Commission.

Documents available from public and speeb technica! librar4s include all open literature items, such as
books, journal articles, and transact!ons. Federal Register notices, Federal and State legislation, and con-
grossional reports can usually be obtained from these libraries.

Documents such as theses, dissertations, foreign reports and translations, and non-NRC conference pro-
ceedings are available for purchase ' rom the organt2ation sponsoring the publication cited.

Single copies of NRC draft reports are available free, to the extent of supply, upon wrPten request to the
Office of Administration, Distribution and Mail Services Section, U,S. Nuclear Regulatory Commission,
Washington, DC 20555.

Copies of industry codes and standards used in a substantive manner si the NRC regulatory procen .tre
maintained at the NRC Library. 7920 Norfolk Avenue. Bethesda, Marytm J, for use by the public. Codes and
standards are usually copyrighted and may be purchased from the originating organization or, if they are
American National Standards, from the American National Standards Institute,1430 Broadway, New York,
NY 10018.

DISCLAIMER NOTICE

This report was prepared as an account of work sponsored by an agency of the United States Govemment.
Neither the United States Government nor any agency thereof, or any of their employees, makes any warranty,
expressed or implied, or assumes any legal liability of responsibility for any third party's use, or the results of
such use, of any information, apparatus, product or process disclosed in this report, or represents that its use
by such third party would not infringe privately ovmed rights.

1

l
i

|
| . - -



_ . . . - -. -.

NUREG/CR-4599
BMI-2173
Vol.1, No. 2

Short Crac1s in Piaing
and Piping Welds

Semiannual Report
October 1990-March 1991

Manuscript Completed: August 1991
Date Published: April 1992

i
'

Prepared 1 '9
G. M. Wilkowski, F. Brust, R. Francini,
N. Ghadiali, T. Kilinski, P. Krishnaswamy, M. landow,
C. W. Marschall, S. Rahman, P. Scott

Battelle
505 King Avenue
Columbus, Oli 43201

|

Prepared for
Division of Engineering

i Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission

| Washington, DC 20555
'

NRC FIN B5702

_ _ _. .-



-.. .. . . . _ - .= - - - - - - . = . . ---

Abstract

ABSTRACT

This is the second semiannual report of the U.S. Nuclear Regulatory Commission's Short Cracks
in Piping and Piping Welds research program. The program began in March 1990 and will
extend for 4 years. The intent of this program is to verify and improve fracture analyses for
circumferentially cracked large-diameter nuclear piping with c ack sizes typically used in leak-
before-break analyses or in-service flaw evaluations. Only quasi-static loading rates are
evaluated since the NRC's International Piping Integrity Reset reh Group (IPIRG) program is
evaluating the effects of seismic loading rates on cracked piping systems.

Progress for through-wall-cracked pipe involved (1) conducting a 28-inch diameter stainless
steel SAW and 4-inch diameter French TP316 experiments, (2) conducting a matrix of FEM
analyses to determine GE/EPRI functions for short TWC pipe, (3) comparison of uncracked
pipe maximum moments to various analyses and FEM solutions, and (4) development of a J-
estimation scheme that includes the strength of bcth the weld and base metals.

Progress for surface-craci ed pipe invoked (1) conducting two experiments on 6-inch diameter
(Sch. 40 and XXS) pipe with d/t = 0.5 and e/n = 0.25 cracks, (2) comparisons of the pipe
experiments to Net-Section-Collapse predictions, and (3) modification of the SC.TNP and
SC.TKP J-estimation schemes to include external surface cracks.-

High-temperature hardness testing appears to be a useful screening criteria parameter for
assessing the susceptibility of ferritic pipe to dynamic strain aging. For anisotropic fracture
evaluations, it was found that only one of five ferritic pipes had the low toughness direction in a
helical direction, the rest had low toughness in the axial direction.

For crac k-opening area analyses, predictive capabilities were expanded so that load versus crack
opening can be calculated from the LBB.NRC, GE/EPRI, LBB.GE, LBB.ENG, and Tada/ Paris
analyses. These include loading due to tension, bending, and combined tension and bending.
The LBB.ENG analysis was also modified to account for the weld and base metals strengths.
Elastic FEA showed that for pressure loading, e crack close to a terminal end (i.e., a nozzle) will
have lower crack opening due to restraint of the induced bending. This could affect IEB
analyses.
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Executive Summary

EXECUTIVE SUMMARY.

This is the second semiannual report of the U.S. NRC's Short Cracks in Piping and Piping Welds
Research Program. The program began in March of 1990, and will extend for four years. The
intent of this program 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 staticloading rates are evaluated, since the
NRC's International Piping Integrity Research Group (IPIRG) Program evaluated the effects of
seismic loading rates on cracked piping systems.

The term "short cracks" encompasses 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. This is much less than the circumferential crack lengths .

*

of 20 to 40 percent investigated in many past pipe fracture programs. Hence, the term "short
cracks"in this program does not refer to microscopic cracks often of technicalinterest to the
aerospace industry.

Additional efforts involve investigating phenomena discovered during the course of conducting
the Degraded Piping Program. These include the evaluation of the occurrence of unstable crack'
jumps in ferritic steels at light water reactor temperatures and the occurrence of anisotropic
fracture properties causing helical crack growth. Both of these phenomena may reduce the
actual safety margins in LBB analyses when compared to real behavior. Other investigations
deal with the fracture behavior of bi metallic welds and improvements in crack opc.Jng area
analyses used in LBB analyses. Some key points from this reporting period are press ited below.

Short Throuch Wall Cracked Pipe
,

Progress was made in several subtasks, but final conclusions cannot be made yet for most of
these efforts. An experiment on a 28-inch-diameter pipe with a short through-wall crack (TWC)
of 6 percent of the circumference in a stainless steel submerged-arc weld (SAW) experiment was

| conducted and analyzed. Results differed from the ferritic pipe "sts on similar size pipe
reported in the last semiannual report in that the experimental failure loads for this stainlessi

steel SAW experiment were below the predicted loads from the various analyses except for the
predictions based on the IWB-3640 source equations. Conversely, the ferritic pipe tests had
maximum loads above most predictions, except for predictions based on the net-section-collapse
and some J-estimation schemes for the short cri.-k experiment (2c/nD = 0.06) results.

- A 4-inch-diameter pipe test on a French TP316 stainless steel showed that the maximum loads
from the EDF and Battelle pipe test systems agreed within 4 percent of each other.

The h, V, and F-functions for the GE/EPRI method were calculated for short TWC pipe under
tension and bending loads. Initial results showed good agreement with clastic solutions, but fully
plastic solutions for the displacement function and the function to calculate J (hg) were higher
than in the original GE/El RI solutions. The higher h values would result in load predictions3

closer to experimental results. Further calculations are under way. A J-estimation scheme

xix
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Executhe Summary

(LBB.ENG2) was also developed to account for stress-strain properties of the weld and base
metal for the case of a TWC in a weld.

Short Surface Cracked Pipe

Two experiments were conducted on 6-inch-diameter TP304 stainless steel pipe, one on
Schedule 40 pipe and the other on Schedule XXS pipe. The crack geometries were 25 percent of
the pipe circumference in length and 50 percent of the wall thickness in depth. The Schedule 40
pipe first buckled and then fractured after significant load drop and further applied
displacements during the buckling. Both experiments had maximum loads significantly below
the net-section-collapse predicted loads. These results agreed with past EPRI data generated at
Battelle that used similar crack lengths. However, further data are needed to quantify a trend
with pipe R/t ratio. Interestingly, uncracked s'ainless steel pipe data were used to assess
buckling loads by finite element analyses (FEA). The FEA underpredicted the experimental
loads by 20 percent. This result agrees with trends from finite element analyses of many stainless
steel TWC pipe bending experiments, sugg , ting a basic problem in FEA of stain! css steel pipe.

The SC.TNP and SC.TKP analyses were modified to include external as well as internal finite
length circumferential surface cracks.

Unstable Crack Jumps and Dynamic Strain Ating

A screening criterion that assesses dynamic strain-aging sensitivity of ferritic steels by high-
temperature hardness testing appears to be successful. This could be used for material selection
for new reactors or in-plant assessment of piping.

Anisotropic Fracture Properties

Only one of five carbon steel pigs evaluated had inclusions occurring in a helical direction; the
rest of the pipe samples had inclusions oriented in the axial crack growth direction. The
direction of the inclusions corresponded to the direction of lowest toughness for all five pipes.

Crack-Opening Area Anab.es

Crack-opening displacement capabilities were added to the LBB.ENG and LBB.GE
J-estimation schemes in addition to the existing capability '-r the GE/EPRI, Tada-Paris, and
LBB.NRC analyses. Comparisons were made to experimental results u' der pure bending, pure
pressure loading and combined pressure and bending. The LBB.ENG2 analysis was also
modified to predict opening of a crack in a weld where the weld and base metal strengths were
included. For tension loading of a crack in a piping system, FEA showed that if the crack were
close to a terminal end, the crack opening from the induced bending would be restrained. This
was found to be a function of the length of the through-wall crack and the distance from the
terminal end (e.g., a nozzle). For a TWC length less than 1/8 of the circumference, the restraint
of the induced bending has negligible effect on the crack opening. For cracks longer than 25
percent of the circumference, the effect of the restrained bending can be significant if the crack is
close to a terminal end (i.e., the crack is within 10 pipe diameters of a nozzle).

XX



_ . _ _ _. _ _ . _ _ _ _ - . . _ . . _ . . _ - _ _ _ . _ _ __ .

!
1

Acknowledgmenta j

ACKNOWLEDCMENTS

This work is supported by the U.S. Nuclear Regulatory Commission through the Materials
Engineering Branch of the Office of Nuclear Regulatory Research under Contract No. NRC-04
9069. Mr. M. Mayfield was the NRC program manager during this period, and the current
NRC program manager is Mr. A. Hiser.

We would also like to thank others at Battelle who have helped in these efforts. Technicians who
have contributed to the initial efforts are: Mr. R. Gertler, Mr. P. Held, Mr. J. Kramer,
Mr. P. Mincer, Mr. D. Rider, Mr. J. Ryan, Mr. D. Shoemaker, and Mr. J. Woods. We thank
Mrs. B. Blanton for typing this report and Mr. D. Hayes for drafting assistance.

i

|
:

!-

|

|

|

xxi

. ~ - . _ . _ m ,,- - - ~ . _ _ _ _ - _ _ _ . _ _ - _ _ .--



. - - . . . - . - - . - . - - . . . . ... - . - . -. . . ._

:

,

Nomencleture -

NOMENCIAIURE

L SYMBOLS
,

A Crack area
.

a Crack length

ft Axiallength in LDB.ENG analysis

a Initial crack lengtho

a, Effective crack length

C Constant in fatigue crack growth equation

c Half the circumferential crack length

D Nominal pipe diameter

D. Mean pipe diameter,

D Outside diametero

d Surface crack depth

E Young's modulus

2E' E/(1-v)

P(0) Dimensionless function for calculation of linear clastic stress intensity| b

| factor for pipe in bending with circumferential half crack length of 6.

G Function used in SC.TKP J-estimation scheme for Jo p

H Function used in SC.TNP J<stimation scheme for Jo p

Functions tabulated in GE/EPRI methodhph,h,L2 3 4

..

I Moment ofinertia
.
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Nomenclatuit

J J-integral fracture parameter

Jo-R ' Deformation J-R curve

J. Elastic component of J integral

J J-integral at crack initiation but not necessarily a valid J , by ASTM3 i
E813-81

J , Jn' Jn1 J applied for Modes I,II, and III.i

J Plane strain J at crack initiation by ASTM E813ie

J Plastic com; anent of J-integralp

J R. J-integral resistance (curve)

J Total J-r

K Elastic stress intensity factor
,

L Pipe length

La Axial length of weld

M Moment

Exponent for fatigue crack growthm

h6 Buckling moment calculated by Mesloh analysis

M Moment at a nominal stress of oii

M, Moment calculated by Net-Section-Collapse analysis
1

M, Moment at a nominal stress of o,

N 1/n, also used for number of cycles

Ramberg Osgood strain-hardening exponentn

xxiv
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Nomenclature

P Applied load

O Generalized load

q Generalized displacement

R Pipe radius

R, Mean pipe radius

R Outside pipe radiuso

r Plastic-zone radiusy

l- S. ASME design stress

T Axial tension load

t Thickness of pipe

t, Effective thickness in LBB.ENG analysis

U Electric potential

U, Initial electric potential

V,V,V Displacement functions in GE/EPRI analysis3 2 3

Width of C(T) specimenw

Z A stress multiplier in ASME IWB-3640 and -3650 analyses

Ramberg-Osgood parametera

A Displacement for axial tension

,

Increment of crack growthaa
!

A, Tension component of crack opening
1

o Displacement at center of crack

xxv
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Nomenclature

6, Elastic displacement at center of crack

o Plastic displacement at center of crackp

or Total displacement

8, Crack tip displacement
,s

n Eta factor, a geometric factor (q) times the energy = J
|

e Strain
'

i

Ramberg-Osgood reference strainco

0 Half crack angle of through-wall crack in a pipe

a Initial crack angleo

u Poisson's rttio

& Half rotation angle of pipe

4' Half of elastic component of pipe rotauon due to the crack

P$ Half of plastic component of pipe rotation due to the crack

il Strain energy - work of external forces

o Stress

og Flow stress

og Stress at crack initiation

o, Net-Section Collapse analysis predicted stress

a - Ramberg-Osgood reference stress -o

o, Ultimate strength

o Yield strength -y

,

.
.
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Nomenclature

I

c /Jos Stress at a strain of 0.005o

2. ACRONDIS AST INITIAIJSMS

ACO Area of crack opening

ASME American Society of Mechanical Engineers

ASTM American Society of Testing and Materials

BHN Brinell hardness number

BHN Brinell hardness number at room temperatureRT

BHNm Brinell hardness number at 288 C

BWR Boiling water reactor

CEA Commissariat a l'Energie Atomique

C-L Circumferential-longitudinal orientation (axial through-wall crack
growth direction)

COA Crack opening angle

COD Crack opening displacement

CMOD Crack mouth opening displacement

CTOA Crack tip opening angle

C(T) Compact (tension) specimen

CVN Charpy V-notch

DSA Dynamic strain aging

3D P II Degraded Piping Program - Phase II
|

EDF Electricite de France

xnii
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Nomenclature

EPFM Elastic-plastic fracture mechanics

EPRI Electric Power Research Institute

FE Finite element

FEM Finite element method

FY Fiscal Year

GE General Electric Comp ny

HAZ Heat-affected zone

IPIRG International Piping Integrity Research Group

JAERI Japanese Atomic Energy Research Institute

LBB Leak-before-break

leC Longitudinal-circumferential orientation (direction of through-wall
crack growth around pipe circumference)

LEFM Linear-clastic fracture mechanics

LWR Light water reactor

LLD Load-line displacement

NDT Non-destructive testing

NRC Nuclear Regulatory Commission

NRC-RES Nuclet r Regulatory Commission - Office of Nuclear Regulatory
Research

NRC-NRR Nuclear Regulatory Commission - Office of Nuclear Reactor
Regulation

NSC Net-section-collapse

xxviii

.. . . . _



._ - - _ _ _ _ _ _ _ - _ _ _____

& +

'

Nomenclaturt

OD Outside diameter

PC Personal computer

PVP Pressure vessel and piping

RT Room temperature

SAW Submerged are weld

SC Surface crack

Sch. Schedule (pipe thickness)

SMAW Shielded metal are weld

SSE Safe shut-down earthquake

TWC Through wall crack

UTS Ultimate tensile strength

XXS Schedule extra extra strong pi]x

.
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Section 1 INTRODUCTION

L INTRODUCTION

He "Short Cracks in Piping and Pi ing Welds" program was initiated to address Nuclearp
Regulatory Commission (NRC) licensing needs and to resolve 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 a large diameter pipe is 6 percent of the circumference, which is much less than the
circumferentiallengths 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 technicalinterests of the aerospace industry.

'

This 4 year program started on March 23,1990. This report covers progress to date, along with
,

details and plans for the entire program.

The nine tasks addressed in this program are:

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

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

(3) Bi-metallic weld crack evaluations

(4) D. ,amic strain aging and crack instabilities evaluations

(5) Fracture evaluations of anisotropic pipe

(6) Crack-opening-area evaluations

(7) NRCPIPE Code improvements

(8) Additional tasks, if needed

(9) Interprogram cooperation and program management.

Of these, significant work has started in Tasks 1,2,4,5, 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 pipe fracture experimental efforts. The specific efforts in this program are limited to
circumferential cracks in straight pipe, and loads 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 International Piping Integrity Research Group program (IPIRG).

The progress reported in this report includes work from October 1,1990 to March 31,1991.

,

11
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INTROD1 TION Section 1

i

Table 1.1 Summary of prvposed pipe expertrnents

-
_

TestN Task
E rpt. % .'') Ditmeter Schedule Materia Temperature Date No.

.~.

,Unpressuri7ed through wall cracked pipe experiments

1.1.1.21 28 inch 60 A516 Gr70 288C(550F) 10/25/90 1

1.1.1.22 36 inch 160 A516 Gr70 288C(550F) (5/93) 1

1.1.1.23 28 inch 80 TP316 SAW 788C (SSOF) 5/23/91 1

1.1.1.24 24 inch 100 A333 Gr6 SAW 288C(550F) (7/92) 1

1.1.1.26 4 inch 80 TP316LN 20C(72F) 2/27/91 1 |
|

Unpressurized uneracked pipe experiment
<

1.1.1.25 28 inch 60 A516 Gr70 288C (550F) (2/92) 1

Bi-metallic welo fusion line experiments - TWC

1.1.3.8 36 inch 160 A516/SS-SAW 288C(550F) (1/94) 3

Unpressurized surface-cracked pipe experiments

1.2.1.20 16 inch 40S TP316 100C(212F) (1/92) 2
1.2.1.21 6 inch XXS TP304 288C(550F) 4/16/91 2
1.2.1.22 6 inch 40 TP304 288C (550F) 3/15/91 2

Pressurized surface-cracked pipe experiments

1.23.15 28 inch 60 A516 288C (b0F) 11/03/91 2
1.23.16 28 inch 80 'I7316 SAW 288C(550F) 9/05/91 2
1.23.17 36 inch 160 A516 SAW 288C (550F) (9/93) 2

Bi. metallic weld fusion line exoeriments - SC

1.23.21 36 inch 160 A516/SS SAW 288C(550F) (7/94) 3

(a) Experiment numters are consecutive with Degraded Piping Program Data Record Book entrks
(b) Antkipated test dates in p6 te''besis.

I

12
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Saton 2 TASK 1 SHORT1WC PIPE EVALUATIONS
i
,

! 2. TASK 1 SHORT TWC PIPE EVALUATIONS |
,

2.1 Task Objective
i

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 help to refine the fracture analyses in IJ3B procedures used to
evaluate through. wall cracks in large diameter pipes. ,

2.3 Task Approach

The five subtasks in this task are:
5

Subtask 1.1 Material characterization of pipes to be tested
Subtask 1.2 Facility modifications for large diameter pipe experiments
Subtask 13 Conduct large diameter pipe experiments
Subtat!,1.4 Analysis modification and verifications
.%otask 1.5 Topical report.

During this reporting period progress was made in Subtasks 1.1,13, and 1.4: hence, only these;-

subtasks will be discussed. ,

23.1 Subtask L1 Material Characterization for
Short TWC Pipe Experiments

2.311 Objective

'lhe objective of this actMty is to generate the necessary data to document the material strength
and toughness for analysis in Subtask 1.4.

'

; 2.3.1.2 Rations,le

The material property data needed for the analysis prosdures in Subtask 1.4 will be determined '

from each pipe and weld to be tested. These data are also of value for the NRC PIFRAC
database (Ref. 2.1).

I 2.3.1.3 Approach

Material property data, i.e., Charpy, chemical analysis, tensile, and J R eurves, need to be-
generated for the 28-inch-diameter stainless steel weld and the 24-inch-diameter carbon steel

21
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TASK 1 SIIORT 1WC PIPE INALUATIONS Section 2

i

SAW used in Subtask 13. The 24-inch-diameter pipe weld will be the same as the 36-inch-
diameter pipe weld used in Task 2. Hence, only the larger diameter carbon steel pipe weld
needs to be characterized. His characterization will be done in Task 2.1. He French TP316LN
stainless steel pipe used in the new 4 inch diameter TWC pipe experiment has been fully
characterized and those results are given in this report. We have the material property data on
the other materials from the Degraded Piping Program (Ref 2.2).

De full-size Charpy data will be determined as a function of temperature for the carbon steel
weld and at 22 and 288 C (72 and $50 F) for the austenitic stainless steel weld. The tensile and J.
R curve tests will be conducted at room temperature and at 288 C ($50 C). Duplicate specimens
will t e tested for each specimen type. The tensile specimens will be longitudinally oriented, and
will be tested for both the base and weld materials. The Charpy and C(T) specimens for the J R
curve tests will have an I-C orientation. The thickness of the C(T) specimens will be at least 80 1

percent of the pipe thickness and will be the largest planform size that the curvature of the pipe |

allows. If weld specimens are taken from plate welds, then the standard size specimen for the
plate thickness will be used.

The data will be recorded digitally, and reduced to a format identical to that used in past |
Degraded Piping Program data record bcok entries. These data would also be available for
input into the NRC PIFRAC database.

2.3.1.4 Progress

During the past reporting period, a submerged-are weldment was prep .md in 25.4-mm-(1 inch)
thick TP3t4 stainless steel plate and material characterization tests were comp'eted. The
weldment was prepared at the United McGill Corporetion in Columbus, Ohio, folk) wing
procedures that were nominally identical to those employed in girth welding the 28 inch-
diameter stainless steel pipe that is to be subjected to a short TWC pipe experiment.

In adrlition to the work on the plate weld, characterization tests were completed on the 4-inch-
diameter French pipe, identified as Pipe IP-A2. That pipe was originally thought to be TP31614
but chemical analysis showea it to meet the ASTM specifications for TP316LN.

Characterization of Submerged Are Weld in TP304 Stainless Steel

Chemical analysis, tensile, Charpy V notch, and J.R curve tests were conducted on a submerged-
arc weld in 25.4 mm-(1-inch) thick TP301 stainless steel plate. The plate in which the weld was
prepared was identified as DP2-A45 and the weld metal as DP2-A45W2. The tensile tests,
Charpy tests and J R curve tests were conducted in duplicate at room temperature and at 288 C
(550 F).

The tensile specimens, which were threaded-end, round bar specimens having a gage diameter of
3.2 mm (0.125 inch) and a gage length of 12.7 mm (0.5 inch), were oriented such that the
specimen axis was normal to the weld centerline. Prior to the machining of the reduced gage -
section, the specimen blanks were etched to reveal the weld to ensure that the entire reduced
section was weld metal. Testing was done in a servohydraulic testing machine at a strain rate of

.

22
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Section 2 TASK 1 SilORT NC PIPE EVALUATIONS

4approximately 3 x 10 s'1 to obtain the complete stress-strain curves, in addition to values of
yield strength, tensile strength, clongation, and reduction of area.

The Charpy V notch specimens and the compact specimens were machined such that the crack
extended along the centerline of the weld in the direction of the plate width. The compact
specimens were fatigue precracked; half of them contained no side grooves and the other half
contained side grooves of 10 percent per side, nose without side grooves were to simulate
TWC pipe tests in l'ask 1, while those with side grooves were to simulate surface-cracked pipe
tests in Tark 2. Charpy tests were conducted in a Tinius Olson pendulum machine having a
epacity of 356 Joules (264 ft lb). Compact specimens were tested in a screw-driven Instron
machine under crosshead control; the crosshead speed was selected to produce crack initiation
in approximately 5 to 10 minutes. Data obtained included load, load-line displacement, and
direct-current electric potential. The electric potential data were used to estimate the onset of
crack extension and the rmount of crack growth as the test progressed.

The chemical analysis of the weld metalis given in Table 2.1. Included for comparison is the
chemical analysis of the base metal (Plate DP2-45). Notice that the weld metal contains more
nickel and chromium than does the base metal because the TP308 stainless steel weld wire that
was used contains more of those two elements than does TP304 stainless steel plate.

Tensile properties of the weld metal are given in Table 2.2 and engineering stress-strain curves
are shown in Figure 2.1. Included for comparison in Table 2.2 and Figure 2.1 are results for the
base metal plate material testee in the principal rolling direction.

Energy absorption values in full size Charl y tests of the ' veld metal at two different temperatures
are shown in Table 23. Very little difference in energy absorption was discernible at the two
different temperatures.

Results of compact specimen tests are given in Table 2.4, including both the 0 percent and the 20
percent side grooved specimens. Included for comparison in Table 2.4 are values obtained from
the base metal plate material (DP2-A45). Notice in Table 2.4 that the J values at crack initiation
for the weld metal are less than 5 percent of the values for the base metal.

Figures 2.2 and 23 show J resistance curves for the 0 percent side grooved specimens and the 20
percent side-grooved specimens, respectively. For comparison, each figure includes a J R curve
for base metal specimens from the plate that contained the weld, tested at 288 C (550 F). Also
included in the figures are vertical lines indicating the point at which the crack extension reaches
30 percent of the original uncracked ligament. From previous experimental work on both
compact specimens and pipe, that amount of crack extension appears to represent an
engineering limit for using J to analyze the data (Ref. 23). The J-resistance curves shown in
Figures 2.2 and 23 indicate that the toughness of the weld metalis significantly lower at 288 C
(550 F) than at room temperature. For reference, a typical TP304 base metal I R curve is shown.
Dat result differs from the result obtained using Charpy V-notch impact specimens (see Table
23), where energy absorption values were found to be approximately the same at the two
different temperatures. Figures 2.2 and 23 show also that the toughness of the base metal at
288 C (550 F) is much greater than that of the weld metal at the same temperature.

23
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TASK 1 SilORT TWC PIPE EVALUATIONS Section 2

Table 2.1 Ctemical composition of the submerged arc weld (DP2 A45W2)
in 17334 austenitic stainless ateel plate

Included for comparison is the chemical composition
of the base metal plate (DP2 A43)

Perrent by Welght ofIndicated Element

Element Weld Metal (DP2 A45W2) Base h!etal(DP2 A45) 1

C 0.03 0.N8

Mn 2.26 1.87 |

P 0.032 0.027

S 0.010 0.005 '

Si 0.89 0.63

Cu 0.26 0.42

Sn 0.010 0.016

Ni 9.6 8.0

Cr 19.7 18.4

Mo 0.10 0.22

Al 0.015 0.002

V 0.070 0.09

Nb 0.012 0.026

Zr 0.015 0.002

Ti 0.006 0.003

B 0.0008 0.0008

Ca 0.0008 N.D.
Co 0.13 0.12

W 0.0 0.01

Sc 0.00 N.D.

|

|
:

|
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Mtitm 1 TASK 1 SIIORT'DVC PIPE EVALUATIONS

I

TAbh > 2 Tenslie propertles at 288 C (550 F) of submerged are utid metal )

0 P2 A45%2)in a TP304 stainless steel plate |

(Properties of the base metal are included for comparison)

Ultimate
0.2% Offset Tensile Elongation,

Yleid Strength Strength pctin Reduction

Specimen 12.7 mm ofArea,

Number Material MPa ksi MPa ksi (0.5 in) pct

A451 TP3M Base Metal 169 24.5 475 68.9 47.0 79.0

A45 2 TP304 Base Metal 145 21.1 466 67.6 47.5 78.9

A45W2 3 SAW in TP304 Plate 374 54 3 510 74.0 15.5 63.0

A45W2-4 SAW in TP304 Plate 357 $1.8 495 71.8 13.7 54.0

Table 2J Charpy V notch impact tests on submerged are utid
(DP2 A45M7) in TP304 stainless steel plate
(Tull size specimeos)

Test Temperature, C (F) Energy Absorbed, J (ft Ib)

22(72) 56 (41)

22(72) 62 (46)

288(550) 64 (47)

288 (550) 67 (49.5)

,
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TASK 1 SIIORT TWC PII'E D'AI,UATIONS Section 2

Table 2A Jg and dj/ds values obtained from compact specimens
machined from a submerged art wild (DP2 A45W2) in
TP304 stainless steel plate

(locluded for comparison are results for the TP304
base metal plate (DP2 A45) tested at 288 C (550 F)]

Test Side Ja dJ/da
'

kJ/m in Iblin' MJ/m in lb!!n2 3 2
hu er Material C ) p

A45W2-1 Wcld metal 20(68) 20 114 (649) 334 (48,400)

A45W2 2 Weld metal 2M (550) 20 58 (332) 169 (24,500)

A4$W2-3 Weld metal 288(550) 20 61 (350) 152 (22,(XX))

A45W2-4 Weld metal 20(68) 0 106 (605) 289 (41,900)

A45W2-5 Weld metal 288(550) 0 38 (215) 111 (16,100)

A45W2-6 Weld metal 288(550) 0 57 (326) 183 (26,600)

A45-37 Base metal 288(550) 0 2,190 (12,500) 395 (37,300)

A45-38 Base metal 288 (550) 20 1,370 (7,830) 556 (80,700)
_

-

,

{
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Figure 2J En ,ineering stress strain curves fosfsubmerged art weld
(DP2 A45W2) tested at 288C (550F)
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Figure 2.2 J resistance curves for non side grooved C(T) specimens
machined from submerged are weld (DP2.A45W2) and a tjylcal
TP304 stainless steel base metal
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Figure 23 J resistance curves for C(T) specimens having 20%
side grooves machined from submerged art weld (DP2 A45%2)

SC-M 6/91 F3

,

29

. . _ ~ ,, , . . - _ _ - , _ _ . - . __. _ _ . . , . .._ ._ ,._ . _ . . _ . _ _ _ _ ,. _ __ _ _ , , _ .



_ - _ _ . . _ _ . _ .. _ _ _ _ _

TASK 1 SilORT'IWC PIPE INALUATIONS Section 2

Characterization of French TP316LN Pipe

His pipe was furnished to Battelle by Commissariat a l'Energie Atomique (CEA) where a
section of the same pipe had been subjected to a room temperature pipe fracture experiment.
De pipe originally was in the possession of Electricit6 de France (EDF) and carried the
designation 23 CND 18-12 (316L) stainless steel. It came from EDF Tube Experiment No. 24.
Its diameter is approximately 114 mm (4.5 inches) and its wall thickness is approximately
12.7 mm (0.5 inch). The Battelle identification number is IP A2.,

The pipe was subjected to tensile tests, J R curve tests, and a dynamic test to determine modulus
of clasticity, all at room temperature, in addition, samples of the pipe were subjected to
chemical analysis tests and to metallographic examination.

He room temperature tensile tests were conducted in duplicate on round.bar, threaded-end
specimens machined from the midwall region of the pipe; the tensile axis was parallel with the
pipe axis. Each specimen had a 6.35 mm-(0.25 inch) diameter by 31.8-mm-(1.25 inch)long
reduced section. Tests were conducted in a servohydraulic testing machine at an average strain

4 d 4rate of10 to 10 s .

Tc terify the reportedly low values of clastic modulus for this pipe, a dynamic modulus
determination was conducted at room ternperature in a Magnaflux Type FM-500 Elastomat.
The specimen was a cylinder having a diameter and length of 12.7 and 107 mm (Of and 4.2
inches), respectively. Its axis was parallel with the pipe axis. The Elastomat was used to
determine the frequency of longitudina! vibrations in the bar, from whiA the modulus of

_

-

clasticity could be calculated.

To determine the pipe's fracture resistance, three 0.5T.planform-size compact type specimens,
10.2 mm (0.4 inch) thick, were machined such that crack growth would be in the circumferential
direction (I C orientation). The specimens were not side grooved. Hey were tested at room
temperature in a screw driven Instron machine at a crosshead speed of 1.25 mm/ min.
(0.05 in, min.). Quantities recorded dering each test included load, load-line displacement, and
direct-current electrical potential. He latter was obtained to indicate the point of crack
initiation and the amount of crack extension. The procedures used to calculate J values were
those specified in ASTM E1152-87, Standard Test Method far Determining J-R Curves.

The chemict.) analysis of Pipe IP-A2 is shown in Table 2.5. Included in the analysis i.c nitrogen
because metallographic evidence suggested the presence of nitrogen in the steel. The nitrogen
content of 0.164 percent by weight, shown in Table 2.5, indicates that nitrogen was added
deliberately and that the steel meets the composition specifications for TP316LN in ASTM A376,
Seamless Austenitic Steel Pipe for High Temperature Central-Station Service.

Tensile properties of Pipe IP-A2 at room temperature are shown in Table 2.6. Engineering
stress-strain curves are presented in Figure 2.4. The dynamic modulus of clasticity test produced

6a value of 157.5 GPa (22.84 x 10 psi). That value is significantly lower than the handbook value
6

of 193 GPa (28 x 10 psi). The most likely explanation for the low modulus value is preferred

2 10
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Section 2 TASK 1 SilORT TWC PIPE EVALUATIONS

Table 2.5 Chemical composition ofI'rench TP316LN
stainless steel pipe (Pipe IP A2)

Percent by Weight

ASTM A376 Requirement for
Element Plpe IP.A2 TP316LN

C 0.02 0.035 max

Mn 1.68 2.00 max

P 0.024 0.(M0 max

S 0.009 0.030 max

Si 0.48 0.75 max

Cu 0.13 (a)
Sn 0.008 (a)
Ni 12.9 11.0-14.0

Cr 17.0 16.0 18.0

Mo 2.5 2.00-3.00

Al 0.015 (a)
V 0.059 (a)
Nb 0.008 (a)
Zr 0.000 (a)
Ti 0.014 (a)

B 0.0012 (a)
Ca 0.0009 (a)
Co 6.076 (a)
W 0.0 (a)

| Se 0.00 (a)

N 0.164M 0.10-0.16

(a) Not specifed. ,

(b) Dete: mined by }Qeldahl anahu.

2 11
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TASK 1 SIIORT DVC PIPE EVALUATIONS Section 2

orientation, or texture, of the individual crystalline grains making up the pipe. Rather than being
randomly oriented, each gr' in is hypothesized to be crystallographically oriented similar to
neighboring grains. 'Ihis c ndition can give rise to significant directionality in clastic modulus
values. X ray diffraction studies would be required to confirm that a preferred orientation
condition is present. A consequence of preferred orientation in this particular pipe is that the
unusually low modulus value in the axial direction is almost certainly accompanied by an
unusually high modulus value in another direction, probably the circumferential direction. If
that is the case, hoop strains arising from internal pressure would tw lower than values calculated
on the basis of typical clastic modulus values.

J-resistance curves from room temperature tests on compact specimens are shown in Figure 2.5.
Included in the figure is a line which indicates the point at which the crack extension reaches
30 percent of the original uncracked ligament. Wlues of J and dJ/da from the compacti
specimen tests are summarized in Table 2.7. 'Ile values of d3/da were for crack extension values
in the range of approximately 0.15 to 1.5 mm (0.006 to 0.060 inch).

i

Table 2.6 Tenstle properties of French TP316LN steel pipe (Pipe IP.A2)
in the longitudinal direction at room temperature"

0.2 Pet Offset Ult. Tensile
Spee. Yleid Str. Str. Elongatten, Area
Ident. Strain pet. in 25.4 mm Reduction
No. Rate, s.: hiPa ksi 51Pa ksi (linch) pet.

IP-A2-1 1.6x10 250 36.2 536 77.7 55 ~ 84W4

IP-A2-2 3.1x10 258 37.4 527 76.5 58 ~ 83(b)4

Avg. 254 36.8 531.5 77.1 56.5 ~ 83.5

8(a) "Ihe modulus of clasticuy to the directw of the pipe am was found to be 157.5 gps (22.84 10 ps0 on the buis of a
resonant frequency ergriment.

(b) 1hc imal cross seaba was culptical; the ratio of the cuipse minor exis to the ellipse major axis was approximately 0.58.
The average of the tv.o valuca was used to the calculation of the reduction of area.

Table 2.7 Summary of Jg and dJ/da values fer French TP316LN
stainless steel pipe (Pipe IP A2) obtained from compact
specimens tested at room temperature

L C orientation; no side grooves

Spec, J at Initiation dJ/da
3 3 3Ident. No, kJ/m in th/in' hiJ/m In Ib/In

IP-A2-1 1056 6000 90.3 131,000

IP-A2-2 910 5195 703 102,000

IP-A2 3 680 3865 75.8 110,000

Avg. 880 5020 78.8 114,300
.

2 12
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Figure 2A Engineering stress strain curves for tensile specimens
machined from French TP316LN stainless steel pipe (Pipe IP A2)

DRB/1.1.L26/FA 2
i

5000 g ,

Cram ortenskm 4,_
less than 0.3(W a I0 o ,a

4000 - r -*-
, ,,

o o , . . * . *
*

O o

oe.
E 3000 + -

o o

) *
o o

*
; o o Pipe IP A2

*o Stainless Skal from EDF2000 ~ ' ' ' " C(T) Specimens w/o Side Grooveso o
oj Tested at Room Temperature*

0 0
o Spec. No. lP.A21o, o

l* o Spec. No. IP A2-2
Spec. No, IP-A2-3*

' '0 '

O 1 2 3 4 5 6 7 8

Crack Extension, mm
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TASK 1 SHORT'nVC PIPE EVALUATIONS Section 2

2.3.2 Subtask L3 I;trge Diameter Pipe Fracture Experiments

2J.2J Objective

The objective of this activity is to develop data for the verification of fracture analyses used in
LBB evaluations of large diameter pipe.

2J.2.2 Rationale

Past work in the Degraded Piping Program (Ref. 2.2) on long circurnferential through-wall
cracks showed different results for thinner versus thicker large diameter pipe. A thin steam line
pipe had failure stresses well below those predicte d by net section collapse (NSC) but agreed
well with the prediction of J-estimation scheme. On the other hand, a thicker cold leg pipe

.

lreached the NSC stress, which is much higher thar; that predicted by the J-estimation scheme
predictions. In the thicker cold leg pipe, however, the circumferential crack grew in the axial
direction even though it was unpressurized. His was an unexpected failure mode, and is
believed to be due to the toughness anisotropy ofihat pipe. Additionallarge diameter pipe
experiments with shorter through wall crack lengths and sufficiently low enough toughness are
needed to assess the elastic plastic fracttare analyses.

23.23 Approach

Four through-wall-cracked pipe experiments and one uncracked pipe experiment on large
diameter pipe will be coni icted as part of the initial program. These are on 24 ,28 , and 36-
inch-diameter pipe with ditferent R/t ratios. Battelle's large pipe bending frame will be used in
these experiments. The pipe bend test system will be upgraded for the 36-inch diameter, cold-
leg experiments in this subtask and the bi metal weld subtask. The upgrading of the large-pipe
test frame (strong-back) system was described in the last Semiannual Rep:>rt (November 1990).

An additional 4 inch diameter pipe experiment was added to the initial test matrix. This was
done with the objective of comparing a French (EDF) pipe test system and the Battelle pipe test
facilities. The piece of French pipe received was from the moment arm of their Experiment No.
24. We reproduced their test with the same size crack and machined the pipe to close to the
same thickness and diameter as they did in their experiment.

General Test Procedures

As with the prior Degraded Piping Program pipe fracture experiments, the large diameter pipe
experiments are being conducted with a sharp machine notch, except for the test involving the'

carbon steel weld and the new French pipe experiment. The carbon steel weld is sufficiently low
in toughness that it is susceptible to notch acuity effects. High toughness steelt are not sensitive
to notch acuityeffects, as seen in the data on fatigue and sharp machine notches in the Degraded:

! Piping Program (Ref 2.2). The through-wall crack in the 4 inch-diameter pipe section was
'

f"igue precracked to duplicate the French test procedures.

,

2 14
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The data to be recorded in these experiments include:
,

applied load,+

load-line displacement,e

+ rotation due to the crack,
crack-opening displacement at the crack center line, initial crack tips, and onee

k) cation betweer .1 initial crack tip and the center of the crack
ovalization of the pipe in the horizontal and vertical directions at the crack plane,e

d-c electric potential at the crack centerline and eache

crack tip, and
temperature at various locations along the pipe.*

2.3.2.4 Progress

The fin,t pipe fracture test on the 28-inch-diameter A516 Grade 70 steam line pipe has been
completed and was reported on in the first program report for this project (Ref. 2.4).

Experiment 1.1.L26 4. Inch Diameter French TP316 Pipe

The specific objective of this experiment was to conduct a comparison of a French pipe test
system with one of the Battelle pipe test systems. The French experiment was conducted at the
81ectricitd de France (EDF) facilitics. In the IFIRG program it was found that there was
excellent agreement with finite element predictions of this experiment (Ref. 2.5). However, for
another stainless steel TWC experiment conducted during the IPIRG program, the finite
element results underpredicted the experimentalloads by 30 percent. For both of these
experiments, several finite element analyses were conducted by different organizations. The
finite element results are in very good agreement with each other, but not necessarily with the
experimental results (Ref. 2.6). Furthermore, for other past finite element analyses, it has been
observed that for a few stainless steel TWC experiments there was good agreement between
other experimental and finite element results. However, in most of the cases there was not good
agreement (Ref. 2.6). Hence this experiment was a verification test between the Battelle and
EDF systems to see if experimental differences could be the cause of the disagreement with the
finite element results.

EDF Test Results

EDF conducted a series of stainless steel TWC pipe experiments on 4-inch nominal diameter
stainless steel pipe. Two of these of specific interest were EDF Experiment NumSers 5 and 24.
EDF Experiment Number 5 was analyzed by FEM (Ref. 2.6). This pipe had a through-wall
circumferential crack with a length of 1/3 of the pipe circumference. However, no extra material
from that pipe remained for a comparison test.

EDF Experiment Number 24 was another EDF experiment. In this case there was remaining
material for a comparison experiment. The remaining material was from the moment arms of
the specimen (see Figure 2.6). The pipe used in EDF Experiment 24 was from a different heat
than the pipe used in EDF Experiment 5.

2-15
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i
EDF Experiment 24 had a TWC with a length of 25 percent of the circumference. As noted in
Figure 2.6, the center span had a reduced thickness, where the pipe was machined on thi utside
diameter. De pipe dimensions are given in Table 2.8. The crack was fatigue precracked.
Moment rotation data are shown in Figure 2.7.

.

ExperimentiJ1.26 Results

This esperiment was intended to duplicate EDF Experiment 24. He specimen was machined to
the dimensions shown in Table 2.8 and as indicated in Figure 2.8. Since the inside surface was
very rough, a small amount ofinside machining was done. This allowed for the thickness of the<

'
pipe to be the same as the EDF specimen, but the diameter differed slightly. It is believed that
EDF only machined the outside of the pipe.

.*
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Table 2.8 Critical parameters from EDF and L1.L26 experiments

Outer hiat.
Diameter, Thickness, h!oment, M ax.

Expt. No. mm mm 2c/nD kN m NSC')l

EDF #24 105.00 8.260 0.25 15.52 0.895

1.1.1.26 106.17 8.255 0.24 17.05 0.931

Difference 3.6%

(a) NSC = netectbneslapse pre &tedload ustng eg - 393 MPs
for both czpertnents.

(eg = (ey + e,l'1 using BatteDe tensDe test datt)

ao

IS ~

f
5
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!

3
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O b 20
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Figure 2.7 Moment versus rotation at 85 mm from crack plane for
EDF Experiment No.24
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As with the EDF pipe, this specimen was fatigue precrack d. The specimen was instrumented to-

.

measure load, load line displacement, rotation, crack opening at the tips and the center of the
crack, and d c electric potential measurements to determine crack nitiation and crack growth.
Iksth experiments were conducted at room temperature.

After chemical analyses, it was found that the material was a TP316LN stainless steel.- The
material properties from the pipe sent to Battelle me given in Tables 2.5 to 2.7. This pipe was
given a 13attelle pipe number ofIP-A2.

The experimental load versus load line displacement record from Experiment 1.1.1.26 is shown
in Figure 2.9. The two major unloadings were done tc,inark the crack, while the oth:r smaller
unloadings were done to measure the ovalization of the pipe during the test. No unstable crack
jumps occurred during the experiment.

The maximum moment was calculated using a kinematic correction for the rollers used at the ,

outside load points. The maximum moment is given in Table 2.8. Because of slight differences,

between the EDF specimen and this experiment, due to actual pipe dimensions from the
,

2 18
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machining and flaw length, the maximum moments were normalized by the predicted NSC-
moments A comparison of the maximum moments normalized by the NSC moments shows that
there was 3.6 percent difference in the two experiments. Thir is within the typical 5 percent
dbference cbserved in multiple experiments at Battelle on the same test frame or experiments
conducted on different test systeins at Battelle.

Consequently, the Battelic and EDF systems compare well. This means that the discrepancies
between the FEA and many stainess steel TWC pipe experiments are not due to pipe test
experimental differences. Hence, the differences must be in the computer modelling, i.e., mesh
refinement, constitutive law representation of the materials being analyzed, etc. *

Experiment LLI.23 28 inch Diameter TP304 SAW

Tiic objective of this exp::riment was to develop data to be used in assessing the load-carrying
capacity of an LBB size through wall crack. This size of pipe was used in a similar test in the
Degraded Piping Program, Experiment 41115. The pipe was a BWR recirculation line pipe.
Experiment 41115 involved a 28 inch-diameter TP316 stainless steel pipe with a SMAW that was
a section of pipe removed from the recirculation system at the Nine Mile Point Plant. The pipe '

section was decontaminated before testing. Dat experiment had a 37 percent long
circumfercntial through wal' crack in the center of the weld. The weld crown was left on.
Details of that experiment are in Reference 2.7.

2 19
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No additional pipe from that plant exists, so a new weld had to be manufactured. De pipe used
was 28-inch-diameter pi m that was purchased from excess irventory of replacement pi[w froml
the Nine Mile Point Plant.

Egriment UJ.23. Results

A schematic of this test specimen in the test machine is shown in Figure 2.10. The specimen was
not fatigue precracked since past data on the effect of a sharp machine notch (radius 0.127 mm)
and a fatigue precrack in C(T) specimens showed no differences.

The welding procedures for this experiment are given in Appendix A. His was a SAW weld,
whereas the past Experiment 41115 had a field ShiAW. Both welds, however, have generally the
same toughness (Ref. 2.7). The material properties of the pipe and weld from Experiment
3.1.1.23 are given in Table 2.9. The pipe (A51) used in Experiment 1.1.1.23 has not had its tensile
propertin determined yet, but typical values from Nine Mile Point Plant piping removed from
service Cipe A'.0) are given as approximate values.

In this experiment it was cesided .o grind the weld crown off. This was done since utvmt 10 <

percent of the welds in service have the outrMe weld crowns removed for eam of NDT -
inspection. The removal of the weld crown may also have some effect on the loads at crack
initiation. It was also ofinterest to see if the crack would stay in the weld.

In the process of sharpening the crack tips with a jeweler's saw, it was observed that at Crack Tip
A many of the very thin jeweler's saw blades were worn away during the cutting operation. This
was an indicator that the weld may have been harder at Tip A than Tip B.

Figure 2.11 shows the load versus load line displacement from the erperiment. The loads at
crack initiation and maximum load nre given in Table 2.10.

Fest. test photographs of the two crack tips show that the crack grew down the center of the weld
from Crack Tip B, but immediately turned into the base metal at Crack Tip A (see Figure 2.12).
It can also be seen that the amount of crack growth from Tip A was substantially greater than
from Tip B, due, at least partially, to the fact that the crack growth from Tip A is essentially in
the tougher base metal. Furt.her metallographic work is to be done to assess why the crack
turned out of the weld and determine whether Tip A was harder, as suspected by the technician
who sharpened the notch tips.

2 20
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test weld
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ID OD (mm) timq0 Lenfth (m)

(1) DP2-A51 711.2 30.2 1.32

(2) DP2.T90 711.2 31.8 0.51

(3) IP-F5 762.0 38.1 6.35

1
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Figure 2JO Schematic and Cmensions of Experiment 1.1123
DRB/1.1.1.23/F1&2
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Table 2.9 hinterial properties Of 28 inch diameter stainless
ateel utid at 288 C

Weld Metal Base Metal (')

(A45W2) (A50)

Yield Strength,(b) MPa (ksi) 366 (53.1) 228.9 (33.2)

Ultimate Strength,@) MPa (ksi) 503 (72.9) 501.3 (72.7)

Reduction of Area,@>') percent 58.5 67.3

J (d)hU/m (in-lb/in ) 47.5 (270) N.D.2 2
p

3 3dJ/da,@') hD/rn (in-lb/in ) 147 (21.350) N.D.

(a) To be determined for Pipe A51. Approumate values from another
pipe (A$0) ghtn for reference. N.D. - not determined.

(b) Average of two spectnens for weld data. One specimen for Pipe A50.
(c) 6.35-mm-diameter round bar spectnen.
(d) No side grtxms, everage of two spectners.
(c) Calculated eithin the ASThi exclusion lines.

1.5

1.4 -

1.3 -

1.2 -

1.1 -

1-

$ 0.9 <

d 0.6 -
b '0.7 -
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v'. 0.6 -
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0.3 - f
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0.1 -

0-- , , , , , ,

0 0.2 0.4 0.6

Laod-line Displocement, m

Figure 2.11 Total load versus load line displacement data from
Experiment 1.1.1.23 (Stainless steel SAW with short crack)i

DRB/1.1.1.23/F7
|

|

|
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Table 2.10 Critical parameters from Experiments 41115 and 1.1.114

Outer
Diameter, Thickness, Maximum Moment,

Exp. No. mm mm 2c/nD MN m

4111-5 719.6 30.2 0370 1.258

1.1.1.23 711.2 30.2 0.063 2.987
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Figure 2.12 Photographs of crack growth from stainless steel SAW i

Experimeni1.1.L23
DRB/1.1.1.23/Fla'
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,

233 Subtask 1A Analyses for Short Through Wall Cracks in Pipes

233.1 Objective

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

233.2 Rationale

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

23J3 Approach

"Ihe three activities in this subtask are:

Activity 1.4.1 Improve short through wall cracked antlysis and compare predictions
to existing data

Activity 1.4.2 Analyze large diameter pipe TWC test results
Activity 1.43 Analyze through wall cracks in welds.

Theoretical Background for Elastle. Plastic Fracture Models

All the clastic plastic fracture mechanics (EPFM) simplified methods for crack stability
assessment are based on the deformation plasticity theory, which assumes that all loadings are
proportional and monotonically increasing (basic hypothesis, H ). This makes the plastic

3

computations simpler, allowing for separate treatments of elasticity and plasticity. The fracture
criterion used in simplified J estimation methods requires that the crack will not initiate as long
as the ccmputed J is less than a critical value J ie Furthenaore, the crack will not propagate in an .
unstable manner unless the driving force J is growing faster than the critical material parameter
Ja, which increases with crack growth. These two conditions are summarized in the following
equation.

J(Q,a) s J (As) (21)g

where J (0) = Jie Q is a load parameter, and a is crack length. _ In these methods only Mode Ig
crack growth is considered.

JDefinitions

All J-estimation schemes refer to the same definition of J, which is expressed as the rate of
decrease of potential energy with respect to crack area.

2 24
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i

|
|

J = - -- (2 2)

where |

II = [w (c) dv - [,Q * q ds, (24;

i.e., II = strain e ~ v - work of external forces.

A is the crack area, q are the generalized displac*ments due to the generalized load O(*), and

w(c) = ['o de . (2-4)
n n

Rice (Ref. 2.8) proved that J could be evaluated by a path-independent integral encompassing
the crack tip, thus showing the relationship between crack tip stress strain fields and the loading
parameter O. These conclusions were further extended in References 2.9 thiough 2.11.

As long as history effects may be neglected, this link between local parameters associated to the
crack tip damaged zone and global parameters defining the loading permits one to describe the
fracture process through a global approach.

'

This definition holds only for nonlinear clasticity in forms for which the potential energy is
defined, and for non-growing cracks. A second basic hypothesis (H ) is then formulated, which2

extends the previous definition of J assuming the product (J.A) is given by the difference
between the two potential energies of the cracked body before and after the small crack
extension AA. Thus, under fixed displacement loading:

[,"Q dq (2 5)J=-

of

J = [*$ dq (26).

BA
,

(a) For through+all ended pipes of coaccro here, O k the moment (M) and q b the rotatbn (+) for bending; O h the total
arial te"Jion load (T) and q k the smal dhplacement ( A) for tensbn loading.
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Under fixed lond, we have

00'l
J = [o BAdQ (2-7)

q

The difference betwccn the forms in Equations 2 2 and 2-6 for a given configuration is of the
semnd order of magnitude, nc GE/EPRI estimation scheme uses the famis in Equations 2 2
and 2 3, where an/aA is computed by virtual crack extension technique. All the other J-
estimation schemes use the formula in Equation 2-6 (Refs. 2.12 and 2.13).

Elastic Plastic Problem Partition

Even in the case of monotonically increasing radial loads, the clastic plastic behavior is not so
easy to analyze because of the presence of clastic regions in the loaded body. This makes stress
and strain nonproportional to any load parameter.

For a given cracked body subjected to a monotonically increasing radial load Q, one may
consider two extremes in materials behavior. In linear clasticity, the uniaxial tensile stress-strain

2relation is o = E e and J is proportional to 0 In full plasticity, or completely incompressible
nonlinear clasticity, Shih and Hutchinson (Refs. 2.14 and 2.15) established that J is proportional
to Q " 1

This scaling law based on Ilyushin theorem (Ref. 2.16) is only realized in nonlinear clasticity
assuming a fixed value of Poisson's ratio or considering only the plastic deformation.

In the clastic-plastic case, if the displacements are small (basic hypothesis H ), the strains may3
always be separated into clastic and plastic components:

c, = c5 + c[ . (2-8)

ne displacement field, for a body free of any initial strain (basic hypothesis H ) can be defined4
as:

uf = u, - u| (2-9)

The superposition of the two extreme (clastic and fully plastic) solutions will give the clastic-
plastic response only if it can be proven that e ij erives from the displacement field uP,P d

This compatibility condition is satisfied exactly for certain geometries and loading
configurations. However, this condition may not be valid in general under the above four basic
hypotheses. Thus the statement,

2 26
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J = J, . J, (2-10)

has to be considered as an approximation.

Numerical computations in antiplanc shear (Ref. 2.15) and p: e strain (Ref. 2.17) have down a
good agreement between the complete solution and the superposition formula (Eq.210).

J. Computation and Plastic Zone SI:e Correction

In J-estimation schemes for through wall pipes, J is computed on the midsurface. The through-
wall variations of J along the crack front is then neglected even for R/t retios less than 10. For
such shells under pure bending, J, is somewhat higher on the outer diameter. 'Ihe difference for
J is smaller.p

J, and J may be computed uring the following formulas written here for the pure bending casep
see Figure 2.13):

J, = -[** d4' (2-11)

J=-[e#$1 dtP (2121'P OA , ,t

In Equations 212 and 2-lT, the generalized load O becomes the bending moment, M, and the
generalized displacement q becomes the pipe rotation,4

In linear elasticity we have also,

J, = I (2 13)
E'

where
E8 the clastic modt.lus, E, for plane stress state,=

2E' E/(1 u ) for plane strain state, and=

K Stress Intensity Factor, which may be obtained from a singular stress field=

characterization (*). '

(a) For through*all cracked pipe we assume that plane stress state prevans whatever the pipe thickness.

2 27
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-
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Figure 2.13 Circumferentially c.icked pipe loaded
in four point ben.11ng

SC SA 7/91 F2.13

For circumferentially through-wall-cracked pipe, recently several thin shell solutions for J, have
been derived assuming clastbity prevails. References 2.18 and 2.19 discuss some of these
solutions. All J-estimation methods have used such analytical solutions except the GE/EPRI
method, which interpolates between precomputed finite element solutions.

Computing J is more difficult and requires the knowledge of the nonlinear behavior of thep

cracked body. Again, the GE/EPRI method is based on finite element fully plastic solutions. In
other methods, J is obtained through a moment-rotation curve estimation, still assuming fullp
plasticity.

J is given by the sum of J, and J , but in small-scale yielding conditions, the fully plasticp

component J is much smaller then J,, and (J + J ) may be smaller than the plastic-zonef p
corrected _LEFM solutions. In order to compensate for this underestimation, Shih et el. (Refs.
2.14 and 2.15) applied an Irwin-type plastic zone size correction to J,. This adjustment has no

i
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theoretical foundation beyond small-scale yielding and even in this case is redundant with J .p
The discrepancy noticed in GE/EPRI estimation scheme may be due to Poisson's ratio changes
occurring in an clastic plastic material, which are neglected in this simplified approach based on
deformation theory of plasticity. As explained in Reference 2.20, any plastic-zone correction
violates Ilyushin's theorem, which should be verified in deformation plasticity computations.

Activity 1A1 Improve Short Through Wall Cracked Pipe Analysis
and Compare to Existing Data

Objective

This activity will involve several efforts to identify shortcomings, and then to make and verify
improvements in existing analyses. In general, the objective of this activity is to make needed
improvements to the analyses prior to developing an; new experimental data.

Approach

The four separate efforts in this activity are:

(a) Numerically assess the effect of plastic evalization on the sahdity of J
(b). Decermine pipe ovalization effects on limit-load analysis
(c) Improve F., V , and h. functions
(d) Compare predictions from improved analyses to existing data.

Activities 1.4.1(b) and 1.4.1(c) were the only active efforts during this progress report.

Activity 1.41(b) Detenninepipe ovalization efects on limit load anaksis

One consideration is the possible effect of pipe ovalization on the maxiraum load-carrying
capacity based on plastic buckling. Existing closed-form solutions on pipe buckling were used to
estimate the load-carr,: ig capacity and compared to that predicted by the net section-collapse
(NSC) analysis for uncracked pipe. From this, an ovalization correction function will be
eventually developed. Such a function would depend on (1) the ratio of applied 'oending load to
the maximum bending load predicted by NSC analysis,(2) the ratio of tension to bcuding load,
(3) the pipe's R/t ratio, and (4) the strain-hardening characteristics of the pipe material.

During this reporting period existing methods used to predict the load-carrying capacity of an
uncracked pipe were reviewed and compared with experimental data.

Progress

This subtask has two specific _ objectives. The first is to provide a simple method that can be used
to account for buckling loads being below those predicted by the simple NSC equation. The
second is to verify a method to predict moment-rotation response of uncracked pipe wnen the
bending stresses are above yield. This correction is necessary if y factor analyses are to be uscd

|
'
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to calculate the J R curves from the short through-wall-cracked pipe experiments. The need for
such a correction was first illustrated by Bruckner et al. (Ref. 2.21).

These efforts first concentrated on predictions of maximum load for uncracked pipe. The
experimental results from five tests conducted at JAERI were used for this purpose (Ref. 2.22).
The analysis techniques reviewed are summarized below.

(1) The NSC Method: The maximt n moment, M ,is predicted by

2M =4agm tF(0) (2 14)R

where

or = (oy + o,)/2
R, = mean radius
t = pipe thickness
F(0) = 1 for uncracked pipe.

(2) Mesloh's Method: This methed (Ref. 2.23) was empirically derived to predict the
buckling strength of offshore pipelines. The maximum moment-carrying enpacity is
given by

2M ,= D tooms [500/(445 + D/t)] (2-15)m o

where
D = outer diametero
0 .005 = stress at 0.5 percent strain, ~ o .0 y

This equation was developed for design purposes and contained some inherent
safety margin.

(3) he "COLAPS" Code: This computer program was written to study buckling of
pipes under bending loads (Ref. 2.24). The method incorporates strain-hardening
characteristics of the materialinto the analysis. His code was developed at Battelle

I
for the offshore pipeline industry,-

(4) Fully Plastic Solution: This method is used to predict the moment-rotation behavior
of an u 2 cracked pipe using a fully plastic analysis. The rotation of the pipe is given
by

2Loe* M ~*

4= (2-16a)R 40,R tS2

|

where

2 30
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<

p E <1+ g ,P
2n,

(216b)

and where
L pipe length,=

c , o , a, n = Ramberg Osgood constants for the materialo o
R pipe radius=

pipe wall thicknesst =

P = Gamma function.

Since this method is based on the Ramberg-Osgood idealization of the material
behavior, where the stress increases indefinitely with strain, it cannot be used to
predict the maximem moment-carrying capacity of the pipe. However,it can be
used to predict the experimental moment-rotation behavior prior to maximum load

'

and also verify FE prediction.

(5) Finite Element Method: Three element options can be used in the ABAQUS code.
These are the elbow element, shell elements, and three-dimensional brick elements.
De elbow element in ABAQUS is specifically designed to study bending and
buckling of pipes and elbows. It includes ovalization effects in its formulation.
Straight pipe can easily be modeUed by making the elbow have a zero degree bend.
This method also uses the strain-hardeninb characteristics of the material, which are
input as a cither a Ramberg-Osgood or piece-wise linear function. The shell
element is mor: accurate than the elbow element, and brick elements are
considered the most accurate.

Prior to conducting the systematic analyses of the JAERI experiments, one experiment was
analyzed using both the ABAQUS elbow and shell elements. The difference of the maximum
load predictions was within 1 percent, but the computing cost was significantly lower for the
elbow element. Use of the three-dimensional'orick elements would give negligible improvement
in accuracy, but would be even more expensive. Hence, the rest of the FEM analyses were
conducted with only the elbow element.

Table 2.11 lists the geometry and the material properties of the five pipe experiments conducted
by JAERI on uncracked stainless steel pipe. These results are given in Figure 2.14, which is a
plot of calculated moment over the experimental moment (M/Mg) versus the Rgt of the pipe.
The comparison of the experiments to the calculated values show that the Mesloh and the
ABAQUS elbow element give virtually identical predictions. These predictions were
consistently lower than the experimental results. For the five experiments, the Mesloh method
averaged 77.2 percent of the experimental results and the standard deviation was 0.065. The
ABAQUS elbow element had an average value of 81.2 percent of the experimental results, and a
standard deviation of only 0.028. This can be contrasted to the larger scatter in the COLAPS

2 31
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Table 2.11 Summary of uncracked JAERI experiments analyzed (*)

Expt. Outer Diameter a, e,
a aNo. mm (loch) Schedule kgrmm (ksi) kg'mm (ksi) a- n

S1 86.1 (339) 40 27.5 (39.03) 33 (46.8) 32.9 5.63
S 21 87.4 (3.44) 160 7'i.2 (38.6) 62.4 (88.6) 33.6 6.02
S 17 85.1 (335) 80 34 (48 3) 64.5 (91.5) 31.8 839
TT-00 1683 (6.63) 80 24.4 (34.6) 63.4 (90.0) 1.97 5.4
TT-100 323.9 (12.75) 80- 263 (3733) 53.9 (76.5) (b)

6(a) With e, o and E = 26.5 x 10 p,t
(b) Sutm4 train [urve not available.

2
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Figure 2.14 Comparison of predicted to experimental maximum moments
for JAERI uncracked stainless steel unpressurized pipe bending
experiments
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and NSC analyses which had standard deviations of 0.29 and 0.14, respectively The average
values of the COLAPS and NSC analyses predictions wcre 1.11 and 0.93, respectively.

For the experiments analyzed, there was very little effect of the R /t ratio on the maximum loads.m
These experiments had R,/t ratios of 4 to 17.5, which covers most primary and secondary LWR
nuclear pipes.

The results show that the simple Mesloh formula could be used with a correction factcar of
1/0.772 to give reasonable predictions for stainless steel uncracked pipe maximum loads without
internal pressure. This empirical correction is probably due to the inherent safety margin in the
design bases equation they developed. A further review of the past Battelle pipe buckling data
gave a modified Mesloh formula for average buckling moments as

M, - 1.8982(Djt)**D|to (2-17)m

Figure 2.15 shows a comparison of the experimental moment rotation curve from JAERI
Experiment S-17 with the prediction from the FEM analysis. As seen in Figure 2.15, the FEM -
results are overly conservative ( ~ 20 percent) in predicting the moment beyond the elastic
regime. Similar observations were made on uncracked stainless steel bars under four-point
bending loads in Sweden (Ref.2.25). A detail:d analysis of this data is currently under way to
explain the discrepancy between FEM results and experimental observations on uncracked
stainless steel pipe.

160 7
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Figure 2.15 Comparison of experimental to finite element analyses of uncracked
stainless steel pipe test results (JAERI Experiment S.17)

SC-SA 7/91 F2.15
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Activity L41(c) lonprove F., V. and h. functions

The Sander's F-function (Ref. 226) is known to be applicable for relatively long crack lengths,
which are longer than the lengths used in LBB analyses for large diameter pipe. Figure 2.16
shows that the Sander's solution approaches zero as the crack length approaches zero. Typically,
such F-functions for other geometries approach values of 1 to 13 as the crack length approaches
zero (Ref. 2.27). It was assumed by Paris and Tada in Reference 2.28. and subsequently by Brust
in Reference 2.20, that Sander's solution should approach a value of one as the crack length
approaches zero. Assessment of this assumption is one of the objectives of this activity.

The GE!EPRIEs:imation Scheme

The GE/EPRI method 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, COD, and displacements due to the crack. The clastic-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:

/ Ta

.i. = 1 + a 1 (2-18)
E O 0,o o g o

where o,is an arbitrary reference stress usually defined as the yield stress, a and n are curve .
fitting parameters, and e, = og.
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Figure 2J6 Comparison of Sanders' F functions for F,/t = 5 and
polynominal fit assuming F = 1 as crack angle approaches zero
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This normalization reduces the fracture parameter determination to the computation of
coefficients depending, for given types of geometry and loading, only on the strain hardening
coefficient n and few geometrical parameters. Tabulated values of these coefficients were
computed (Refs. 2.18 and 2.19) using the finite element technique. J for a through wall cracked
pipe in bending is written in the following form:

J = f,- + a o, e, a 1- h, (2-19a)
, . .. .

In Equation 2-19, a is half the total crack length, e is half of the total crack angle, and M is theo
limit moment, defined in Reference 2.18. Also

f, - f a, , 3 (2-19b)
i

tj

\

h, = h,$ , E , n (2-19c)
gn t ,

and are tabulated. In the pipe bendine ',ase, O = the moment (M), and the effective crack size,
a,, based on an Irwin plastic zone correction, is written as:

r
a* = a + r 32 (2-20a)q

1+ -

(9+ s

a=R0 (2-20b)

<r 52I "~1 Er (2-20c)
Y 2x .n+1 o,,

where K is a function of a and not of a,. Other parameters such as crack opening displacement
and load-point rotations were also evaluated in Reference 2.18.
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,

Comments on the Plastic-Zone Size Correction

ne linear clastic solution underestimates the actual J value when O/0, exceeds 0.5 (Ref. 2.15)
and the J component is too small, especially for large n values, to account for the difference.p
This is the apparent reason why Kumar et al. (Ref. 2.18) extended the plestic zone size formula
established by Rice (Ref. 2.29) for the antiplane shear problem. This extended formula (Eq.
2 20a) has been developed in order to reduce the magnification of J, when O becomes closer to
O . There is no justification for the choice of the 1/(1 + (0/O )2) function except ensuringo
continuity of partial derivatives of J with respect to rpplied load at C = Oo (Ref. 2.17, p. 420).,

Our experience (Refs. 2.12,2.13, and 2.20) suggests that, when using the GE/EPRI method for
TWC pipes, using the plastic-zone correction in the clastic solutien produces results that are fa:
too conservative.

The GE/EPRI method, as developed for TWC pipe, appears to be too conservative, i.e., the
corpiled va!ues of h and hence J are too large. In fact, for the smaller crack sizes, the results3

appear quite inadequate. Indeed, the pipe rotations due to the crack are negative for e/n =
1/16, as compiled in Reference 2.18 for both clastic and plastic solutions. As discussed in.

References 2.12,2.13, and 2.20, this problem may be due to the use of the 9 node shell element in
Reference 2.18 to produce the solutions, and overly stiff resul:s occurred. Here we will
recompile the solutions of Ref:rence 2.18 for 0/x = 1/8 and 6/n = 1/16. In this fashion, more
reliable predictions of crack instability for the smaller crack sizcs using the GE/EPRlscheme are
expected.

Another source of error in the current analyses is in the GE/EPRI solutions for a cracked pipe in
bending. In fact, Reference 2.19 shows that the V (pipe clastic-crack rotation function) and the.3

fully plastic crack rotation function (h ) are negative for the shorter crack lengths. It is physically4

impossible for the pipe to have less rotation with a crack than without a crack. This obvion
error forced Brust in Reference 2.2.0 to maic an engineering approximatiou for shorter esck
lengths. The V solutions will be determined at the same time as the Sander's elsstic F-function,

3
'

is verified.

Progress 1

Six finite element meshes have been developed, one for each case listed in Tnble 2.12. A typical
finite element mesh and geometric definitions are illustrated in Figure 2.17(a). A quarter model
is used by taking advantage of symmetry. Twenty node isoparametric brick elements are being
used with focussed elements at the crack tip. Only one element through the pipe wall is used,
and, as such, the tabulated results should be considered as average values through the pipe wall.

The clastic solutions are developed using linear elastic properties. A deformation theory
plasticity algorithm in the ABAQUS finite element code is being used to generate the plastic
solution. Because a through-wall cracked pipe subjected to bending (or tension) is a plane _ stress
problem, the special (hybrid) elements in the ABAOUS library that adequately handle pla:; tic .
incompressibility are not necessary. A reduced (2 x 2) Gauss quadreture integration rule is used.

2 36

. _ - _ _ _ _ _ _ _ _ _ _ _ _ _ - _



_ _ _ _ _ _

i

Section 2 TASK 1 SIIORT *nVC PIPE EVALUATIONS

Table 2.12 Matrix of finite element calculationss

Model Model Name
No, R/t n(') Wn Remarks Loading

,

1 CASE 1A3DM 5 1,3,5,7,10 0.0625 10 Runs Tension or
Bending

2 CASE 2A3DM 10 1,3,5,7,10 0.0625 10 Runs Tension or
Bending

3 CASE 3A3DM 20 1,3,5,7,10 0.0625 10 Runs Tension or
Bending

4 CASE 1B3DM 5 1,3,5,7,10 0.1250 10 Runs Tension or
"

Bending

5 CASE 2B3DM 10 1,3,5,7,10 0.1250 10 Runs Tension or
Bending

6 CASE 3B3DM 20 1,3,5,7,10 0.1250 10 Runs Tension or
Bending

(a) n = 1 h clastic |

The GE/EPRI handbook (Reference 2.18) has tables whereby J, the crack mouth opening
displacement (at the center of the crack), 8, and either the total relative load-point displaecment
due to the crack, A (for tension load), or the total relative rotation due to the crack, &c (forc

bending load) are tabulated for specific geometric parameters. The parameters include R/t. O,
and the Ramberg-Osgood power law exponent, n. For a uniaxial tensile bar, the Ramberg-
Osgood relation is as written in Equation 2-18.

Here we follow the convention of Reference 2.18 and compile, for J (see Eq. 2-19), the crack
opening displacement, 8, and the pipe rotation,4:

8.r " 6. + 0,
M 'M'' (2-21)

=f2 y + ae, a h g2

i os

&* = &*. + &*,

M 'M'n (2-22)
4or=f4 7 + a e, h g4

< as
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In Equation 2-22, the "c" superscript refers to "due to crack", as defined in Reference 2.18. For
the clastic contribution, using the GE/EPRI convention, we write:

f,'l,E'.xI(E"p:'l,3' (2-23)
in t, I, n t,

i

q'l,E'=4a y, 1,E' (2-24)
'R

ut, I u t,s s

'
f, 'l,E' . 4 y, p,3'

. (2-25)
R

sut, I (n t j

In Equations 2-23 to 2-25, I is the moment of inerti: f the uncracked section, which for large R/t
is written as:

I=nRt (2-26)8

and F, V , V are compiled from the finite element solutions. Note that F is the function
3 3

conventionally defined in the stress intensity factor definition as:

~ niK,-o[naF 0, 2 (2-27)-
t,

The plastic functions h , h , and h are compiled also. Note that the axial stretch, denoted by Ac3 2 4

in Reference 2.18 and which depends on f and h , are not compiled here for bending since these3 3
are unimportant.

The ABAOUS deformation theory routine uses a constitutive law which inclit:ies the clastic term
(Eq. 2-18), i.e., it is not truly a fully plastic solution. The analyses are performcd to a load level
in which plastic strains greatly dominate elastic strains everywhere in the body, which effectively
results in a nearly fully plastic solution. However, for completeness, we obtain the fully plastic
solution by subtracting out the (separately calculated) clastic results. Hence, from Equations 2-
19,2-21, and 2-22 h , h , and h are evaluated using:3 2 4

y
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- J.rh, =
0 ' ' M '**1 (2-28)'

a o, e, a 1-
x ; , M.,s

O - 6,rg,
'M'' (2-29)

a e, a g
4 Oj

h = (&r- &* - 47 - &D4

M '* (2-30)r

"I

{os
o

u

In Equations 2-28 to 2-30, respectively, Jp op and & rare results from the ABAOUS solution.
Also, Equation 2-30, the "nc" superscript, refers to "no crack". The dimensionless clastic
functions are compiled first (F, V , V ) to determine J , 8,,4,* Then the results of the1 3
ABAQUS solution provides J 6p tr*, from which Equations 2-28 to 2 30 provide b , h , h .P 3 2 4

Results

Table 2.12 carlier showed the matrix of finite element calculations to be performed. A complete
set of analyses was performed using ABAQUS on Battelle's VAX Computer for Model 2 (n = 1,
3,5,7). Both clastic and fully plastic (Deformation Theory) computations were made for
bending loads.

To verify our analysis procedure,it was decided to conduct a pure tension analysis, for which the
GE/EPRI solutions were believed to be accurate. Table 2.13 shows the F and V functions
obtained from the ABAQUS analysis (tension - clastic). The GE/EPRI results are also included
in Table 2.13 for comparison purposes.

2-40
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Table 2.13 F, V . V 'Y functions Cension . elastle)3 2 3

Function 3D Solid ABAQUS GS/EPRI

F 1.0487 1.0770

V 1.1786 1.0820
3

I V 0.0540 0.0520
2

V 0.0198 0.0210
3

Table 2.14 shows the h functions obtained from the ABAQUS analysis (tension - fully plastic).
The GE/EPRI results are also included in Table 2.14 for comparison purposes.

Table 2.14 h functions (tension. fully plastic) (n = 3)

Function 3D Solid ABAQUS GE/EPRI

h 3.9240 4.6550
3

h 5.0080 5.19602
'

h 1.1800 0.5100
3

h 0.2950 030904

As Tables 2.13 and 2.14 show, the GE/EPRI solutions differ from those produced here by as
much as 15 percent for J (h ). Because of this, the matrix listed in Table 2.12, which was

3

originally meant to be completed for the bending-only analysis, was extended to include tension
loading cases also. Note that for the tension loading cases, we include an axial displacement in
our compilation. This displacement is evaluated at the neutral axis of the uncracked pipe
section. Again, following Reference 2.18:

A, = f + a e, a h (2-31)3

where

y, 1,R' (2-32)
'

f 'S,E a
2a

.
3

(n t, nRt n t,s
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For tension loading P is the total applied tensile load and P is the limit load defined ino
Referenee 2.18.

Bending solutions were also perfor.med for the Model 2 case for n = 1,3,5,7 using the
ABAQUS code. Table 2.15 shows the F and V functions obtained from the ABAODS analysis
(bending - clastic). The GE/EPRI results are also included in Table 2.15 for comparison
purposes.

Tables 2.16,2.17, and 2.18 show the fully plastic h-functions obtained from the ABAQUS analysis
(bending - fully phstic) for n = 3,5,7. The GE/EPRI results are also included in Tables 2.16, -
2.17, and 2.18 for comparison purpoxs.

In order to obtain the h-functions, the ABAQUS calculation involved clastic and plastic analysis
(Deformation Theory) for a series al bending moment loads until a fully plastic criteria was met.
One check on the fully plastic h-functions reported in Tables 2.16 through 2.18 was to calculate
these functions at all load levels and verify that h functions do not vary once certain load levels

Table 2.15 F. V , V functions (*) (bending-clastic)g 3

3D Solid
Function ABAQUS Shell GE/EPRI

F 1.0490 1.0700

V 1.2060 1.08103

V 0.0351 -0.04303

(a) here is no V (tension) dsplacement function for2
pure bcoding.

Table 2J6 h functions (*) (bending fully plastic ) (n = 3)

Function 3D Solid ABAQUS Shell- GE/EPRI

i h 6.207 6.74301

, h 7.385 6.90602
t

| h 1.140 0.14404

|

(a) There a no h (tension) function for pure bending.3
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Table 2J7 h functions (') (bending . fuuy plastic) (n = 5)

Function 3D Solid ABAQUS Shell - GF/EPRI

h 6.558 7.620i

h 7.521 7.8672

h, 1.720 0.288

Ibere is no h (tension) functbn for pure bending.(a) 3

Table 2J8 h functions (') (bending . fully plastic) (n = 7)

Function 3D Solid ABAQUS Shell . GE/EPRI

h 6.617 7.9693

h 7.478 8.2602

h 2.130 0.4294

(a) There is no h (tembnWne for pure bending.3

(plasticity dominates) are reached. A typical plot of the h function with bending moment isi
given in Figure 2.18; it shows that the h functior; levels off after some load value.

i

Activity L4.2 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 experiments.

Rationale

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

App w h

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

2-43
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Figure 2.18 Ptasticity funcuon h (ABAQUS Solid Element Results) for
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pipe under bending. R/t = 10, n = 3, and Uy = 0.0625
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Comparisons will also be made between the experimental data and the following analyses: net-
section-collapse, ASME Section XI flaw evaluation criteria, and the dimensionless plastic-7ane
criteria.

Progress

The maximum load predictions using current calculational methods were made for Experiment
IJ.1.21 and 1.1.1.23 as well as their companion Experiments from the D.; graded Piping Progmm
(4111-2 and 4111-5). The comparisons between various existing analyses and the maximum loads
in the Experiments 1.1.1.21 t ad 4111-3 were made in the last semiannual report. All of the
experiments were on 711-mm- (28-inch) diameter pipe under four-point bending at 288 C
(550 F). The difference, other than pipe material,is the crack lenyh of 6 percent (for
Experiments 1.1.1.21 and 1.1.1.23) versus 37 percent of the circumference for Experiments 4111-3
and 4111-5.

The analyses evaluated were:

The EPRI NP-192 net-section-collapse (NSC) analysis (Ref. 230),-

- the GE/EPRI estimation scheme (Ref. 2.18),

2-44
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the Tada. Paris or NUkEG/CIM464 method (Ref.2.28)-

the LBB.NRC method (Ref. 231),-

th: LBB.GE method (Ref. 2.20),-

the LBb.ENG method (Ref. 2.20), and-

the ' SME IWB 3640 or 3650 pipe flaw :: valuation criteria (Ref. 232 and 233).-

He flow stress was defined as the average of yield and ultimu strength from tensile tests on
these pipe materials. The J-estimation schemes us:d Ramberg-Osgood parameters from a best
fit of the stress-strain curve from a program called ROFIT. The ASTM deformation J-R curve,
Jo R curve, was used in :he calculations, with the curve extrapolated by a power-law hardening
curve for crack growth beyond 30 percent of the ligament in the C(T) specimen (Ref. 23).

The calculations were made for variou.s crack lengths for all the analyses. Figure 2.19 sbows the
various predict:d maximum loads and the data from the two carbon steel base metal
experiments (1.1.1.21 and 41113).

Similai calculations were made for the recently completed Experiment 1.1.1.23 on the stainless
steel SAW. In this experiment the base metal stress strain properties of a similar pipe (A50)*

were used, and the Jp R curve of the new stainless steel SAW were used. The companion
experiment from the Degraded Piping Program was on a similar pipe and although the weld in
that experiment was a SMAW, it had similar properties. Figure 2.20 shows the comparison of
the maximum load predictions by the various methods and the experimental maximum loads.
Note that NSC calculations were made u;ing a flow stress equal to the average of the yield and
ultimate strength, whereas the ASME IM B-3640 analysis uses the definition of 3S, and a Z-4

factor (stress multiplier)(*) of 1.612.

These comparisons show the following:

(1) The experimental maximum loads fall below the NSC analysis predicted values. This was
expected since the pipe diameters are large and the J R curve is relatively low for these
materials.

(2) In Figure 2.19, the ASME IWB-3650 curve is much more conservative for the carbon steel
experiment with this shorter crack length than the longer crack. This was expected since
the Z-factor is based on a crack length of roughly 30 percent of the circumference where
there is the largest difference between the NSC predictions and the GE/EPRI estimation
scheme (Ref. 2.18). For the ASME IWB-3640 analyses of the stainless steel SAW
experiments in Figure 220, the experimental results were only slightly above the IWB-3610
predictions for both crack sizes. Hence, for LBB analyses, such as proposed in NRC's
draft Standard Review Plan 3.63 for climination of dynamic effects from pipe rupture, the
Z-factor approach would be perhaps too conservative for ferritic pipe, but reasonably
conservative for the stainless steel pipe.

._

(a) The Z. factor is a correctbn factor to account for faDure loads being below the luu;t load predicted faSure stress, Dc:ans
can be found in Reference 232.
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(3) The Tada Paris method (Ref. 228) was developed for NRC licensing staff to check
calculations by others for licensing submittals. For the ferritic pipe (Figure 2.19) it was
found that this method very slightly underpredicted the long cracked pipe failure loads, '

but overpredicted the short crack failure loads. For the stainless steel SAW, the Tada.
Paris method overpredicted the maximum experimental loads for both the short and Jong
crack experiments.

(4) The LBB.NRC analysis is frequently used by NRC licensing staff to check calculations fuc
licensing submittals, It is a modification of the Tada-Paris inethod. It was found that this
methad underpredicted both the long and short cracked pipe experimental maximum
loads for the ferritic pipe (Figure 2.19), but overpredicted the rnaximum loads for both the
stainless steel SAW expenments (Figure 220).

(5) . The GFJEPRI method was the technical basis of the ASME IWB-3650 analysis, and is
frequently used in licensing submittals. It was found that this was the most conservative of
the J-estimation scheme predictions, but it still overpredicted both the stainless steel pipe
experiments (Figure 220). This is consistent with predictions made in the Degraded
Piping Program (Ref. 2.2).

'

(6) The LDB.GE method was developed at Battelle in the Degraded Piping Program and is -
incorporated in the NRCPIPE Code; see discussion in Task 7. The comparisons show
similar agreement with the LBB.NRC analysis. It was found that the moment versus crack
length curves for this analysis were not smooth. This comes from problems in the
GE/EPRI plastic rotation function, V , being negative at short crack lengths. This3

problem with the V function was one reason for the finite element analyses for short3
through-wall cracks in Activity 1.4.1(c).

(7) 'Ih; LBB.ENG2 method was originally developed in the NRC's Degraded Piping program
as an independent method to check the other solutions. Two versions of this analysis were
developed. The LBB.ENG1 method uses a numericalintegration method to calculate the
area under a calculated moment rotation cutve to determine J applied. The LBB.ENG2
method uses direct integral equations of the moment rotation functions to give an
analytical solution without need for numerical integration. The LBB.ENG2 method gives
much faster solutions on a PC than the LBB.ENG1, LBB.NRC, or Tada-Paris methods.
The comparison of the experimental results to the existing LBB.ENG2 solution show that
for the ferritic pipe experiments (Figure 2.19), the predicted maximum loads _ were slightly _
underpredicted for the long crack, and slightly overpredicted the short crack. For the
stainless steel SAW experiments (Figure 220), the analysis overpredicted the short crack
experiment significantly. The moment versus crack length curve is not smooth for crack
lengths from 30 to 40 percer,t of the circumference. This needs to be investigated.

In general, (a) the NSC analysis overpredicted the failure loads for these pipe experiments,
(b) the IWB 3650 analysis procedure appears overly conservative for short through-wall cracks,
(c) the IWB-3640 analysis was slightly conservative for both short and long through-wall cracks in -
an SAW, and (d) as the crack becomes shorter some of the current J-estimation scheme analyses
tend to become nonconservative. Corrections to the J-estimation analyses for short crack effects
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are being pursued as part of Subtask 1.4.1. As a result of this analysis, it appears that a
modification to the Z-factor approach for LBB applications to ferritic pipe would be useful.
Such a correction would be on the Z-factor as a function of crack length.

Activity L4.3 Analyze Through-wall Cracks 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.

Rationde

The cerent 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

The effort in this activity focuses on the development of a new estimation method for evaluating
energy release rates of through-wall cracked (TWC) pipe weldments subjected to pure bending
loads. The method is based on deformation theory of plasticit, , constitutive law characterized by
Ramberg-Osgood model, and an equivalence criterion incorporating reduced thickness analogy
for simulating system compliance due to the presence of a crack in weld metal. Numerical

'

examples are presented to illustrate the proposed technique.

The work involves considerable interaction between numerical and analytical techniques of
nonlinear fracture mechanics. To date, all of these efforts have been completed. Detailed
theoretical development and results of numerical applications are also reported in a recent
technical paper (Ref. 2.34).

Ove view

] The evaluation of energy release rates of circumferential!y located through-wall cracked (TWC)
pipe weldments is an impoitant issue in the assessment of structural integrity for both leak-
before-break and in-service flaw acceptance cdteria. Currently, there are no estimation t's h-
niques available to evaluate performance of pipes with cracks in weld metal which account for
weld metal versus base metal strengths. The energy release rate J for pipe weldment cases is
typically estimated using base metal stress-strain data and weld metal J resistance curve
(Ref. 2.7). In mme cases this can lead to overly conservative predictions and in some cases
nonconservative predictions, depending on the strength ratio of the base and weld material.

In this activity, a new methodology is developed to predict the energy release rates of TWC
ductile pipe weldments subjected to remote bending loads. The method of analysis is based on
(1) classical deformation theory of plasticity, (2) constitutive law characterized by Ramberg-
Osgcad model, and (3) an equivalence criterion incorporating reduced thickness analogy for
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simulating system compliance due to the presence of a crack in weld metal. The method is
general in the sense that it may be applied in the complete range between clastic and fully plastic
conditions. Since it is based on J-tearing theory, it is subject to the usual limitations imposed
upon this theory, e.g., proportional loading, etc. This has the implication that the crack growth
must be small, although in practice, J tearing methodology is used far beyond the limits of its
theoretical validity with acceptable results (Ref. 22). Numerical examples are presented to

. illustrate the proposed technique.

The Pipe IVeld Crack Problem

Consider Figure 221, which illustrates a typical butt-welded pipe with a circumferential through
wall crack of total angle 20. The pipe mean radius R and thickness t are shown. Figure 2.22
illustrates the typical geometry for a butt weld in a pipe. Typically, the weld layers are deposited
in sequence. The example of Figure 222 is an actual sequence from a 4-inch (102-mm) diameter
Schedule 80 pipe that required seven pasics. The welding gives rise to a heat-affected zone
(HAZ) that results in material properties different from those in the weld metal or base metal
alone. Often cracks develop in the HAZ zones of pipe and may grow in a skewed fashion to
become a through-wall crack, as illustrated in Figure 222. Figure 222 also shows a crack that
grows through the weld metal, which is the type of crack assumed in the development of the
method presented here. Figure 223 shows the pipe weld geometric assumption made here.
Note that the angular and irregular natore of the actual weldment is assumed to be a straight
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radial bimaterialintuface line for development of this model. Residual stresses and altered
HAZ properties are not included, although they could be considered with rather minor modi-
fications. The total length of the weldment (Figures 2.22 and 2.23) is assumed to be an average
length, I, which is often best approximated (as a rule of thumb) to be the pipe wall thickness
(i.e., I, = t).

GeneralBackground

Consider a simply supported TWC pipe under remote bending moment M (Figure 2.24), with
length 1 mean radius R, thickness t, and crack angle 20 with the crack circumferentially located4

in the weld material of length l . In the development of a J-estimation scheme,it is generallyy

assumed that the load point rotation due to the presence of the crack,4', and the crack driving
force, J, admit additive decomposition of clastic and plastic components

4e . 4,* + 4' (2-33)

J = J, + J, (2-34)

where the subscripts "e" and "p" refer to clastic and plastic contributions. In the elastic range,
4', and M are uniquely related. In addition,if the deformation theory of plasticity holds, a
unique relationship also exists between 4', and M. Once these relationships are determined, the
elastic component J, and the plastic component J of the total energy release rate J can bep
obtained readily.
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A widely used univariato constitutive law describing the material's stress-strain (o e) relation is '

the normalized Ramberg-Osgood model given by-

. e_ , g , 1" (2-35)
e g (g, ;;n

where i = . or 2 representing base or weld materials respectively, o is reference stress usually .m
assumed to be flow stress and/or yield stress; c i= o /E is the associated strain with elastico m 3
modulus Et and a3 and nj re the parameters of model, usually chosen to fit experimental data.ai
In applying the Rnmberg-Osgood relation to the cracked-pipe problem, i; is necessary to relate -
the stresses with rotations. Ilyushin (Ref. 2.16) showed that the field solution ta the boundary
value problem imolving a monotonically increasing load or displacement type parameter is
" proportional." Consequently, Equation 2 35 applies (minus the clastic term) and the
deformation theory plasticity is assumed to be valid. Thus, it can be shown that

m-11

1$*,= L *a,
A

4', (2-36)3

where I ' is an unknown function which needs to be determined (Refs. 2.12,2.13, and 2.20). ForS
the crack problem, L ' may be determined via numerical method. However, no analytical -3
method exists to obtain La* in closed form. Thus, the main task in this methodology is to
establish I 'in Equation 2-36.S

Eva!uation ofL/: Suppose the actual pipe can be replaced by a pipe with reduced thickness t,
which extends for a distance t > ( at the center (Figure 224). Far from the crack plane, the
rotation of the pipe is not greatly influenced by whether a crack exists or some other
discontinuity is present, as long as the discontinuity can approximate the effects of crack. The
reduced thickness section that actually results in material discontinuity is an attempt to simulate
the reduced system compliance due to the presence of crack. This equivalence approach was
originally suggested by Brust (Ref. 220) and successfully implemented to evaluate performance
of TWC pipes consisting of one single material under various loading conditions (Refs. 2.12,
2.13, and 2.20). It is assumed here that the deformation theory of plasticity controls stress-strain
response and that the beam theory holds.

Consider the equivalent pipe with material discontinuity in Figure 2.24 that is subjected to a
bending moment (M) at both ends. Using classical beam theory, the ordinary differential
equations governing displacement of beams with Ramt rg-Osgood constitutive law can be casily
derived. These equations, when supplemented by the appropriate boundary and compatibility
conditions, can be solved following elementary operations of calculus. Details of algebra
associated with these solutions are provided in Appendix B. The rotations (dy/dx in Appendix
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d
B) provide an explicit relationship b: tween far-field plastic rotation 4 p due to material

ddiscontinuity and the corresponding clastic rotations 4 , where the new superscript "d" refers to
material discontinuity. Each of these relationships can be expressed in the form analogous to
Equation 2-36 as

r 3 n -li" 8a -- 4, (2 37)d4 , gd i
o,m

din which La in general will depend on geometry, material properties of base and weld materials,
t, and the spatial coordinate x. While no attempt is made here for a formal proof, it will be

dassumed that La determined from the material discontinuity solution (Eq.2-37) approaches the
actual unknown Lu'in Equation 2-36.

dSince La evaluated at segment CD cannot account for base material properties (see :
dAppendix B), the appropriate choice is to write IS at either segment AB or BC. More

specifically, when the spatial location is selected to be the point B (i.e., x = 2/2), the explicit
version of Equation 2-37 becomes

M 'N 'A L. ' ' t ' '' ' M ' '' L . ' t '''r

M, (2 2 , 1,, ,M , 2 t., ,toi e (44 ,(

'M' & L. t 'Mi L. t--- e + =-- eat o2 2 t,2 2 , t, 4,M, si

where,55 = o I/R is the clastic bending load corresponding to flow stress o , and otheti m m
parameters are already defined in Appendix B. Comparing Equation 2-38 with Equation 2-37
immediately gives

' M 'N ' A L,' ' t ' '' ' M ' *2 L. ' t ' **

M '2 2 ' ' t'' 'Me> 2 't'' 1
' '

L d= ' '
(2-39)-

a
'M' 'a Li t 'M3 L. t 'I ''

a

(j( 5,(2 2 , t, k 02 2 s 3 ,
(
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Determir.ation oft,: The equivalent reduced thickness t, can be obtained by forcing the limit
moment of reduced pipe section in

M,d = 4o ,Rt, (2-40)
2

g

tcibe equivalent to the limit moment of cracked pipe section

2 f 1 sin 8 (2-41)M * - 4o# , co3o
2 2 ,

gising (Ref. 220)

'

t* - t cos S I sin d . - (2-42)
2 2( ,

However, in Reference 2.20 it has been observed that Equation 2-42 proddes fairly good
approximation only for small crack angles (0 degrees 5 20 $ 90 degrees). For large crack angles
(20 s 120 degrees), t, is better represented by

'

cos S I sin d (2-43)t, i t
n 2 2s ;

For cracks with angles in the intermediate range (90 degrees f 20 s 120 degrees), t, can be
found from linear interpolation between these limits (Ref. 2.20).

Estimation off : Having estimated the M-4*p relationship, J can then be evaluated by the
following algebra, p

1
1

-nR 8 M '' La "i e
# ''l

Jr" I (2-44)
E o ,''''(nR t)'' _

i (L l)' 28 '
2(n3 + 1), a a 3 n

E c ''''3 oi

d
|- where the derivatives algb0 and aL gbe are explicitly described in Appendix C. These

analytic forms are very conven:.*ent for both deterministic and probabilistic clastic-plastic fracture
l mechanics.
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NumericalExamples

Consider two circumferential TWC pipe weldments, ont . R = 52.87 mm and t = 8.56 mm
(R/t ~ 6), and the other with R = 55.88 mm and t = 3.81 mm (R/t ~ 15), each of which is
subjected to constant bending moment M applied at the simply supported ends. In both pipes, it
is assumed that 20 = 139 degrees and I, = 5.59 mm. The constitutive law for base and weld
metals are assumed to follow Ramberg-Osgoc,d model. The numerical values of flow stress o ,m
modulus of clasticity E , and the model parameters a3, e are shown in Tabic 2.19.

3 a

Table 2.19 Parameters of material constitutive law

o ,, EpMaterial, r
i MPa MPa ai ni

Base Metal 303.3 175,760 30.56 3.826

Weld Metal 358.5 175,760 11.96 9.370

Figures 2.25 and 2.26 show several plots of J versus M obtained from various levels of
approximation for both pipes with R/t ~ 6 and R/t ~ 15, respectively. Also shown in the figures
are the results of finite element method (FEM) which can be used as benchmark solutions for
evaluating the accuracy of analytical methods. Comparisons of the results of approxi'.nate
method developed in Reference 2.12 solely based on all-base or all-weld material properties with
those of FEM suggest that they provide only upper and lower bounds of actual energy release
rate J at any given load M. However, neither of them can be used to predict the actual values of
J reliably. The all-weld metal approximation is especially poor.

Figures 2.25 and 2.26 also exhibit the results of the proposed method for several values of 2
representing the length of reduced thickness section. They all show reasonably good agreement
with the solutions of FEM. Although 2 is treated here as a free parameter, an optimum value of
2 needs to be determined for obtaining the best estimate.

E In all the example cases, the calculation of J is performed here based on the proportionality
d p

dfactor L in Equation 2-39. It apparently indicates that IS has explicit functional dependency3
on external load parameter M, thus violating previously invoked Ilyushin's theorem. However, it
can be shown that for the variation of load magnitude in the practical range, the correlation

dbetween IS and M is not of strong nature. This can be proved semi-empirically from the plots
dofLa versus M (Equation 2-39)in Figure 2.27 for both cases of R/t - 6 and R/t - 15 in the

dabove examples. They clearly indicate that for practical load ranges, Im remains essentially
invariant for various combinations of t, thus verifying weak correlation with M.
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1

.

i Quantification of &

Several finite element analyses were carried out to det rmine 2. Following extensive
.

'

'

comparisons with the results of finite elcreent analysis,9 was found to be relatively insensitive to
the variations in the hardening parameters n1 and n2 of the Ramberg-Osgood models for the;

base and weld mends, respectively. It was also found that the optimum value of 9/I, was roughly
'

in the neighborhood of 4 where I, was the average length of weld metal in the pipe.
;

Figures 2.28 to 231 exhibit the plots of crack driving force J versus applied bending moment Ma

for some of the combinations of n3 and r.2 considered in this Mudy. Other input parameters are i

kept the same as in the example problem illustrated previously. Ik)th estimation and finite
'

element methods are applied to compute J for a given applied moment, Comparisons of the
results suggest that the estimation method with the calibrated value of 9/(=4 (used in
Figures 2.28 to 231) provides simple yet satisfactory measures of energy release rate J.

Note that the calibration procedure conducted here provides only a preliminary estimate of 9.
More refined calibration will need to be performed to investigate dependency on geometry
facter (e.g., R/t ratio), crack size (e.g.,0/n ratio), flow stress ratio (e.g., 0o3 o02), and other perti-/
nent parameters.

Discusskus

As discussed here and in References 2.12,2.13, and 2.20, the key to developing a J estimation
wheme is to determine the reduced pipe compliance due to the presence of the crack. The
reduwd pipe compliance has been estimated in a number of ways including using plastic zone
correction methods in clastic solutions (Ref. 2.20), and reduced thickness sections as done here.
Let us explore the consequences of this when a crack exists in a pipe weld.

Figure 232 shows the through-wall crack in the weld of a pipe. If the plastic zone is small in
comparison to the weld width, L , then it is clear that an estimation scheme schition should
depend only on the weld material and the corresponding Ramberg-Osgood properties.
Ilowever, as the plastic zone reaches and penetrates the base metal, the far field rotation due to
the crack facreases (or decreases), depending on the ratio of weld to base metal strength proper-

,

ties. For many types of welded nuclear piping, the base metal is of lower strength, and can
accommodate inore plastle flow compared to weld metal. This additional softening or plastic
flow that occurs in the base metal would not occur if not for the presence of the crack. It is for
this reason that the reduced thickness section included both weld and base material, i.e., the
additional rotation due to crack in the base metal is caused by (weld) crack-induced plasticity.

L
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2.4 Plans for Next Fiscal Year

During next fiscal year the following efforts will be undertaken.

2.4.1 Subtask L1 Material Characterization for i

Short TWC Pipe Experiments

Fabrication of the carbon steel weld is expected to be completed during the next fiscal year.
Laboratory testing to determine material properties will probably start the beginning of FY92.

2.4.2 Subtask L2. Upgrading of the I;irge Pipe Testing System

Upgrading of the load capacity in the current system by replacing the existing actuators and
increasing local reinforcement around the actuator and end restraint locations will start in FY92.
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i
,

2.4.3 Subtask L3 Large Diameter Pipe Fracture Experiments

The welds in the 24. and 36-inch-diameter pipes will be fabricated in FY92.

2.4.4 Subtask L4 Armlyses for Short Tnrough Wall
Cracks in Pipes

Various activities will continue in the next fiscal year. These include several subactivities within
Activity 1.4.1 (Improve Short urough-Wall Cracked Pipe Analysis and Compare to Existing
Data).

Activity 1.4.1(a) - Numerically Assess the Effect of Plastic Ovalization on the Validity
of J. Efforts next fiscal year will imulve a full finite element analysis of Experiment
1.1.1.21. Review of the experimental data show that the ovalization trends reverse
during the course of the experiment. This involved clongation of the pipe diameter
such that the crack area extended above the circular cross section of the pipe,i.e., the
vertical diameter increased, then under plastic loading the pipe flattened as it
normally would for uncracked pipe in bending. This reversible behavior was
postulated by Pan and can cause nonproportional loading. The nonproportional
loading theoretically invalidates J, but the magnitude of this effect is not known; that
is, the effect may be insignificant. Hence, this is a good experiment to analyze.

Activity 1.4.1(b)- Determine Pipe Ovalization Effects on Limit Load AnQsis.
Efforts planned for next year will involve development of engineering solutions to the
net section-collapse analysis. This will be done in conjunction with the uncracked
analysis in Subtask 2.4.1.

Activity 1.4.1(c) Improve F, V, and h Punctions. The matrix of f 4te element
analyses will be completed in FY91.

Activity 1.4.1(d) - Compare Predictions to Existing Data. This will not be initiated
until all the short crack corrections have been implemented. This will be started at
the end of next fiscal year, with efforts continuing the following fiscal year,

Activity 1.4.2 - Analyze Large Diameter Pipe TWC Test Results. De efforts for next
year willimulve analyzing the experiments completed with the current analysis
methods. Once all the short crack analysis corrections have been implemented into
t'ie analyses, then all the experiments will be analyzed with those corrected methods.

Activity 1 A.3 - Analyze Through-wall Cracks in Welds. The efforts next year will
im*olve analyzing severai of the past pipe weld crack experiments from the Degraded
Piping Program and Experiment 1.1.1.23.

|
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2.4.5 Subtask 1.5 Prepare Topical Report on Short TWC
Experirnents and Analyses

No efforts are planned for the next fiscal year.
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3. TASK 2 SIIORT SC PIPE EVALUATIONS

3.1 Task Objective

The objectives of this task are to modify and verify analyses for short surface-cracked (SC) pipe
using existing and new data on large diameter pipe.

3.2 Task Rationale

'Ihese results will verify and may refine analyses that have been used for pragmatic m senice
flaw evaluations such as those in ASME Section XI.

3.3 Task Approach

This task has been divided into five subtasks:

Subtask 2.1 Material characterization for surface-cracked pipe experiments
Subtask 2.2 Small diameter pipe fracture experiments in pure bending for limit load

ovalization correction
Subtask 23 1.arge diameter surface-cracked pipe fracture experiment in combined

bending and tension (pressure)
Subtask 2.4 Analysis of short surface cracks in pipes
Subtask 2.5 Topical report.

The details of each af these subtasks are presented in the following paragraphs.

3.3.1 Subtask 2.1 Material Characterization for Surface-Cracked Pipe Experiments

Some of the materials to be characterized in Subtask 2.1 were previously discussed in Task 1.
Significant progress was made in Subtasks 2.2 and 2.4 during the past reporting period and is
described below.

3.3.2 Subtask 2.2 Smaller Diameter Pipe Fracture Experiments in
Pure Bending for I imit-Load Ovalization Correction

33.2.1 Objective

This effort will develop da. i for internally surface-cracked pipe under four-point bending that
can be used to assess t he ovalization correction for a limit-load failure.

31
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33.2.2 Rationale >

In the Degraded Piping Program, an empirical correction for the net-section-collapse (NSC)
analysis of circumferentially surface-cracked pipe in pure bending was developed (Ref. 3.1). It
was found that the correction was a function of the pipe R/t ratio; see Figure 3.1. Data on
smaller crack sizes are needed to generalize such a correction. %e correction for the limit. load
case is necessary since many of the clastic-plastic fracture analyses and code flaw assessment
criteria have the limit load solutions embedded within them.

33.23 Approach

To satisfy the need for data to verify the analyses, three experiments will be conducted under
pure bending. The experiments to be conducted are given in Table 3.1.

1.4
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Figure 3.1 Plot of the ratio of the maximum experimental stress to the predicted
net.section. collapse stress as a function of the pipe R/t ratio for !

a series of surface-cracked pipe experiments for which the DPZP is greater
than 0.2
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,

Note that the three pipe geometries selected in this study are pipes obtained from canceled
nuclear plants and, hemr, represcre the range of R/t geometries that may be uwd in nuclear
piping. The largest radius to thickness (R/t) ratio is 21.3 and the smallest is 3.8.

Table 3J Smaller 41aineter pipe with short cracks pader
bending for Subtask 2.2

Test No.M Diameter Schedule R/t Material Temperature &n, alt *

1.2.1.20 16 inches 40S 71.3 TP316 288 C (550 F) 0.25, 0.5

1.2.1.21 6 inches XXS 3.8 TP304 288 C (550 F) 0.25, 0.5

1.2.1.22 6inenes 40 11.8 TP304 288 C (550 F) 0.25, 0.5

(a) Test trumbers are consecuthe wts those in the Degraded Piping Data Record Ikx>ks.
(b) d/t = surface crack deptWpipe tMckness n'a = circumferential crack length / pipe circumfuence.

He surface flaw size to be used will be determh.ed by parametric analysis. The smallest flaw
size that will fracture before the pipe begins to buckle will be assessed by estimating the buckling
and fracture moments of the cracked pipe and comparing the two.

The data to be collected during these experiments a c

applied load,-

load line displacement,-

rotation due to the crack and the uncracked pipe rotation,|
-

| crack opening displacement at the center of the surfaec crack (at two heights from-

i the pipe surface),
ovatization of the pipe in the horizontal and vertical directions at the crack plane-

and remote from it.
d-e electric potential at the crack centerline and at three other locations along the-

surface crack, and

temperature at various locations along the pip.-

These rebults will be documented in a consistent fashion with experiments from the Degraded
Piping Prog * im - Phase II. The results of these experiments will be compared with the NSC
analysis and the different J estimation schemes with and without the improvements from Subtask
2.4.

3.3.2.4 Progress

During this reporting period, the two nominal 6-inch diameter pipe experiments have been -
completed. The first step was to determine the smallest size flaw that could be tested and not
hm>c the pipe fail by buckling. This procedure is described below, and it followed by the
experimental results.

33
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Determination of Surface Crack Size

Since it was desirable to conduct all the surface-cracked pipe experiments with the same
nondimensional flaw size,i.e., with the same d/t and 6/n ratios, it was necessary to determine the
worst case where buckling would occur. His would be for either the nominal 6-inch-diameter
Schedule 40 stainless steel pipe experiment or the 16-inch-diameter Schedule 40 stainless steel
pipe experiment.

The initial flaw size considered was a circumferential crack length of 25 percent of the pipe
circumference and 50 percent of the wall thickness. This flaw size was considered because it is
typical of the surface cracks found in service. Of additional interest, finite element analyses of
this test may be conducted by the Westinghouse Savannah River staff.

To make the assessment of the acceptability of this flaw size, the pipe buckling analyses (see
Section 2)were used for comparison to the NSC predicted failure loads. For the nominal
6-incM, meter Schedule 40 pipe, the NSC predicted moment versus crack length. 0/n, is given
as a fm.aion of crack depth to thickness ratio, d/t. In addition, the predicted buckling loads are
given using either the AUnOUS elbow element or the Mesloh formula. Both buckling
predictions were found to underpredict the actual buckling loads of stainless steel pipe; rce
Section 2. Hence the bakling analyses were modified by using a correction to give mean values
of the JAERI uncracked Stainless steel pipe experiments.

Figure 32 shows the calculations for the nominal 6-inch-diameter Schedule 40 pipe. The
predicted buckling loads are * y close for the modified ABAQUS and Mesloh methods. For a
0/n of 0.25, the buckling loads correspond to a crack depth to thickness ratio, d/t, of
approximately 0.7 (Points E or D in Figure 3.2) rather than 0.5 as desired (Point C in Figure 3.2).

To make a better assessment of the reliability of this analysis, a past Degraded Piping Program
expetiment (Ref. 3.1) on this same pipe was evaluated. That experiment was 4112-2. The R/t of
the pipe was 11.9, the 0/n was 0.5, and d/t was 0.66. As shown in Figure 3.1, the experimental to
NSC predicted failure load was 0.9; see Points A and B in Figure 3.2, as well as Point 2 in
Figure 3.1. Using this 0.9 correction for the 0/n = 0.25 flaw gives a predicted failure load
slightly above the buckling load; see Point F in Figure 3.2. Since the failure load relative to the
NSC predicted load for a shorter crack is expected to be even lower than for the larger crack, it

,

was decided to conduct this experiment with a crack having 0/n = 0.25 and d/t = 0.5.

Similar calculations were made for all the othCr CypCrimCnts, but this CxpCriment was found to
be the worst case.

Results of Experiment L2.L22 6 inch diameter Sch. 40 TP304

This was the first short surface crack ex}xtiment in this program. The pipe was used in a prior
long surface crack experiment in the DegradcJ Piping Program (4112-2) and had a Battelle pipe
number of DP2-A7. The flaw in Experiment 1.2.1.22 had a constant depth of 50 percent of the
thickness, and a length of 25 percent of the circumference. The flaw was made by electric

34
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Figure 3.2 Pretest calculations for 6 inch diameter Schedule 40
stainless steel pipe test (Experiment L2.L22)

SC SA 7/91.F3.2

discharge machining from the inside of the pipe with a notch root radius of 0.127 mm (0.005
inch). Because of the internal flaw machining and instrumentation requirements, a girth weld
100 mm (4 inches) from the crack plane was required.

The pipe was heated to 288 C, and tested without internal pressure. The pipe was loaded in
four-point bending using the same apparatus as used in many of the past Degraded Piping
Program and IPIRG Program experiments. The loading rate was quasi static, and conducted in

,

|

monotonic displacement control.l

The data recorded were totalload, load-line displacement of the test machine, center-crack-
opening displacement, pipe rotation 127 mm (5 inches) cither side of the crack plane, and d-e
electric potential measurements across the crack The total load versus load-line displacement
data are shown in Figure 3.3. The maximum load corresponded to the start of a buckle at the
girth weld 100 mm from the crack plane; see Figure 3.4. The surface crack initiated well after the
buckle started, and a small instability occurred as the surface crack propagated through ' he wall
and completely around the machined notch ligament. The crack then grew stably as a through-
wall crack.

The maximum load at which buckling occurred agreed excellently with the predicted buckling
loads. Interestingly, fracture still occurred. Previously it was believed that once buckling started,
a fracture would not start because the energy would be going toward making the buckle.
However, the CMOD data showed that the surface crack was continually loaded during the
buckling process.-
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Results of Experiment L2.L21 6 loch-diameter Sch.XXS TP304

The pipe was used in a prior long surface-cracked pipe experiment in the Degraded Piping
Program (4112-4) and had a Battelle pipe number of DP2 A35. He flaw in Experiment 1.2.1.21
had a constant c.epth of 50 preent of the wall thickness, and a length of 25 percent of the pipe
circumference. The flaw was made by electric discharge machining from the inside of the pipe
with a notch root radius of 0.127 mm (01K)5 inch). Because of the internal flaw machining and j

instrumentation requirements, a girth weld 100 mm (4 inches) from the crack plane was required.
'

The pipe was heated to 288 C, and tested without internal pressure. The pipe was loaded in
four-point bending using the same apperatus as used in many of the past Degraded Piping
Program and IPIRO program experiments. The loading rate was quasi static, and conducted in
monotonic displacement control.

The data recorded were the same as Expeiiment 1.2.1.21. The total load versus load line
displacement data are shown in Figure 3.5. The second major unload occurred because the
loads were so high that al;gnment pins were breaking. The specimen was unloaded and
reinforcing on the test frame was made. The reloading on the second cycle occurred several days
later. In this experiment, no buckling of the pipe occurred. Crack initiation occurred right at ,

maximum load, hence limit load requirements were met.

Analyses of these experiments are described in Activity.2.4.3.
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3.3.3 Subtask 2.4 Analysis of Short Surface Cracks in Pipes

3.33.1 Objecthe

he objective of this subtask is to develop, improve, and verify the engineering analyses for short
circumferential surface-cracked large diameter pipe where clastic plastic frecture is expected.

333.2 RatiomJe

The short surface-cracked (SC) pipe analysis improvements are aimed at assessing and
improving the ASME Section XI flaw evaluation criteria (Reis 3.2 and 3.3).

3.3.3.3 Approach

The five activities in this subtask are:
<

Activity 2.4.1 Uncracked pipe analysis
Activity 2.4.2 Improve SC.TNP and SC.TKP analyses
Activity 2.43 Compare improved limit load solutions to short surface cracked small

diameter pipe data
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

weld .

For background to the TWC analyses, the uncracked pipe analyses were presented in Section 2
for Subtask 1.4.1(b). No efforts were conducted in Activities 2.4.4 and 2.4.5.

Activity 2.4.2 Improve SC.TNP and SC.TKP Analyses.

Objective

This is the first activity involving the analyses of the SC pipe in this subtask. The objective is to
improve the existing circumferential SC pipe J-estirnation schemes developed in the Degraded
Piping Program.

kaiwnale
,

The finite. length, SC pipe J-estimation schemes were initially developed in the Degraded Piping
Program (Ref. 3.1). At the time, this development represented a major step in assessing finite-
length surface-cracked pipe. However, it was recognized that several improvements were
needed. Such improvements would make the existing methods more realistic (hence, defensible)
for assessing the ASME Section XI flaw evaluation criteria (Refs. 3.2 and 3.3). The ASME
Section XI criteria are based on a Z-factor that comes from a through-wall-cracked pipe analysis,
and not a surface cracked pipe analysis. A surface-cracked. pipe analysis basis for a Z-factor
approach should lead to more realistic and defensible criteria.

o
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Approach

Severalimprovements need to be made in the existing surface-cracked pipe J estimation scheme
solutions. Some of the more significant ones are:

(a) Verify J solutions by FEM analysesp

(b) Add J, to the SC.TNP and SC|lKP solutions
(c) Improve rotation predictions
(d) Include ovalization correction for surface-cracked pipe

(c) Extend LBB.ENG approach to circumferentially surface cracked pipe
!

(f) Include pressure and bending effects in surface cracked pipe solutions
(g) Develop a J estimation scheme for an external surface crack.

Sigmficant progress was completed for Activities 2.4.2.(f) and (g) and are presented below.

Activity 24.2(f) Include Pressure and Bending Ejfects
in Surface Cracked Pipe Solutions

The current SC.TKP and SC.TNP solutions are for pipe in pure bending (Ref.3.1). The general
analysis procedure can handle combined loading. but new 11, and G functions will be derived.3
A numerical integration method to determine their values will be implemented in the computer -

cede. 'Ihis is a relatively simple effort because the equations to calculate the 11, and G, y

functions already exist and were published in Reference 3.L
f

Since this activity and the following Activity 2.4.2(g) are closly related, progress on these two are
reported together in the following section.

Activin' 24.2(g) J. Estimation Schemefor an External Surface Crack
|

The obj:ctive of this effort is to develop an engineering analysis for short circumferential
external SC pipe under combined bending and tension loads.

J-estimation schemes pertinent to piping have been developed principally for circumferential
| through wall and internal surface cracks. liowever, fatigue crack loading can result in

circumferentially oriented external surface cracks. Unfortunately, these are not suitable J-
estimation schemes for such cracks.

The development of ari external SC J-estimation scheme involves extending the analysis
previously developed at Battelle in the NRC's Degraded Piping Program for internal surface
cracks. This involves relatively small modifications to account for the external crack geometry, >

but extensive changes to account for internal pressure. To include tension induced loading from
pressure, the assumption will be made that pressure and bending are applied simultaneously in a
manner that stresses in the pipe vary proportionally to the applied load. Note that this
assumption is inherent in the use of any J integral based approach to clastic plastic fracture -
mechanics. In addition to the above changes, lineer-clastic solutions available in the literature
will be used to provide an estimate of the clastic component of J.

3-9
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hvgress

The technical work in this activity has been completed. Two programs EXTCRK7.EXE and
INTCRK7.EXE that can be used to analyze external and internal circumferential surface cracks,
respectively, were developed. Each of the programs provides the option of using citi.cr tisk-
wall (SC.TKP) or thin-wall (SC.TNP) analysis.

He SC.TNP and SC.TKP predictions were compared to the results from the pure bending,
internal SC pipe experiments (Ref. 3.1)in the Degraded Piping Program. Dese results showed
that SC.TKP und;rpredicted the experimental maximum loads by 20 to 40 percent. His
effectively means that SC.*IKP was overpredicting the applied J.The SC.TNP analysis was more
accurate, ne SC.TNP predicted maximum loads wera .10 to + 20 percent of the experimental
maximum loads,

ne estima' ion scheme developed in this subtask can be used to analyre surface flaws of constant
depth as well as elliptically shaped flaws onder either pure bending loads or under combined
bending and internal pressure. Note that in the Degraded Piping Program only constant depth
internal surface crack analyses were developed. Figure 3.6 shows the flaw geometries and loading
configurations.

For a given pipe size, flaw geometry, and material's stress-strain curve, the anaiyses give the crack
drhing force, J, for any given value of the applied bending moment and internal pressure. To
verify the code, the predictions of the code were compared with the finite element results
obtained by Professor M. Kikuchi of Science University of Tokyo for Experiment No. 4131-4 of
the Degraded Piping Program. This experiment involved a pipe with diameter, D , of 10.7 incheso
(272 mm), wall thickness, t, of 16.6 mm (0.654 inch), R/t of 8.2, and an internal flaw of uniform
depth, a, of 10.9 mm (0.43 inch). The pipe material stress-strain curve is represented by the
Ramberg Osgood equation with a = 3.46 and n = 4. The pipe was subjected to four point
bending and had an internal pressure, p, of 18.3 MPa (2650 psi). First, neglecting the effects of
pressure loading, Figure 3.7 shows a plot of the predicted value of J at various values of half the
applied bending load P. As can be seen up to values of P of 66.7 kN (15,000 pounds), the values
of J predicted by the estimation schemes are in agreement with the FE results. At higher loads
the predictions for J using the thick-wall analysis are higher than those from the FE results. The
predictions from the thin-wall analysis are lower than those from the FE calculations. This is
consistent with past Degraded Piping experimental comparisons (Ref. 3.1).

Results for the case of combined bending and pressure loading are shown in Figure 3.8. For this
case the deviation between the FE results and the estimation scheme occurs at a lower load of
about 35.6 kN (8,000 pounds). As for the case of pure bending, the predictions for J from the
thick-wall analysis are significantly higher than those from FE results at the higher loads and the
predictions for J from the thin-wall analysis are lower than the FE results at the higher loads.

3 10
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Section 3 TASK 2 S!! ORT SC PIPE ITALUATIONS

It should be recognized that even with the current method, the error in predicting the load at a
given J valt.c would not be as large as the error in predicting J for a given load. For example, at

2the J value of 0.155 MJ/m (885 pounds / inch) for the material Figure 3.8 gives an initiation load
3

(P ) to be 51.2 kN (11,520 pounds) by the thick-wall estimation formula and 66.0 kN (14,830i
pounds) by the finite element results, he experimental value for P is 73.4 kN (16,510 pounds).i

'

Since FE results for the case of an external surface crack are not available at this time, a ,

comparison with the prec Cons of the estimations scheme cannot be made. There arc some
older, very thick-walled, external surface-cracked pipe experimentr. conducted at Battelle that
could be used for verification of EXTCRK7.EXE if desired (Ref. 3.4). However, the analytical
development for the external and internal crack cases is very similar and should provide similar
results.

One of the incentives for this work was to provide an analysis for Brookhaven National
Laboratory staff to analyze the low cycle fatigue crack growth in a MITI pipe system experiment
conducted in Japan. A note of caution is necessary for this application. Typically low cycle
fatigue crack growth data are generated using the Dowling approach where da/dN = C ( AJ)"
(Ref. 3.5). Such data are developed from laboratory specimen tests (i.e., C(T) specimens) where
J is calculated by integrating the cyclic load displacement record. For negative load ratios
(lowest / highest load in the test), the compressive load-displacement area is used only down to a
point where crack closure is suspected to occur. As an example, the compressive load at which
crack closure occurs for fully reverse loading can be at 30 percent of the maximum tensile load.
Hence, the Dowling J value is an " operational J". This is not the same J as calculated by finite
: 1ement analysis or pipe J- stimation schemes. " Adjustments" to the pipe J applied values are
needed to give an operational J consistent with the Dowling values.

De computer programs initially developed EXTCRK7.EXE and INTCRK7.EXE, will
| cventually be incorporated into a user friendly framework of a surface crack version of

NRCPIPE.

Activity 2.4.3. Compare Improved Limit Load Solutions to
Short Surface Cracked Small Dlameter Pipe Data

.

The objective of this activity is to determine if corrections to the net-section-collapse (NSC)
ar.ilysis are needed for pipe with short circumferential surface cracks. The NSC analysis
asw:nes the pipe remains circular. However, with short cracks the load increases, causing the
pipe to ovalize. This ovalization causes the loads to be less than if the pipe remained circular.

Progms

Two short surface cracked pipe experiments have been conducted to date. These experiments
were on relatively small diameter TP304 stainless steel that were high in toughness so that limit-
load, not clastic-plastic fracture, should occur. Details of the experimental data were given in
Subtask 2.2.

3 13
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TASK 2 SIIORT SC PIPE EVALUATIONS Section 3

Past efforts in the Degraded Piping Program showed that a correction to the NSC analysis, which
is a function of the IUt ratio, is needed for surface-cracked pipe. This relation is shown in Figure
3.1 where, at that time, a least squares fit was drawn through the pipe test data for which the
toughness was sufficient to cause failure at limit-load mnditions. All of these experiments were
for the sarre dimensionless flaw size of d/t = 0.66 and 0/n = 0.5. It was felt that smaller flaws
would have .tigher failure loads; hence, pipe ovalization may become a more sipificant factor in |

potentially reducing the experimental failure stresses. Since the NSC analysis assumes the pipe
remains circular, and ovali7ation reduces the stiffness of the pipe, the tendency would be for the
NSC analysis to overpredict the failure loads for pipe experiencing ovalization during fracture.
The ovalization and pipe buckling for uncracked pipe is known to be a function of the pipe mean
radius-to-thickness ratio, R,/t.

Figure 3.9 is a plot of the ratio of the experimental maximum stress to the NSC predicted stress
versus the R,/t ratio. The NSC predictions are based on a flow stress defined as the average of
the actual yield and ultimate strengths of each pipe. The upper dashed line comes from a best
linear regression fit of the long surface crack data from the Degraded Piping Program. The data
in Figure 3.9 represent only those experiments for which limit load conditions should be
satisfied.

The two 6-inch nominal diameter short surface crack experiments from this program are also
shown in Figure 3.9, as well as two 4-inch nominal diameter short surface crack experiments from
an older EPRI program conducted at Battelle (Ref. 3.6). Table 3.2 gives the data for several
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Section 3 TASK 2 S!! ORT SC PIPE EVALUATIONS

Table 3.2 Short versus long surface crack maximum
moment / net section. collapse predicted moments

Experiment
Number d/t 2c/nD R,,lt ExpfNSC(')

j__

4112-4M 0.653 0.44 3.24 1.16

4112-2M 0.634 0.50 11.4 0.98

12.121 0.50 0.22 3.49 1.34

12.122 0.50 0.25 11.4 1.01
'

SS ') 0.39 0.25 620 1.05C

6S(*) 0.61 025 5.98 1.02

(a) Erpenmental maximum moment / net-scetion-collapse predsted nacmum moment (og - (e, + e,)/2).
(b) From Degraded Paping Program. Ref. 3.1.

(c) From EPRI NP-230. Vol 2. Ref 3.6.

short surface crack experiments reflected in Figure 3.9. It can be seen from Figure 3.9 t at the.

short surface crack data from this program and the previous 13attelle/EPR1 program agree well
with the long surface crack data from the Degraded Piping Program, in fact, the linear
regression line for the entire data set (long and short surface cracks) agrees remarkably well with
the linear regression line for the data set that includes only the long surface crack data from the
Degraded Piping Program. Consequently, it appears a single correction factor (independent of
flaw size) to the net section-collapse analysis to account for ovalization effects may be
appropriate. During the next reporting period a 16 inch-diameter Schedule 30 (t = 9.52 mm
[0.3",J inch]) stainless steel short surface crack experiment will be conducted. The R /t ratio form
this experiment is apr imately 20. This experiment, with its large IUt ratio, will provide fwther
insight as to whether a ungle correction factor exists.

3,4 PLANS FOR NEXT FISCAL YEAR

'

The efforts described belo ill be undertaken during next fiscal year.

3.41 Subtask 2J Material Characterization for Surface-Cracked
Pipe Experiments

During the next fiscal year, the carbon steel submerged are welds will be fabricated and material
characterization tests completed.

3 15
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3.4.2 Subtask 2.2 Smaller Diameter Pipe Fracture Experlmuts in Pure
Bending for Limit Load Ovalization Correction

The 16 inch-diameter pipe will be procured and tested.

3.43 Subtask 23 Large Diameter Surface Cracked Pipe Fracture
Experiment in Combined Bendh.g and Tension (Pressure)

Of the three experiments planned, the two 711.mm- (28 inch) diameter pipe experiments can be
conducted on the current strongback system prior to the upgrading. These experiments will tw
conducted during 1991.

3.4.4 Subtask 2.4 Analysis of Short Surface Cracks in Pipes

Data from the literature on additional small dia.vuter pipe experiments with short surface cracks
from the literature will be compared to limit load analyses.

3.5 REFERENCES

3.1 Scott, P. hi. and Ahmad,J. A.," Experimental and Analytical Assessment of
Circumferentially Surfaced Cracked Pipes Under Bcnding," NUREG/CR-4872, May 1986.
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IWB-3640 analysis procedure), prepared by Section XI Task Group for Piping Flaw
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3.3 American Society of Mechanical Enginects Boiler and Pressure Vessel Code, Edition July
1989, See Code Case N 463.

3.4 Wilkowski, G. M. and Prabhat, K.," Simplified Model for Predicting Elastic to Plastic
Instability Loads for Circumferential Cracked Pipe in Bending,"in ASME PVP95, pp.
79-99, June 1983.

3.5 Dowling. N. E., in Flaw Growth and Fracture, ASTM STP 631, pp.139-158,1977.

3.6 Kanninen, M. F. and others," Instability Predictions for Circumferentially Cracked Type
304 Stainless Steel Pipes Under Dynamic Loadings," Final Report on EPRT 'roject
T118 2, by Battelle Columbus 12boratories, EPRI Report Number NP 234'i, April 1982.
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4. TASK 3 BIMETALLIC WELD CRACK EVALUNrIONS

This task was not active this fiscal year; hence there is no Inopecs to report.

,

4

41

..

_ _ _ . _ _ _ _ . . - - - - - _ . - - . - - - . _
|



.- - - - . . . _ - - _ - - _ . . _ _ - - _ - . - . - - . - - . . - . - -

!

i

Section 5 TASK 4 DYNAMIC STRAIN AGING

5. TASK 4 DYNAMIC STRAIN AGING

5.1 Task Objective

ne objective of this task is * , evaluate and predict the effects of crack instabilities, believed to
be due to dynamic strain aging (DSA), on the fracture behavior of pipe. Specific objectives are
to establish a simple screening criterion to predict which ferritic stects may be susceptible to :

unstable crack jumps, and to evaluate the nFility of current J-based analysis methodologies to
assess the effect of unstable crack jumps on the fiacture behavior of ferritic steel pipe. If
necessary, alternative procedures for predicting pipe behavior in the presence of crack jumps will
be derived.

5.2 Task Rationale

The methodology developed here will be applicable M both LBB and in service flaw evaluations.
It will also be valuable for selection of materials for future advanced reactor designa.

5.3 Task Approach

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

Subtask 4.1 Establish a screening criterion to predict unsts 'e crack jumps in
ferritic steels

Subtask 4.2 Evaluate procedures for characterizing fracture resistance during crack
jumps in laboratory specimens

Subtask 4. Assess current procedures for predicting crack jump magnitude in
pipes

Subtask 4.4 Prepare interim and topical report on dynamic strain aging induced
i

| crack instabilitics in ferritic nuclear piping stecis at LWR temperatures
Subtask 4.5 (Optional Subtask) Refine procedures for characterizing fracture'

resistance during crack jumps in laboratory specimens
Subtask 4.6 (G,tional Subtask) Refine procedures for predicting crack jump

magnitude in pipes

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

53.1 Background

The approach in Task 4 is based on experimental data cbtained in th: Degraded Piping Progtam ,

(Ref. 5.1). In several pipe steels tested at 288 C ($50 F), both in laboratory and pipe specimens,
crack instabilities were observed, interspersed between periods of stable, ductile tearing. These
instabilities have been assumed to be related to a steel's susceptibility to DSA (Ref. 5.2). DSA is
a pinning of dislocation movement by free nitrogen or carbon atoms in the crystallographic

51
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structure. This increases the flow properties and reduces the ductility. However, no firm proof -
of that tie-in between DSA and crack instabilities presently exists. Information about crack
instabilities is lacking in other areas as well. Some questions include:

(1) How large must a crack instability be to significantly affect flawed-pipe safety
analyses?

(2) Are J-based analysis procedures valid when crack instabilities occur 7
(3) Are there simple ways to predict the occurrence and severity of crack instabilities

in a particular stect?
(4) Is there a correlation between crack jumps in C(T) specimens and pipe

specimens?
(5) How reproducible is the phenomenon?
(6) Do the fracture surfaces or microstructures exaciated with crack instabilities have

any unusual featurcs?-

The signifMmcc si crack instabilities in flawed-pipe safety analyses has already been
demonstrated in at least one 288 C (550 F) pipe tc.,, conducted at David Taylor Research
Ccmer. In this experiment, a crack jump of approximately one-fou th of the pipe circumference
was observed for a through-wall circumferential crack. Such an ir,sunility in a nuclear plant
would lead to a large loss of cooling wa;er. Therefore, it is important in this program to
determine how to predict the occurrence and magnitude of crack instabilities. Subtask 4.3
represents an attempt to tackle these issues in a logical manner.

A limited number oflaboratory experiments are being conducted in Subtask 4.1. The results of
those experiments, when combined with existing data, will be used to establish a direct link
between crack instabilitics and DSA. If that link can be established, then it should be possible to
assess a steel's propensity for crack jumps by conducting a few tensile tests or, even better, a few
hardness tests. Hardness tests would be especially attractive in nondestructive, in plant testing of
pipes for which no archival material exists. Within Subtask 4.1, data also are being obtained on
correlating crack jumps in C(T) and pipe specimens, on determining the reproducibility of crack
jumps in replicate tests, and on determining the presence'of any unusual fractographic or
microstructural features in specimens that display crack instabilities.

The activities involved in developing the screening criteria for dynamic strain aging in Subtask
4.1 will also determine wh t . riggers dynamic crack jumps. From a global sense, the dynamic
crack jumps could be triggered by being at the proper temperature and strain rate, and by havmg
a material sufficiently susceptile m # umic strain-aging. The latter can be determined by the
screening criteria, ideally with a in test such as the hardness ratio at high temperature to
room temperature. From a microstructural viewpoint, metallographic investigations of past
fracture surfaces from Degraded Piping Program test specimens at the points of initiation and
arrest of the crack jumps may shed further hght on how to predict the start of an instability, or -
better yet, how to manufacture steels that would not produce instabilities for future plant
construction.

In addition to the work in Subtask 4.1, efforts will be undertaken in Subtask 4.2 to modify
analytical procedures for calculating fracture resistance in laboratory specimens during a crack

,
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Section 5 TASK 4 DYNAMIC STRAIN AGING

instability. Included in this activity will be an evaluation of a J. resistance curve approach, an
evaluation of alternate mcasures of fi f..ure resistance (CTOA, for example), and an assessment :
of plausible analysis methods to 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 jump.

The results of Subtask 4.2 will then be used in Suhtask 43 to make engineering predictions of the
length of crack jumps in pipe, using several approaches. One approach will apply the NRCPIPE
code (see Task 7) and another will use an energy balance method (Ref. 53). The success of
these engineering approaches will be esaluated and a determination will be made as to whether
improved methods should be recommended for study in optional activities. The first optional
subtask is aimed at improving the analytical procedures for calculating fracture resistance during
unstable crackiapi laboratory specimens. The second seeks to 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.

5.3.2 Subtask 4J Establish a Screening Criterion to Predict
Unstable Crack Jumps in Ferritic Steels

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

Ac3vity 4.1.1 Conduct laboratory tests to determine correlations among tensile
properties, hardness, DSA, and the occurrence of crack instabilitics in
both C(T) specimens and pipes, and

t s n 4.1.2 Using the results of Activity 4.1.1, formulate a practical screening
criterion for predicting crack instabilities in pipes.

The d uib n; aese actrcities are given below.

53.2.1.WW.y 4.L1 Conduct Laboratory Tests to Determine Correlations
Among Tenslie Properties, Hardness, DSA, and the Occurrence of Crack
Instabilities in Both C(T) Specimens and Piper

The objectives of this activity are to: (1) establish a direct link between crack instabilities and
dynamic strain aging (DSA), thus making it possible to use :ests 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.

In work conducted during the last six months, an attempt was made to link crack jumps to DSA
and to develop simple screening tests for DSA. Several types of laboratory tests were conducted
over a range of temperatures. These tests included C(T), tensile, and hardness tests. Work also

53
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was initiated on examining test records for the purpose of correlating crack jumps in C(T)
specimens with those in pipe specimens. Only limited work was done to investigate the
reproducibility of crack jumps, and no work was performed to discern fractographic or
microstructural features associated with crack instabilities.

Experimental Procedures

Conduct Tintile Tcaa

Tensile tests were conducted over a range of temperatures from room temperature to 385 C
(725 F) to encompass the range in which DSA effects are commonly observed. Round bar,
threaded-end tensile specimens were machined from five different carbon steel pipes, described
in Table 5.1. These steers came from the Degraded Piping Program where laboratory specimen
and pipe fracture experiments were conducted. They represent a range of steels that had little
DSA to significant DSA, as observed by limited past tensile tests. Chemical compositions of the
pipes are given in Table 5.2. Tensile tests were conducted at a strain rate of approximately 3 x
10 s-1 in a servohydraulic test machine. The data were analyzed to obtain 0.2-percent offset
4

yield strength, ultimate tensile strength, clongation, and reduction of arca. In addition, complete
stress-strain curves were obtained from each test.

Table 5.1 Description of Activity 4.1.1 pipes used tn stu;ly of dynamle strain aging

Pipe Dimensions, mm (Inch)

Pipe Ident. Wall
No. Material Type Schedule Diameter Thickness

DP2-F9 ASTM A333 Grade 6 100 254 (10) 18.3 (0.719)
carbon steel

DP2-F11 ASTM A333 Grade 6 80 102 (4) 8.6 (0.337)
carbon steel

DP2-F26 ASTM A516 Grade 60 711 (28) 2.2.2 (0.875)
70 carbon steel

DP2-F30 ASTM A106 Grade B 120 152 (6) 143 (0.562)
carbon steel

DP2-F29W Submerged-are girth 100 406 (16) 26.2 (1.031)
weldin ASTM A106
Grade B(*)

(a) he ferritic steel girth weld was prepared by United McGill Coporadon of Columbus, Ohio, using
procedures recommended by Babcock and Wilcox. It was a sinde-Vre weld having a 6.4 mm (0.25 inch)
gap; a 9.5-mm (0.38-inch) thick steel backing strip was used for ute root pass. De filler metal met
SpectScation SFA.5.23, Class EF2 (Linde 44) and the Dux was Linde 80. nc weld was stress reliestd at
605 C(125 F) for 1 hour.
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Table 5.2 Chemical composition of Activity 4.1.1 pipes used to study of dynamic strain aging

Weight Percentage for Indicated Pipe
Pipe Pipe Pipe Pipe Pipe

Element DP2 F9 DP2 F11 DP2 F26 DP2 F30 DP2 P29W

C 0.14 0.21 0.13 0.15 0.068

Mn . 0.99 0.84 0.80 0.65 1.31

P 0.008 0.010 0.009 0.012 0.016

S 0.024 0.015 0.027 0.014 0.015

Si 020 0.19 0.25 0.20 0.57

Cu 0.076 0.035 0.12 0.28 0.14

Sn 0.014 0.001 0.007 0.018 0.028

Ni 0.12 0.006 0.13 0.14 0.59

Cr 0.12 0.027 0.13 0.18 0.027

Mo 0.042 0.012 0.040 0.055 0.43

A1 0.018 0.030 0.003 0.010 0.003

V 0.000 0.000 0.000 0.001 0.002

Cb 0.000 0.000 0.000 0.000 0.000

Zr 0.000 0.000 0.000 0.000 0.001

Ti 0.0C6 0.000 0.000 0.000 0.001

B 0.0001 0.0000 0.0001 0.0000 0.0003

Co 0.006 0.000 0.006 0 008 0.007

W 0.00 0.00 0.00 0.00 N.D.
Pb 0.00 0.00 0.00 0.00 0.00

Ca N.D. N.D. N.D. N.D. 0.00

Conduct Hardness Tests

Brinell hardness tests were conducted on the same group of five carbon steels that were
subjected to tensile tests. Special procedures were devised to permit these tests to be conducted
over a range of temperatures, from room temperature to approximately 450 C (840 F). The
upper end of that enge was somewhat h;gher than that used in the tensile tests because it was
believed that DSA effects in the hardness tests would be shifted to higher temperatures than in
the tensile tests, due to the higher strain rates in the hardness tests.

Specimens for the hardness tests were flat, rectangular plates of sufficient size to permit .a
number of Brinell hardness impressions to be made within the requirements of Test Method
ASTM E10-84, Brinell Hardness of Metallic Materials. Each plate specimen had a thickness of
approximately 12.7 mm (0.5 inch) except for Pipe DP2-F11, widch had a thickness of only

5-5
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approximately 6.4 mm (0.25 inch). A 10-mm tungsten carbide ball was used as the indenter in all
tests. The applied load was 3000 kg for all of the thicker specimens and 1500 kilograms for the
thinner specimens. The surface subjected to the hardness tests was the one nearer the outside
surface of the pipe.

Three chromel-alumel thermocouples were spark welded to the top surface of each test piece;
their approximate locations are indicated in Figure 5.1. Also shown in Figure 5.1 are locations
where hardness impressions were to be made. Note that the chromel and alumel wires were
spaced such that several of the thermocouple junctions encompassed the site of hardness
impressions, thereby giving an accurate indication of the actual temperature existing under the
hardness indenter for tests at those locations. The particular plate to be tested was placed in a
circulating-air oven that was operating at approximately 540 C (1000 F). Also placed in the oven
at the same time were two other steel plates, each 25.4 mm (1 inch) thick, labeled A and B. Plate j
A was used for preheating the Brinell tester platen for several minutes prior to conducting the
actual hardness tests, and Plate B was used to support the test piece such that loss of heat from

,

the test piece to the platen would be slowed appreciably.

h-25A mm (Iinch)--

'+> + + + i+> + + + + <+ '

) ) } } }
'

TCl TC2 TC3

+ Brinell bordness impression

Thcrmocouple (TC)*

Figure SJ Location of thennocouples and Brinell hardness
impressions on carbon steel plates

SC-SA 7/91 F5.1

Once the test piece reached the temperature of the oven, Plate A was removed from the oven
and placed on the Brinell tester platen. Sev: ral minutes later, Plate A was removed from the
Brinell tester and was replaced by Plate B. The test piece was then transferred quickly from the
oven to the hardness tester and was placed on top of Pice: B. Immediately, the hardness
indenter was brought into etmtact with the test piece at I2x:ation 1 (Thermocouple 1) to preheat
the indenter as the test piece was cooling in preparation for the first hardness test at
approximately 450 C (840 F). In fact, since there was a significant temperature drop during the
initial hardness test, which took cpproximately 11 seconds, the first test was initiated when the

l
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temperature at Thermocouple 1 was 455 to 460 C (850 to 860 F), so that the average temperature
during the test was close to 450 C (840 F). The indenter was then moved to Location 2 and was
again brought into contact with the specimen to keep the indenter hot. De second hardness test
was begun when the temperature at location 2, estimated from Thermocouples 1 and 2, was
approximately 400 C (750 F) or slightly above. nose steps were repeated to provide hardness
impressions at intervals of approximately 50 C (90 F) until the specimen achieved a temperature
of approximately 100 C (210 F). Much later, anuher hardness impression was made when the
specimen had reached room temperature. Two plates were tested in this way for each of the five
carbon stects investigated. Following :esting, the diameters af the hardness impressions were
read with a measuring eyepiece and converted to Brinell hardness numbers. Hardness was then
graphed as a function of temperature for each of the five steels.

Conduct Compact Specimen Tests

Precracked and side-grooved corepact specimens were machined from three of the pipes that
had been subjected to tensile and hardness tests over a range of temperatures. The three pipes
were identified as DP2-F11 -F26, and -F30 (see Table 5.1 for steel types and pipe dimensions).
One of those pipes, DP2-F11, appeared, on the basis of tensile and hardness tests, to be less
susceptible than the other two pipes to DSA. The specimens were machined from the pipes,
without flattemng the pipes, such that the direction of crack extension was in the circumferential
direction of the pipe (L-C crientation). The pipe dimensions dictated the size of the C(T)
specimens that could be machined from each pipe. The sizes were 0.4T,1T, and 0.5T,
respectively, for DP2-F11, -F26, and F30. In each case, the specimen thickness was the
maximum attainable from the pipe wall.

The specimens were tested in crosshead control in a screw-driven Instron machine at several
temperatures that ranged from 150 to 385 C (300 to 725 F). That temperature range is where
DSA effects are customarily observed in tensile tests and where crack jumps have been observed
to occur in compact specimen tests and in pipe tests. The crosshead speed was selected to cause
crack initiation in approximately 5 to 10 minutes. Data obtained during each test included load,
load-line displacement, and direct-current electric potential. The latter was collected to indicate
the point of crack initiation and the amount of crack extension. To estimate the point of crack
initiation, graphs of electric potential (U) versus load-line displacement (LLD) and load versus
U were examined for points of slope change prior to maximum load. Engineering judgment
then was applied to estimate U , the value of U at crack initiation. Crack growth beyondo
initiation was calculated from the ratio U/U, using the Johnson expression (Ref. 5.4). Note that
the term for the spacing of the voltage probes (2y) in the Johnson expression was allowed to
increase in proportion to the LLD as the test progressed, because experience has shown that this
procedure provides a more accurate estimate of the crack growth (Ref.5.5).

The procedures used to calculate J values and J-resistance curves from each compact-specimen
test were those specified in ASTM E1152-87, Standard Test Method for Determining J-R
Curves. The value of J at cract. initiation, J , as used in this report, refers to the onset of cracki
extension rather than to a finite amount of crack extension. The slope of the J-R curve, dJ/da,
was calculated for crack extensions in the range of 0.15 to 1.5 mm (0.006 to 0.060 inch).
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An additionalimportant observation m the compact-specimen tests was the occurrence of crack
jumps and the relation between test temperature and the nature of the crack jump phenomenon,
to assess whether correlations exist between susceptibility to DSA, as revealed by tensile or
hardness tests, and the occurrence of crack jumps in C(T) tests.

Correlate CrackJumps in C(T) ari Pipe Tests

Test records from both pipe tests and C(T) tests conducted on carbon steel pipes in the
Degraded Piping Program, the Short Crack Program, and the IPIRG Program were examined
for evidence of crack instabilities during the tests. The best indicator of a crack jump was a
sudden drop in the load. The number and magnitude ofindividual load drops, the latter
expressed as a percentage of both the existing load and the maximum load, were tabulated for
each test record examined. A total of 24 pipe test records and 58 C(T) test records were
examined, covering base metal tests of 10 different pipes and weld metal tests for three different
pipes. The base metals included A106 Grade B, SA333 Grade 6, and A516 Grade 70. At the end
of the six-month reporting period, several tests remained to be examined and the results
remained to be thoroughly analyzed.

Determine Reproducibility of Crack Jumps

Six additional precracked and side-g ocwed C(T) specimens were prepared from Pipe DP2-F26,
which had been found to exhibit significant crack jumps in C(T) specimens and pipe specimens
tested at 288 C (550 F). Several of those specimens will be tested at 288 C (550 F) during the
next reporting period to obtain two types of information: (1) an indication of the reproducibility
of the crack jump behm'ior in a number of nominally identical tests, and (2) accurate load,
displacement, and electric potential data during a crack jump. The instrumentation used in
earlier tests was not designed to record events that occurred as rapidly as the crack jumps.

Exambe Tested Specimens to Reveal Unusual Fractographic or Metallographic
| Features Associated with Crack Jumps

No work was done in this area during the last reporting period.

Experimental Findings

| Tensile and BrinellHardness Tests
|

| The results of tensile and Brinell hardness tests over a range of tcmperatures are presented in
Figures 5.2,5.3, and 5.4. Figure 5.2 shows yield strength, ultimate tensile strength, and Brinell
hardness riumber as functions of temperature, Figure 5.3 shows fracture elongation and
reduction of area versus temperature, and Figure 5.4 shows engineering stress-strain curves for
the various test temperatures.

|
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Examination of the curves in Figure 5.2 indicates several interesting features.

Four of the five carbon steel pipes tested exhibited a significant UTS peak,which*

is indicative of DSA at an elevated temperature; the fifth pipe, DP2 F11, showed a
relatively flat c.urve of UTS versus temperature. That result indicates that Pipe
DP2 F11 is less susceptible to DSA than are the other four pipes, even though it is
the same type of pipe (A333 Grade 6) as Pipe DP2-F9, Note in Table 5.2 that-

those two pipes have slightly different - mical compositions, Pipe DP2-F11 has
more carbon and aluminum and less .;nro...ium and molybdenum than does Pipe
DP2-F9. However, of those differences, only the increased aluminum would be
expected to make DP2-F11 less susceptible to DSA by tying up more of the
nitrogen. Nitrogen along with carbon,is belie ed to be responsible for DSA. The
other differences would be expected to have an opposite, if any, effect by making
carbon increasingly available for promoting DSA.

The submerged-arc weld metal (DP2-F29W) exhibited a peak in UTS at a*

temperature of approximately 340 C (645 F); the base metals (DP2-F9, -F26, and
-F30) exhibited a UTS peak at a temperature in the range of 220 to 260 C (430 to
500 F). From Table 5.2, it can be seen that the chemical composition of the weld
metal differs from that of the four base metals in several respects: the carbon and
chromium contents are relatively low and the manganese, silicon, nickel, and
molybdenum contents are relatively high. Of those differences, only the high
silicon and molybdenum contents might be thought to contribute to shifting the
UTS peak to a higher temperature.

The curve of Brinell hardness number versus temperature closely resembled the -*

curve of UTS versus temperature, except that the peak in the hardness curves was
typically shifted to a higher temperature. That shift was anticipated because the
hardness tests were conducted at a strain rate estimated to be one to two orders of
magnitude faster than for the tensile tests. The magnitude of the shift was not
consistent among the five materials tested. It ranged from approximately 30 C in
Pipe DP2-F30 to more than 100 C in several of the other materials.

In four of the five materials tested, the hardness versus temperature curves were*

nominally identicalin duplicate tests. In Pipe DP2-F30, however, duplicate tests
gave significantly different results, both in the ratio of maximum to minimum
hardness and in the temperature at which the peak hardness was observed. That
finding suggests that the strength and susceptibility varies significantly in Pipe
DP2-F30. Other types of tests on that pipe, including pipe tests, C(T) tests, and
tensile tests, also have indicated significant differences in behavior between
nominelly identical specimens. No attempt has been made to identify the nature
of the suspected inhomogeneities. High-temperature hardness measurements at-
various locations around and along a section of this pipe are under way.

For the submerged-arc weld metal (DP2-F29W), the hardness versus temperature.

curve had not yet reached a peak value at the highest test temperature of

|

|
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approximately 450 C (840 F). That result is a consequence of the unusually high
peak in the UTS versus temperature curve described earlier.

With respect to the ductility versus temperature curves shown in Figure 5.3, each of the four base
metals exhibited a trend toward decreased ductility as the temperature was increased from room
temperature, followed by an increase in ductility as temperature was increased further. For the
submerged-arc weld rrr al (DP2-F29W), changing the test temperature had only a modest effect
on tensi.le ductiFty.

The engineering stress-strain curves in Figure 5.4 reveal, as did the UTS versus temperature
curves in Figure 5.2, that Pipe DP2-F11 was less susceptible to DSA than were the other four
materials and that the DSA effect was shifted to higher temperaNrc for the submerged-are weld
metal (DP2-F29W). In addition to an increase in UTS at elevated temperatures, indicators of
susceptibility to DSA include increased strain hardening rate (greater slope of the stress-strain
curve between the onset of yielding and maximum load) and the appearance of serrations on the
stress-strain curve within a certain range of elevated temperatures.

CompactSpecimen Tests

Results of compact specimen tests at various temperatures from 149 to 385 C (300 to 725 F) are
presented in Figures 5.5 through 5.9. Figure 5.5 shows load-displacement curves; Figure 5.6
shows J-resistance curves; and Figures 5.7 through 5.9 show J and dJ/da versus temperature fori
the three different carbor. steel pipes investigated. The three pipes had been selected from the
five pipes that had earlier been subjected to tensile and Brinell tests at various temperatures.

The load-displacement curves in Figure 5.5 reveal that two of the pipes, DP2-F26 and -F30,
exhibited crack jumps, as evidenced by sharp load drops, when compact specimens were tested
at a temperature near 288 C (550 F). The third pipe, DP2-F11, did not exhibit crack jumps at any -
of the four test temperatures investigated. It will be recalled from a previous paragraph that, on
the basis of tensile and hardness tests, Pipe DP2-F11 was noticeably less susceptible to DSA than
were the other two pipes. This finding lends additional support to the hypothesis that the
occurrence of crack jumps is associated tiith the degree of susceptibility to DSA.

However, it is not known whether the small size, in particular the small thickness, cf the DP2-F11
specimens (0.4T x 5.1 mm [02 inch] thick) might have played a role in the results by way of
favoring stable crack growth over crack jumpe. The DP2-F26 and -F30 specimens, which did
exhibit crack jumps, were IT x 21 mm (0.82 inch) thick and 0.5T (full thickness), respectively.
'Ihe implication of these results is that a study on the effect of specimen size on the occurrence of
instabilities may be of value.

J resistance curves for the three pipe materials are shown in Figure 5.6. Valm of J, and dJ/d3
obtained from the curves in Figure 5.6 are presented in Figures 5.7,5.8, and 5.9 for Pipe DP2-
F11, -F26, and -F30, respecuvely. In Figure 5.7, Pipe DP2-F11 appears to exhibit a minimum in
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both J, and d3/de at a temperature near 225 C (435 F), similar to results reported in Reference
5.6 for two different heats of A106 Grade C steel. Similar trends are not discernible in Figures
5.8 and 5.9 for the other two steels tested. Hindsight suggests that it would have been worthwhile
to conduct additional tests at room temperature to obtain a better assessment of the role of
temperature on fracture behavior. Also note that the J R curves are not valid after the start of an
instability. Determination of the J values during and after an instability is the subject of future
efforts in this program.

Correlation of Crack Jumps in C(T) and Pipe Tests

At the end of the six month reporting period, several test records remained to be examined for
evidence of crack jumps, and the results remained to be thoroughly analyzed. A first impression
based on limited analysis of the results was that the occurrence of crack jumps in C(T) specimens
exhibited considemble variability and that, while some correlation appears to exist between the
occurrence of crack jumps in C(T) specimens and in pipes, there is no close correlation between
the number of crack jumps or their magnitudes in the two cases.

5.3.2.2 Activity 4.1.2 Uslag the Results of Activity 4.1.1, >

Formulate a Practical Screening Criterlon for Predicting Crack
Instabilities in Pipes

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

The basic hypotheses in formulating a screening criterion are these: (1) Crackjumps et 288 C
(550 F) are associated with a high degree of susceptibility to DSA. (2) The degree of
susceptibility to DSA can be estimated from tensile strength ratios at selected temperatures.
(3) The tensile strength ratios can be estimated from hardness ratios at selected temperatures.
Therefore, if each hypothesis holds, a steel's propensity for crack jumps should be predictable
from hardness tests at selected temperatures.

To test these hypotheses the data shown in Figure 52 were analyzed to obtain ultimate tensile
strength (UTS) ratios and Brinell hardness number (BHN) ratios at selected temperatures.
Several of those ratios are given in Table 5.3 for five carbon steels, along with a column
indicating whether the particular steel exhibited crack jumps in C(T) tests at 288 C (550 F). Tne
UTS ratios will be considered first.

The UTS(max)!UTS(min) ratio, which, intuitively, would seem to be the best indicator of degree
- of susceptibility to DSA, indicates that, for base metals, ratios in excess of 123 were associated
with crack jumps while ratios of only 1.09 or less were not. It is possible that the weld metal
(DP2-F29W) would have exhibited crack jumps if it had been tested at a temperature somewhat
higher than 288 C (550 F), because it displayed manifestations of DSA at a higher temperature
than did the base metals. (Note: The only C(T) test data available for DP2-F29W were obtained
at 288 C (550 F) in the IPIRG Program.) The UTS(max)/UTS(min) ratio suffers from the fact

5-19
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Table 53 Tenstic strength ratios and hardness ratios for carbon steel
pipes at selected temperatures

Crack Jumps
Pipe Ident. In C(T) Tests LTS (mas) 1TTS (288) BHN(en) BHN (288)

No. Type at 288 C LTS (RT) LTs (RT) BnN (mla) BnN (RT)

DP2.F9 SA333 Gr 6 Yes 1.23 1.16 1.22 1.09

DP2T11 SA333 Gr 6 No 1.09 0.98 LO7 0.91

DP2E26 A516 Gr 70 Yes 1.32 1.24 1.22 1.16

DP2-F30 A106 Gr B Yes 1.30 1.20 1.26(*),1.13N 1.21(*),1.02N

DP2T29W . SAW in A106 Gr B No 1.23 0.99 > 1.10 0.90

(a) Brinc0 hardness Spec. No. l.
(b) Brined baniness Spec. No. 2.

that tensile tests are required over a relatively wide range of temperatures. Furthermore, for
pipes already in senice, archival material would have to be available for fabricating specimens.

Another column in Tanle 5.3 shows UTS(288)/UTS(RT) ratios, which would require tensile tests
at only two temperatures but which would still require archival material for pipes already in
service. This ratb indicates that crack jumps are associated with values of 1.16 and above, while
values of 0.99 or less resulted in no crack jumps, both for base metal and weld metal.

The remaining columns in Table 5.3 show hardness ratios. Hardness tests would be preferred
over tensile tests for two reasons: (1) they are simpler and less expensive to perform, and (2) it is
believed that they could be conducted in situ on pipe already in senice, though special
procedures would have to be developed. If the hardness data from Specimen No. 2 of the DP2-
F30 pipe were to be ignored, it could be concluded that BHN(max)/BHN(min) ratios of 1.22 or
greater in base metals were associated with crack jumps at 288 C (550 F), while ratios of 1.07 or
less resulted in no crack jumps. A similar conclusion could be reached for the -
BHN(288)/BHN(RT) ratios, except that they would apply to the weV metal as well as to the base
metal. For the BHN(288)/BHN(RT) ratio, values of 1.09 or greater would be associated with
crack jumps; values of 0.91 or less would not. Thus, it would appear feasible to assess a pipe's
propensity for crack jumps at 288 C (550 F) simply by performing hardness tests at room
temperature and at 288 C (550 F).

Inclusion of the second hardness test for Pipe DP2-F30, that on Specimen No. 2, requires some
adjustment to several of the statements made above. Those adjustments would lower the
BHN(max)/BHN(min) and BHN(288)/BHN(RT) values associated with crack jumps to 1.13 and
1.02, respectively, from their initial values of 1.22 and 1.09. Nonetheless, even considering the
variability in the hardness data for Pipe DP2-F30, it still appears reasonable to conclude that
hardness data at two temperatures can act as an indicator of crack jump tendencies in carbon
steel pipes operating at 288 C (550 F).

5-20-
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Because work in several areas is ongoing, no conclusions can be drawn at this time with respect
to: (a) the ability of C(T) tests to predict crack jumps in pipe tests,(b) the reproducibility of
crack jumps in C(T) tests, and (c) the presence os unusual fractographic or metallographic
features associated with crack jumps.

5.4 Plans for Next Fiscal Year

During next fiscal year the efforts described below will be undertaken,

5.4.1 Subtask 4.1 Establish a Screening Criterion to
Predict Unstable Crack Jumps in Ferritic Steel.

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 C(T)
Specimens and Pipes. All the experimental efforts have been completed. Data reduction
on the dynamic crack growth measurements will be completed this fiscal 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 fiscal year.

5.4.2 Subtask 4.2 Evaluate Procedures for Assessing Fracture
Resistance During Crack Jumps in Laboratory Specimens

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

|

Activity 42.1 - Evaluate J-resistance Curve Approach. These efforts will be completed
next fiscal year.

Activity 4.2.2 - Evaluate Alternate Material Resistance Measures. These efforts will start
next fiscal year but will not be completed until the following fiscal year.

Activity 423 - Assess Plausible Analysis Methods to Account for Crack Jumps. These
efforts will start next fiscal year but will not be completed until the following fiscal year.

5.43 Subtask 43 Assess Current Procedures for Predicting
Crack Jump Magnitude in Pipes

There at uo specific activities in this subtask. The plans for next fiscal year are:

5 21
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Activity 4.3.1 - Predict the Magnitude of Crack Jumps in Pipes using Current Analysis.

Methods. These efforts will start in FY93.

Activity 43.2 - Assess the Success of the Current Approximate Approaches and Identifyif'
Optional Efforts are Warranted. 'Itese efforts w?1 start in FY92.

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 FY93.

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 FY93.
,

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 FY93.
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6. TASK 5 FRACTURE EVALUATIONS OF PIPE ANISOTROPY'

6.1- Task Objective-

The objective of this subtask is to assess if anisotropic fracture properties (where the toughness is
typically lower in a helical direction or the axial direction for ferritic seamless pipe) together with
having high principcl stresses in a helical direction can cause a lower failure stress than
calculated using the toughness in the IeC orientation and using only the longitudinal stresses.

!- 6.2 Task Rationale

The rationale for this task is to assess if current LBB and ASME flaw evaluation procedures
could be nonconservative for out-of-plane crack growth under certain service loading conditions.
If current procedures are found to be significantly nonconservative, 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 interim report is completed. The subtasks are:

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

Subtask 5.2 Determine magnitude of to'ighness anisotropy and establish a screening
criterion to predict out-of piane crack growth

Subtask 53 Prepare interim and topical reports on anisotropy and mixed mode
studies

Subtask 5.4 Establish ductile crack growth resistance under mixed-wode loading .
(optional subtask)

Subtask 5.5 Refine J-estimation scheme analpes for pipes (optional subtask).

63J 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 adequately -
analyzed to assess the ramifications of the phenomenon under realisticloading 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, w hich tend
to be aligned parallel :o the principa! working direction. In the Degraded Piping Program, an ad

6-1
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hoc modification to existing J-estimation analysis methods was made by using projected rather
than actual crack kmgth in J-R curve calculations for pipe experiment data. It is not known if
this pacedure would be reasonably accurate for larger diameter pipes under combined bending, !

internal pressure, and torsional loads. |
1

A prudent overall approach is to first assess the ramifications of toughness anisotropy on the
behavior of pipes under a sufficiently broad range of senice loading conditions. His assessment
will be accomplished using parametric analyses (Subtask 5.1) ne analyses will be performed
using the finite element method on a pipe irwohing bending, internal pressure, torsion, and
mmbined loadings. Crack driving force will be computed 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 senice loading conditions, which may require modifications to existing
analysis methods to avoid nonconservative predictions. So that the assessment is realistic,
Subtask 52 is focusing on determining the realistic magnitude of anisotropy in representative
ferritic piping materials. This determination will be donc mostly by using available data. A
minimurr. number oflaboratory specimens are being tested to generate the necessary
quantitative information for analysis. Subtask 5.2 also is attempting to 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 53) using the findings in Subtasks 5.1 and 5.2. The
report will provide the technical bases for a decision by the NRC as to the subsequent course of
action. For example, 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
aethities 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 mrderial
anisotropy.

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

63.2 Subtask 5J Assess EfTect of Toughness Anisotropy on -
Pipe Fracture Under Combined Loads

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

Activity 5.1.1 Determine driving force for angled stationary crack
Activity 5.12 Conduct tensile tests at different orientations, and additional skewed

orientation C(T) specimens on a 4-inch-diameter pipe to assess strength
and toughness variations

Activity 5.13 Determine driving force for angled growing crack
Activity 5.1.4 - Determine angled crack principal stresses

!
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Activity 5.1.5 Formulaic approximate corrections
Activity 5.1.6 Assess if optional efforts are necessary.

The major area of progress was in Activity 5.1.2.

Analysis methods ihat are currently used to assess crack growth and fracture in nuclear piping
assume Mode 1 (opening inode) conditions. Mode I crack growth requires symmetry of field
variables about a plane through the crack. However, load conditions exist in nuclear piping
systems that may violate the Mode I assumptions upon which J-integral analysis methods are
based. Two basic conditions exist in nuclear piping that may lead to a violation of the Mode I
crack growth assumption:

(1) out-of-planc (angled) crack growth, and
(2) mixed-mode loading (bending and torsion).

Most ferritic nuclear piping exhibits out-of-planc ductile crack growth from a circumferential
through-wall crack. J-estimation scheme analyses from the Degraded Piping Program (which
assumed straight crad growth) of experiments where the crack grew at an angle gave reasonabl,:
predictions of maximum load. However, the reasons for this success were never adequately
explained. Moreover, the effect of angular crack growth under mixed mode conditions
(bending, torsion, tension) was never established.

Three important aspects of the tmgle-crack problem are addressed in this task:'

(1) initiation under bending only and combined pressure and bending - a Mode 1
problem but with anisotropic toughness,

(2) initiation under bending, pressure, and torsion - a mixed-mode problem with
anisotropic and isotropic toughness, and

(3) angled crack growth under mixed-mode conditions.

In addition, the effectiveness of current simplified J-estimation analysis procedures in predicting
this type of crack growth is censidered. This effort also includes finding proper characterization
of both angled crack growth and crack growth perpendicular to the pipe axis under mixed-mode
loading caused by bending and torsion. If significantly lowe r failure loads are predicted for
loading of anisotropic toughness pipe (including combined loading) relative to analyses
considering only longitudinal wresses, then optional activities, also provided here, are suggested
to enable the development of a simplified procedure for mixed-mode, ductile fracture.

The details of these activities t. e described below.

6-3
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6.3.2.1 Activity 5.1.2 Conduct tensile tests at different orientations, and additional skewed
orientation C(T) speelmens on a 4 inch diameter pipe to assess strength and toughness
variations

The objectives of this activity are to provide tensile stress-strain curves and J resistance cunes at
268 C (550 F) at severa! different specimen orientations for a 4-inch-diameter seamless carbon
steel pipe, DP2-F11 (SA333 Grade 6). That pipe was shown previously (Ref. 6.2) to have -
stringer-type inclusions that are at an angle of approximately 24 degrees to the pipe axis. The
data obtained will be used in several analytical activhics within Subtask 5.1.

All work under this activity was cot:'pleted during the past six-month period.

Experimental Procedures

Conduct Tensile Tests

Tensile tests were conducted at 288 C (550 i) on round-bar threaded-end tensile specimens
machined from Pipe DP2-F11 in four different orientations. The tensile axis in those four
different orientations was at 0,45,66, and 90 degrees to the pipe axis, as is illustrated
schematically in Figure 6.la. Note in that figure that the 66-degree specimen had its tensile axis
perpendicular to the long axis of the stringer-type inclusions. Tensile tests were conducted at a
strair rate of approximately 3 x 10" s in a servohydraulic test machine. The data were analyzed4

to obtain 0.2 percent offset yield strength, ultimate tensil: strength, elongation, and reduction of
area. In addition, complete stress-strain curves were obtained from each test.

Conduct Compact Specirnen Tests
|
i

I
'lhe crack growth resistance was assessed in four different orientations (0,24,45, and 90 degrees, I

as is illustrated schematically in Figure 6.lb). Note in the figure that the 24-degree specimen had
the crack extending along the long axis of the stringer-type inclusions. The compact specimens
were 0.4T x 5.1 mm (0.2 inch) thick.

Unintentionally, an additional piece of information pertaining to specimen-orientation effects
was obtained for another pipe, DP2-F30 (6-inch-diameter A106 Grade BF One of the C(T)
specimens machined for the dynamic strain *ging study in Activity 4.1.1 was unintentionally
machined in the C-L orientation, rather than the L-C orientation, that is, the crack grew in the
direction of the pipe axis rather than in the circumferential direction. Metall graphico
examination of Pipe DP2-F30 showed that the stringer. type inclusions were aligned with the pipe
axis.

The compact specimens were tested in crosshead control in a screw-driven Instron machine at
288 C (550 F). The crosshead speed was selected to cause crack initiation in approximately 5 to
10 minutes. Data obtained during each test included load, load-line displacement, and direct-
curre" electric potential, the latter to iridicate the point of crack initiation and the amount of
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crack extenrion. Annlysis of the data and calculation of J values and J resistance curvet,were
carried out in the manner described in Activity 4.1.1.

Experimental Findings

Tensile Tests

He resule, of tensile tests at four different orientations are presented in Figures (2 and 63.
Figure 6.2 shows yield strength, ultimate tensile strength, elongation, a'id reduction of area as
functions of specimen angle relative to the pipe axis. Figure 63 shows engineering stress-strain
curves for the various orientations.

Le most noteworthy feature of the tensile results is the relatively high yield strength and iow
fracture clongation of the specimen whose tensile axis was perpendicular to the axis of the
inclusions, that is, the 66-degree specimen. This would result in a much highe ' low stress for
fracture calculations.

CompactSpecimen Tests

The results of compact specimen tests at 288 C (550 F) for various orientations for Pipe DP2-F11
are presented in Figures 6.4 through 6.6. Figure 6.4 shows load-displacement curves; Figure 6.5
shows J-resistance curves; and Figure 6f, shows J and dj/da values as a function of the angle ofi
the crack relative to the pipe axis. Each of the three figures shows, not unexpectedly, that the
specimen in which the crack was aligned with the stringet-type inclusions exhibited the lowest
crack growth resistance, both in terms of J and dJ/da.

3

Results for Pipe DP2-F30, tested at two different orientations, are presented in Figures 6.7
through 6.9. Figure 6.7 shows load. displacement curves; Figure 6.8 shows J-resistance curves;
and Figure 6.9 shows J 3 at 2 mm (0.08 inch) of crack extension, and dJ/da values at the twop

different orientations. As would be expected, the resistance to crack extension was lower in the
C-L orientation than in the L-C orientation.

633 Subtask 5.2 Determine Magnitude of Toughness An!sotropy and Establish a
Screening Criterion to Predict Out of Plane Crack Growth

The establishment of a screening criterion is necessary to determine which materials are
susceptible to out-of-plane crack growth. It involves establishing procedures that would enable
an evaluation of anisotropic fracture to be made on piping in a plant without archival material.
This activity requires a small amount of material property testing. The actual magnitude of this
activity is much smalier than the other activities, but it has a high significance. We haw divided
this subtask into three actisities.
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TASK $ TRACTURE EVALUATIONS OF PIPE ANISOTROl'Y jSection 6

Activity 5.2.1 Document inclusion site, shape, distribution, and orientation in canbon-
steel pipes

Activity 5.2.2 Examine literature and conduct tests to determine toughness
anisotropy as a function of inclusion characteristics

Activity 5.23 Assess usefulness of screening tests to predict out-of-plane crack
growth

Progress during the past six month period on cach of these activitics is described below.

633.1 Acth-ity 5.2.1 Document inclusion size, shape, distribution, and
mientation in carbon steel pipes

The objective of this activity is to establish by metallographic examination the types of inclusions
present and their size, shape, distribution, and orientation; to compare the inclusion
characteristics with the pipes' propensity for out-of plane crack growth; and to determine
whether correlations exist.

Work conducted during the past six months included metallographic examination of specimens
machined from four different carixm steel pipes to determine the inclusion characteristics. A
fifth pipe had been examined earlier in the Degraded Piping Program. The five carbon steel
pipes are described in Table 6.1 and their chemical compositions are given in Table 6.2. In '

addition to the metallographic studies, each of the carbon steel pipes tested in the Degraded
Piping Program, the IPIRG Program, nnd the Short Cracks Program were carefully examined for
skewed crack growth to see if the pipes' ptopensity for out of-plane crack growth could be
correlated with inclusion characteristics.

Experimental Procedures

Conduct Metallographic Examinations

Specimens that measured approximately 38 x 25 mm (1 1/2 x 1 inch) were cut from four carbon
steel pipes (DP2-F9, -F26, -F29, and F30; see Table 6.1), such that the longer dimension was
parallel with the pipe axis. The outside surface of each specimen was ground flat and that
surface was then prepared metallographically. The unctched polished surface was examined in
an optical microscope to determine the nature of the nonmetallic inclusions. Photomicrographs
at 100X and 500X magnification were taken of at least three areas selected at random on each
specimen. Subsequent to the examination in the optical microscope, the specimens were
subjected to imaging and X-ray mapping in a JEOL 840A scanning electron microscope to
determine the chemical makeup of selected inclusions, using energy dispersive X ray

,

spectrometry.

,

6-13

_ _ - _ . _ _ -.__ ..- _ _ . _ ._ _ _ _ . _ _ ~ ._ _-_,_



_ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ - _ _ _ _ _ _ - _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

TASK 5 TRACTURE EVALUATIONS OF P1PE ANISOTROPY Section 6

Table 6.1 Description of Activity 5.2.1 pipes used in study of anisotmpy

Pipe Ident. Pipe Dimensions, mm (inch) ;

No.
'

Material Type Schedule Diameter Wall Thickness

DP2.F9 ASBf A333 Orade 6 carbon steel 100 254 (10) 18.3 (0.719)
DP2.F11 ASDi A333 Orade 6 carbon steel 80 102 (4) 6.6(0337)
DP2.F26 ASB{ A516 Orade 70 carbon steel N.A. 711 (28) 22.2 (0.875)
DP2.F29 ASBf A106 Orade B catbon steel 100 406 (16) 26.2 (1.031)
DP2.F30 ASD1 A106 Orade D carbon steel 120 152 (6) 143 (0.562)

Table 6.2 Chemical composition of Activity 5.2.1 pipes used in study of anisotropy

Weight Percentage for Indicated Pipe
Pipe Pipe Pipe Pipe Pipe

Element DP2 F9 DP2.F11 DP2 F26 DP2.F29 DP2.F30

C 0.14 0.21 0.13 0.28 0.15
Mn 0.99 0.84 0.80 0.82 0.65
P 0.008 0.010 0.009 0.010 0.012
S 0.024 0.015 0.027 0.023 0.014
Si 0.20 0.19 0.25 0.18 0.20

Cu 0.076 0.035 0.12 0.088 0.28
Sn 0.014 0.001 0.007 0.011 0.018 |
Ni 0.12 0.006 0.13 0.11 0.14 i
Cr 0.12 0.027 0.13 0.14 0.18 l
Mo 0.042 0.012 0.040 0.041 0.055 |

At 0.018 0.030 0.003 0.(XX) 0.010
V 0.000 0.000 0.000 0.001 0.(X11

Cb 0.(XX) 0.000 0.000 0.000 0.000
Zr 0.000 0.000 0.000 0.(XX) 0.0(X)
Ti 0.000 0.000 0.(XX) 0.(XX) 0.(XX)

B 0.0001 0.00(X) 0.(XX)1 0.0001 0.(XXX)
Co 0.006 0 000 0.006 0.005 0.008
W 0.00 0.00 0.00 0.00 0.00
Pb 0.00 0.00 0.00 0.00 0.00
Ca N.D. N.D. N.D. N.D. N.D.
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!

' Conduct haminations ofFractured Pipes and C(T) Specimens

Each carbon steel pipe that had been subjected to a pipe frccture experiment in the Degraded
Piping Program, the IPIRO Program, and the Short Crack Program was examined to determine
the fracture path. Cracks at each end of the starting flaw were measured for length and angle
and for the type of shear fracture, namely, single or double shear, as will be discussed later.
Sketches were prepared to document the fracture features.

Similarly, fractured carbon steel compact specimens without side grooves, which had been tested i

at Battelle, were examined for skewed crack growth and sketches were prepared to document the
fracture features.

Experimental Findings

Metallographic haminations

Of the five carbon steel pipes examined (four in this study and one in the Degraded Piping
Program), only one was found to have inclusions that were at a significant angle to the pipe axis.
That pipe was DP2 Fil, a 4-inch diameter A333 Grade 6 pipe,which was subjected to tensile
and C(T) tests in Activity 5.1.2 to determine the effect of specimen orientation on strength nnd t

crack growth resistance. The results of those tests were described previously in this report and
indicated that the minimum toughness was associated with a crack growing parallel with the
inclusions, which were inclined at an angle of approximately 24 degrees to the pipe axis. This
pipe was also uamined during the course of the Degraded Piping Program (see Appendix C in
Rcf. 6.2). In each of the other pipes examined, the inclusions were nominally aligned with the

,

pipe aus.

As is indicated in Table 6.3, the general shapes of the inclusions varied among the five pipes
examined. De two in which the stringer type inclusions were the most clongated were DP2-F11
and -F30. Pipe DP2-F9 contained a mixture oi short, medium, and long stringers, Pipe DP2 F29
had short to medium stringers, and Pipe DP2 F26 showed little evidence of stringer type
inclusions. Examples ofinclusions in each of the five steels are shown in Figure 6.10 at a
magnification of 500X.

Examination of the metallographically prepared specimens in the scanning electron microscope
using energy dispersive X ray spectrometry indicated the inclusions to be mainly manganese
sulfides, along with some aluminum oxides, and occasional silicates. An example of manganese

'

sulfide inclusions in Pipe DP2-F9 is shown in Figure 6.11a at 2000X magnification. The X ray
dot maps in Figures 6.11b, c, and d,in which the bright dots indicate the presence of manganese,
sulfur, and aluminum, respectively, confirm that the inclusions shown in Figure 6.11a are, indeed,
manganese sulfides,

6 15
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Table 6 3 Appearance of stringer type inclusions in pipes used in study of anisotropy

Pipe Ident. General Shapes of Stringer Type
No. Material Type Inclusions

DP2 F9 A333 Grade 6 Mixture of short, medium, and long stringers
aligned with pipe axis

DP2 F11 A333 Grade 6 Numerous long stringers at an angic of ~24
degrees to the pipe axis

DP2 F26 A516 Grade 70 Short stringers only, aligned with pipe axis

DP2 F29 A106 Grade 11 Mixture of short and medium stringers.
aligned with pi;x axis

DP2 F30 A106 Grade 11 Numerous long stringers aligned with pipe
axis

Fractured Pipe and C(T) Specimen Examinations

Mapping of fracture features on carbon-steel pipe specimens and C(T) specimens was
completed during the past six month period and detailed sketches of those features were
prepared. Examples of the pipe-fracture sketches aie shown in Figure 6.12 for three different
carbon steel pipes in which the initial enck was circumferential. The view is from the outside of
the pipe, as if the pipe had been flatter.;i Notice the three different crack growth patterns
pictured in Figure 6.12. In Figure 6.12a, the crack path changed direction several times, such that
its average direction was circumferential. In Figure 6.12b, the crack at each end of tne starting'
flaw grew upward, whereas in Figure 6.12c, the crack grew upward at one end and downward at
the other end.

Examples of the C(T) specimen sketches are shown in Figure 6.13. Figure 6.13a shows a single-
shece c ack that grew in the intended direction, while Figure 6.13b shows a double shear crack
that vected sharply from the intended (circumferential) direction.

Probably the most striking difference observed between C(T) tests and pipe tests was in the
contribution of double shear fracture to skewed crack growth (noneircumferential) from a crack
that was originally circumferential. In C(T) specimens, if the growing crack developed as a
double shear crack,it vected off from the circumferential direction at a very steep angle. If, ori
the other hand, it developed as a single shear crack, which appeared to be about equally likely,
the crack cxtended circumferentially, although the fracture surface was tilted through the
thickness.

6-16
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\
'

In 22 pipe specimens examined, double-shear fractures were almost nonexistent and yet the
cracks in every case except one, that being a pipe loaded in axial tension, grew at an angle to the
circumference. The reason for the striking difference between the C(T) specimens and the pipe
specimensis not clear at this time.

|

These results suggest that a C(T) specimen test in which the crack extends in double shear and
veers sharply from the circumferential direction probably has little relevance to pipe fracture
tests, for two reasons: (1) double shear fractures rarely occur in pipe tests and (2) the J R curve
data obtained from a C(T) test in which the crack grows in double shear are unreliabic beyond
crack initiation, de. to the unusually flat load displacement curve beyond maximum load and
the uncertainty in the length of the growing crack. Hence,where side grooving is not an
acceptable means to achieve straight crack growth in C(T) specimens,it is recommended that
only resulh from nonside grooved specimens in which the crack extends in single shear be used
to develop J R curves.

6.3.3 2 Activity 5.2.2 Examine Literature and Conduct
Tests to Determine Toughness Anisotropy as a Function
ofInclusion Characteristics

He objective of this activity is to determine the relation between inclusions and toughness
anisotropy in carbon steels, based on a review of data from the technicalliterature and on the
results of Charpy V-notch impact tests on specimens machined from pipes ut several different
orientations.

During the last six months, a literature review was initiated and most of the pertinent references
have been obtained. Charpy V-notch impact tests at several different orientations were a!so
completed for four different carbon steel pipes that have exhibited skewed crack grow th in pipe
fracture experiments.

Experimental Procedures

Conduct Literature Review

A search of the METADEX database, produced by the American Society for Metals (ASM) and
the Metals Society (London) was conducted, using the DIALOG Information Retrieval Service;
The resulting abstracts were reviewed and pertinent references were retrieved from the Battelle
library or,if unavailable at Battelle, were ordered through interlibrary loan.

Conduct Charpy VNotch Impact T sts

Charpy V notch impact specimens were machined from four different carbon steel pipes at -
angles of 0,30,60, and 90 degrees to the pipe axis. Duplicate specimens were tested at a
temperature that produced 100 percent shear fracture; for Pipes DP2-F9,-F26, and -F29, that
temperrure was % C (100 F), wWreas for Pipe DP2 F30, that temperature was 204 C (400 F).
Data recorded included absorbed energy, fracture appearance, and lateral expansion.
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Experimental findings

Literaturr Revlw

Gathering of references from the literature search was nearly completed during the past six-
month period; several references requested from interlibrary loan have not yet been received.
In-depth examination of the refereneca has not yet begun, but a cursory review of information
relating to rolled steel plate material indicated that transverse Chaipy V-rotch ioughness values
often are as low as 40 to 50 percent oflongitudinal toughness values. Furthermore, it appears
that the magnitude of the toughness anisotropy remains approximately the same, even when the
sulfur content of the steelis significantly less than that present in the pipes tested in this program.

Charpy V Notch impact Tests

The results of Charpy V notch impact tests for four different carbon steel pipes, conducted at
temperatures that produced ductile fractures, are shown in Figure 6.14. A streng effect of
specimen orientation is evident; the toughness in the transverse direction (90 degrees in Figure
6.14) ranged from approximately 30 to 55 percent of that in the longitudinal direction (zero
degrees), his result is similar to that found for rolled steel plate in the literature search.

From the summary of results shown in Table 6.4, no clear picture emerges regarding the effect of
sulfur content on toughness anisotropy. The greatest anisotropy, expressed as the ratio of
transverse toughness to longitudinal toughness, was exhibited by Pipe DP2 F30; the least
anisotropy occurred in Pipe DP2 F29, despite the fact that Pipe DP2 F30 contained the least
sulfur of the four pipes evaluated. Inclusion shape, on the other hand, appears to have a
predictable effect on toughness anisotropy. Pipe DP2-F30, which contains numerous,long,
stringer type inclusions, exhibited the greatest toughness anisotropy. Pipes DP2-F26 and F29,
on the other hand, which contain few, if any,long stringer-type inclusions, exhibited the least y
toughness anisotropy. Even in those less anisotropic pipes, however, the transverse toughness
was only about half of the longitudinal toughness.

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

The objective of this activity ia to assess the usefulness of screening tests, namely, microscopic
examination of nonmetallie 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.

It would not be prudent to draw final conclusions regarding the usefulness of the screening tests
until the references from the literature scarch have been reviewed thoroughly. However, from
the experimental results obtained in this program, it appears that microscopic examination of
inclusions may provide a promising approach to predicting the degree of anisotropy. Pipes that
had few, long, stringer-type inclusions (Pipes DP2-F26 and F29) displayed significantly less
toughness anisotropy than did a pipe that had numerous, long, stringer-type inclusions (Pipe

.
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Figure 6.14 F.nergy absorbed by Charpy V notch impact specimens
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Note: All fractures were 100 percent ductile

SC.SA 7/91.F6.14

Table 6.4 Ratlo of transverse to longitudinal toughness in Charpy V. notch impact
specimens machined from carbon steel pipes

Sulfur Inclusion
Pipe Ident. No. Material Type Content Content CVNm,,,/CVNw,,.

DP2-F9 A333 Grade 6 .024 Mixture 0.40

DP2-F26 A516 Grade 70 .027 Short 0.51

DP2 F29 A106 Grade B .023 Mixture 0.55

DP2-F30 - A106 Grade B .014 Lang 0.29
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DP2-F30). The sulfur content of the steel, however, does not appear to be a good indicator of j

toughness anisotropy.
!

It is possible that Charpy tests could provide useful screening data, but that possibility cannot be
confirmed at this time because none of the carbon steel pipes evaluated to date from the :

-

Degraded Piping Program, the IPIRG Program, or the Short Crack Program exhibited
circumferential crack growth. Each pipe in which strong toughness anisotropy was observed in
Charpy tests also displayed skewed crack growth in pipe tests. If a pipe were found that
exhibited circumferential crack growth, and Charpy V notch tests indicated that little toughness

.

anisotropy was present, then the usefulness of Charpy tests to provide screening data would be
confirmed. Data from other experiments and programs will be examined in the future.

6.4 Plans for Next Fiscal Year

During the next fiscal year the following efforts are scheduled.

6.4J Subtask SJ Assess Effect 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.

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 incorporation to the PIFRAC
data base.

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

Activity 5.1.4 - Determine Angled Crack Principal Stresses. No efforts are planned for
|

next fiscal year. I

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

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

!
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6.4.2 Subtask 52 Determine hingnitude of Toughness
Anisotropy and Establish a Screening Criterlon to
Predlet Out-of.P!nne Crack Growth

.

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

!

Activity 5.2.1 Document Iriciusion Size. Shape, Distribution, and Orientation in Carbon-
Steel Pipes. These efforts will be completed next fiscal year.

Activity 5.2.2 - Examine Literatuie and Cor. duct Tests to Determine Toughness
Anisotropy as a Function ofInclusion Characteristics. Ther.c efforts will be completed
next fiscal year.

Activity 5.23 - Assess Usefulness of Screening Tests to Predict Out-of Plane Crack
Growth. nese efforts will be started next year.

6.43 Subtask 53 Prepare Interim and Topleal Reports
on Anisotropy and hilxed hfode Studies

No efforts are planned for this subtask next fiscal year.

6.4.4 Optional Subtask 5.4 Establish Ductile Crack Growth
Resistance Under hilxed hiode Loading

No efforts are planned for this optional subtask next fiscal year.

6.4.5 Optional Subtask 5.5 Refine J. Estimation Scheme
Analyses for Pipes

,

No efforts are planned for this optional suhtask next fiscal year.

6.5 References

6.1 Wilkowski, G. M. and others," Degraded Piping Program - Phase II,'' Summary of
Technical Results and Their Significance to Ixak Before-Dreak and In-Service Flaw
Acceptance Criteria, March 1984-January 1989, by Battelle Columbus Division,
NUREG/CR-4082, Vol. 8, March 1989.

6.2 Scott, P. and Brust, F.,"An Experimental and Analytical Assessment of Circumferential
nrough-Wall-Cracked Pipes under Pure Bending," Battelle Topical Report from NRC
Degraded Piping Program, NUREG/CR-4574, September 1986.
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7. TASK 6 CRACK OPENING AREA EVALUATIONS

7J Task Objective

ne objective of this subtask is to make improvements in the crack-opening area predictions for
circumferentially cracked pipe, with particular attention to cracks in welds. He crack opening
crea (COA) analyses will be incorporated into the SOUIRT code.

7.2 Task Rationale

From past efforts in the Degraded Piping Program,IPIRG, and ASME Section XI round-robin
efforts, it has been found that the leakage area predictions are reasonably consistent for
circumferential through. wall cracked pipe in bending (with the cracks in the base metal). For
the case of a crack in the center of the weld, the predictions showed mt e scatter in the
intermediate to higher bending load levels. For the case of a crack in the base metal, but with
the pipe in combined bending and tension, the scatter in the results was significantly greater. If
the crack had been in a weld under combined loading, the scatter probably we'i have increased .

even more. The accuracy of the solutions for a crack in a weld and for crackco pipe under
combined loading needs verification and improvement for LBB analyses.

7.3 Task Approach

The five specific subtasks in this task are:

Subtask 6.1 Create combined loading improvements
Subtask 6.2 Implement short TWC crack opening improvements
Subtask 63 Improve weld crack evaluations
Subtask 6.4 Modify SOUIRT Code
Subtask 6.5 Prepare topical report on crack-opening-area improvements
Subtask 6.6 I.xak rate quantification.

Progress was made in Subtasks 6.1,63, and 6.6.

7.3.1 Subtask 6.1 Create Combined Loading Improvements

The three activities in this subtask are:

Activity 6.1.1 Establish LBB.ENG method for crack opening
Activity 6.1.2 Account for pressure on the crack face
Activity 6.13 Verify with existing data.

Progress was made in Activity 6.1.1.

71
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<

7.3.L1 Activity 6JJ Establish LBB.ENG Method for Crack Opening

Currently two analysis methods are widely used for the prediction of the crack-opening area for '

leak-rate analysis. These are the GE/EPRI method (Ref. 7.I) and the Paris or NUREG/CR 34M
method (Ref. 7.2). For fracture predictL s involving the load carrying capacity of through-wall-
cracked pipe, the GE/EPRI method gens. 'y underpredicts the experimental loads, and the
NUREG/CR 34M method frequently overpredicts the experimentalloads. The LDB.ENG

'

method (Ref. 7.3) was found to give slightly conservative yet reasonably accurate predictions of
the experimental loads.

This activity will involve incorporating a crack-opening-area prediction capability in the
LBH.ENG method.

Progress

The leak rate prediction models for piping (for example the SQUIRT Code) are based on
knowledge of the arca of crack opening (ACO). The ACO is then used as input to the thermal-
fluids models to predict leak rates through the cracks. Thus, it is important to be able to '

;

accurately predict the ACO in the J-estimation models.

Reference 7.4 shows that accurate ACO predictions are obtained if an elliptic opening shape is
assumed. Thus, if we can estimate the total center-crack opening displacement, 6, with, of
course, know!cdge of the total crack length,2a, the ACO is casily obtained (major ellipse axis = -
2a, minor axis = 6). lience, the problem boils down to needing an accurate predictive method
for the crack-opening displacement. Previously, methods for evaluating 6 were provided for by
the GE/EPRI method , licre methods are provided for predicting 6, and hence ACO, for
other J-estimation techniques for bending, pressure, and combined loadings. Additionally,
predictions of the crack-opening displacement for a wcld crack are generally based on assuming;

'

that base metal Ramberg-Osgood properties prevail throughout and by using a weld metal J.
resistance curve. licre we provide an improved methodology based on the LDB.ENG method,
which accounts for both the base and weld metal properties.

COD Predktions, Base bietal

Beruling

In order to make predictions of the area of crack opening so that leak rates may be determined,
it is necessary to predict the center-crack-opening displacement _(COD). Reference 7.5 shows
that the area of crack opening is accurately estimated by fitting an elliptic crack opening shape
through the predicted COD and crack length. Thus, our task is to develop the COD for methods
other than the GE/EPRI technique.

,

(a) The Pans and LBB.NRC (Ref. 7.5) bestimatbn methods predict ACO direc0y using a plastk correttbn to the clastk soludon.
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The COD may be separated into the clastic and plastic components as:

(71)6 = 6, + 6 .p

I'Ihe clastic component (6,) may be obtained from any known solutien such as the Sanders (Ref.
7.6 mlution, as interpreted by Yoo and Pan (Ref 7.7). Ilowever, when this closed form solution
(based on Shell theory) is compared with both experimental data and the GE/EPRI finite
element solutions, the clastic COD is underpredicted by a factor of about three. Because
Reference 7.4 shows that the GE/EPRI solutions compare well with both experimental data and
separate finite element solutions, we use these solutions for 6,in Equation (7-1) for the present
method.

It now remains to determine the plastic coinponent of displacement,6 . After attempting top
develop several techniques based upon the works of Smith (Ref. 7.8) and liasegawa et al. (Ref.
7.9), the following alternative technique was hveloped. We assume that the plastic compcment
of COD (o ) may be obtained by assumingp

o = {R (1 + sin 0/2)} 4g (7-2),

p m

where R.,is mean pipe radius,20 is the total crack angle, and 4 is the total plastic rotation of
the pipe due to the crack. The term in brackets in Equation (78) represents the distance from
the rigid plastic neutral axis to the center of the crack. Hence, it is clear that Equation (7 2)
should, at worst, represent a conservative prediction.

NumericalExample

Bending Ana&ses: Crack opening-displacement predictions are provided for the LBB.ENG2
method in Figures 7.1,7.2, and 7.0. Figures 7.1,7.2, and 7.3 correspond, respectively, to
Experiments 4111 1,4111-2, and 41113 from the Degraded Piping Program (Ref,7.10). It is
seen that comparison between experiment, GE/EPRI, and the LBB.ENG2 method is quite good.
Pipe properties and material data are taken from Reference 7.4.

Combined loading Analysts: COD predictions can now be implemented into NRCPIPE for all
analysis methods with the exception of the R6 and y factor analysis.

For the Paris (NUREG/CR 3464) and LBB.NRC methods, the cer,ter-crack-opening
displacement is evaluated by calculating t'ic crack-opening area using the equation supplied in
References 7.2 and 7.5, and assuming an elliptical, crack opening, shape.

For the LBB.GE, LBB.ENG1, and LBB.ENG2 analyses, the center-crack opening displacement
is calculated using Equation (7-1) with the following changes. As before,6 is the total center-
crack-opening displacement and the subscripts "e" and "p" refer to clastic and plastic
components of the center-crack-opening displacement. 6, contributions can be determined -
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by several different methods. In our approach we used the GE/EPRI displaecment functions. ;

Note that for combined bending and tension loading, 6, has separate contributions for the
'

bending and tension solutions, which are summed.

The o contribution is evaluated using;p

6 = 4, + [R,(1 + sinp)]4 (?-3)
| p .7

In Equation (7-3), A is the tension component that naturally arises in the LBE ENG2.

mathematical solutio,n method, R,is the mean radius, and 4g is the plastic rotation of the pipe
due to the crack. For the pure txnding case .,is equal to zero.(*) For pure pressure, both
4 and 4 are non-zero. This is because the pressure has an induced bending contribution.
Th,e term (1 + sins)is the moment arm used in the assumption that the bending induced
component of o may be obtained by multiplying the distance from the rigid plastic neutral axisp
to the center of the crack in the pipe by the plastic rotation due to the crack. With the above
assumption p is g ,, ay:

p = 0/2 + (x/2)(o /o ) (7-4) . ,g r

(a) A is not available with the LBB ENGl and LBB GE methods and thus is not active in Equation
(7,-3) for these methods,

. . ,
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where 0 is the half crack arigle, o,is the tensile stress applied to the pipe, and og s the flow stress.i
Equations (7 3) and (7 4) reduce to Equation (7 2) for pure bending.

Note that in the GB.ENG2 solution it is possible to account for the possibility that the rotation
of the pi s is restrained for the pressure contributions. 'lhis is a possibility that may occur for at

crack in a pipe system w here terminal ends at nonjes or other restraints from cibows, tees, etc.
could restrain induced bending from pressure loads. This restraint could have implications by
reducing the crack-opening area under normal conditions below that calculated by existing LBB
analyses.

Comparisons to ExperimentalData

In Figures 7.1 to 7.3 comparisons of predicted and experimental COD were presented for the
case of pure bending. It we shown that Equation (7-3) provides reasonable results for pure
bending. IIere we provide Jomparisons for one pressure and two combined pressure and
bending cases.

For pressure only, geometric and material property data are provided in Table 7.1 for the pipe
analysis. The stress-strain data and the J-resistance curve data came from the Degraded Piping
Program data record book for Experiment 4121-1. Figurc 7.4 provides a compariscm of the
applied pressure versus center-crack-opening displacement for the GE/EPRI and LBB.ENG2

Table 7.1 Crack opening displacement analysis of past Degraded Imping Prvgram data

R suterg-Osgood Data ('I J at
O.D.(8) -

Exp. No. toadmg m:n t, mtn 6a0)
Initiation,,

e o e , MPa F. MPs (N/mm)
41211 Pressurc 1681 12.9 0386 42.5 3M 294.1 179,330 1,090

4131-1 1%ssvre k 1%4 13.4 037 42.5 3.88 294.1 179,330 1,090
Ber.dmg

4131 9 Preature & 174.1 18.7 037 14.4 344 383 3 179,240 298
Bending

(a) 0.D. * Outer diameter.
(b) e 2 balf the crack angic.
(c) Rambergosgood formula

{*p,+a(p,)*
where e, - (ey + e.YL
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methods (*) with experimental data up to crack initiation. Extremely good agreement was
found.

Pressure and bending Experiments 4131-1 and 41319 from the Degraded Piping Program were
also analyzed. Pertinent material property and geometry data for these experiments are
given in Table 7.1. Comparisons between the experiments and the various analyses are given in
Figures 7.5 and 7.6 for Experiments 4131 1 and 413i-9, respectively. For Experiment 4131-1j
(Figure 7.5) it is seen that all methods overpredicted the center-crack-opening displacements'

L compared to the experimental data. The Paris and LBB.NRC solutions gave the worst
predictions, while the LBB.ENG2 method gave the best.

For Experiment 4131-9 (see Figure 7.6)it is seen that the Paris and LBB.NRC methods
overpredicted the experimental data, while the LBB.GE and LBB.ENG2 methods
underpredicted the center-crack-opening displacement. Note that the curves should not begin at
the origin (see Figures 7.5 and 7.6), since the pipe war pressurized, then loaded in bending.
These comparisons show that for combined pressure and bending, t'ne Paris and LBB.NRC
methods provided overpredictions in Figures 7.5 and 7.6. The LBB.GE and LBB.ENG2
methods overpredicted the case in Figure 7.5 and underpredicted the case in Figure 7.6

(a) These are the only two methods currently available for pressure only analyses.
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No other base-metal through wall-cracked pipe experiments under combined pressure and
C

bending were available from the Degraded Piping Program (Ref. 7.10) for comparison.
However, there are two pressure and bending, through-wall cracked pipe fracture experiments
with the cracks in the weld available for future comparisons.

73.2 Subtask 63 Improve Weld Crack Evaluations

The two specific activities in this subtask are:

Activity 63.1 Incorporate weld corrections in crack-opening displacement analyses
Activity 63.2 Compare with recent Degraded Piping Program and Task 1 data.

Progress was made mainly for Activity 63.1.

7.3.2.1 Activity 63.1 Incorporate Weld Corrections in
Crack Opening Displacement Analyses

The second major improvement suggested from the 1987 ASME PVP leak-rate round-robin
results is to make better predictions for a crack in the center of a weld. In some LBB
applications, it has been proposed to use the upper bound for the material Ramberg-Osgood
curve. This is believed to be conservative for crack opening-area predictions, but inconsistent
with the pipe fracture analyses for maximum load predictions.

To climinate the inconsistencies between the load and crack-opening-area analyses and improve
the accuracy of both analyses, the rule-of-mixture approach or other approaches from Activity
1.43 for fracture mechanics load predictions will be incorporated into the area of crack opening-

analyses. This will be specifically applicable to through wah, weld-metal cracks.

Progress

COD Predicdonsfor Weld Cracks

An approximate method for evaluating crack-opening displacement of through-wall cracks in the
center of a pipe girth weld is provided here. This method is based on the extension of the
LBB.ENG2 method (Ref. 7.11).

Leak rate estimation models are important elements in developing a leak-before-break (LBB)
analysis for piping integrity and safety. Crack-opening area and displacement models are
currently used in evaluating performance of cracked pipe weldments. Predictions are usually
based on base metal stress-strain data and a weld metal J-resistance curve (Ref. 7.12). 'Ihis can
lead to mispredictions depending on tF - ' nrh ratio of the base versus weld material..

Merc, a methodology was develope a predict the crack-opening displacement (COD) of
through wall-cracked (TWC) ductL. pipe weldments subjecte 1 to constant bending loads. The
method of analysis is based on
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(a) classical deformation theory of plasticity,
(b) constitutive law characterized by Ramberg-Osgood modet and
(c) equivalence enteria incorporating reduced thickness analogy for simulating system

compliance due to the presence of a crad in weld metal.

The method is genera!in the sense that it may be applied in the complete range between elastic
and fully plastic conditions. See Section 2 for more details about the J-estimation portion of the
method.

In the development of an estimation scheme for clastic-plastie fracture mechanics, it is generally
assumed that the generalized displacements, energy release rate, crack-opening displacement,
and other fracture parameters admit an additive decomposition of clastic and plastic
components. For example, the total crack-opening displacemt nt, o, can be separated into an
clastic part, o,, and a plastic part, o . The clastic solution is well-established and can bep

obtained from the current literature (Refs. 7.6 and 7.7). It now remains to determine the plastic
component o of COD for welds.p

Consider a TWC pipe under coastant bending moment M in Figure 7.7 which has length L
mean radius R, thickness t, and crack angle 20 with the crack circumferentially located in the
weld meterial of length I . Suppose, the actual pipe can be replaced by a pipe with reduceds
thick iess t, which extends for a distance ft > 1,(Figure 7.8). The reduced thickness rection
which actually results in material discontinuity is an attempt to simulate the red;eed system
compliance fue to the presence of the crack. A similar equivalence method has been
successfully implemented to evaluate performance of TWC pipes under various loading
conditions (Refs '.3,7.11,7.13, and 7.14). These assumptions are applied to develop a closed-
form solution for plastic rotation 4o of the pipe at the crack plane. Assuming a rigid body
rotation, a conservative estim6tr of 3, can be obtained as using Equations (7-3) and (7-4), where
here A, and 4g come from the LBB.ENG2 method for weldments, described in Sectica 2.

NumericalEnunples

Bending

Consider two circumferentialTWC pipe weldments, one with R = 52.87 mm and t = 8.56 mm
(R/t a 6), and the other with R = 55.88 mm and t = 3.81 (R/t = 15), each of which is subjected
to constant bending moment M applied at the simply supported ends. In both pipes,it is "

assumed that 20 = 139 degrees and I, = 5.59 mm. The _ constitutive law for base end weld
metals are assumed to follow the Ramberg-Osgood model.

1
7 10 |
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The numerical values of flow stress o,3, modulus of elasticity E, and the Ramberg-Osgood
constants a and n are shown in Table 7.2.

Table 7.2 Ramberg-Osgood coemelents of expedment analyzed

Material og MPa E, GPa a n

TP3(M Base Metal 3033 175.76 30.56 3.826

SAW Metal 358.5 175.76 11.96 9.370

Figures 7.9 and 7.10 show several plots of total M versus COD obta6cd from various levels of
approximation for both pipes with R/t = 5 and R/t = 15, respectively. Also shown in the figures
are the results of finite element analyses WT;M), which can be used as reference solutions for
evaluating the accuracy of analytical methods. Comparisors of the results of approximate
method solely based on all base or all weld material properties with those of FEM suggest that
they provide only lower and upper bounds of actual COD at any given load M. However, neither
of them can be used to predict the actual values of 6 precisely.

Figures 7.9 and 7.10 also exhibit the results of the proposed method for several values of a
representing the length of reduced thickness section. They all show reasonably good agreement
with the solutions of FEM. Although, S is treated here as a free parameter, an optimum value
Dog = 4 ( appears adequate, and this is the value chosen for the estimation scheme described
in Section 2.0.

Pressure

Figure 7.11 shows several plots of total applied load (P) versus COD (6) obtained from
estimation methods and finite element method (FEM). Comparisons with FEM suggest that the
results of current methods such as LBB.ENG2 based on either all-base or all-weld material
properties may not be satisfactory.

i
Figure 7.11 also exhibits the results of the proposed method for several representative values of ;

2. As observed earlier when comparing the energ" release rates, COD estimates with 2/( = 2
provide reasonably good agreement with FEM. For larger values of 9/I, the values of COD are
found to depart significantly from those obtained from FEM. However, in all cases, the
proposed method provides better estimates than those based on current methods.

|

|
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7.33 Subtask 6.6 Leak Rate Quantlilcation

This is a new subtask created since the last semiannual report. Its objective, rationale, and
approach are given below, since they were not given in the first semiannual report (Ref. 7.15).

733,1 Objective

The objective of this effort is to perform analyses to support changes to the NRC's current
Regulatory Guide 1.45, " Reactor Coolant Pressure Boundary Leakage Detection Systems."

733.2 Rationale

Regulatory Guide 1.45 was published in May 1973, and is now considered outdated. The NRC
currently wants to update this procedure taking into account the current leak-detection
instrumentation capabilities, experience from the accuracy of leak detection systems in the past,
and current analysis methods to aness the significance of the detectable leakage relative to the
structuralintegrity of the plant. Ixak-detection capabi!! ties at normal operating conditions are
used in current leak-before-break (LBB) analyses. The consistency of the LBB procedures

7 14 |

_ _ _ _ _ _ -
. . ..

. _ _ _______ - _____ - _ ---__________- _-_____________________________



-_ . _ _

TASK 6 CRACK OPENING AREA EVALUATIONSSection 7

needs to be considered in any changes to Regulatory Guide 1.45, and the impact of such changes
on structural integrity of piping not approved for LBB needs to be considered.

7J33 Approach

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

Activity 6.6.1 Develop the technical background information for verification of ,alyses to
be used

Activity 6.6.2 Evaluate the proposed changes in leak detection requirements in terms of the
potentialimpact on LBB analyses

Activity 6.63 Evaluation of the proposed changes on leak rate for "non-LBB" piping
systems

Activity 6.6.4 Coordination with NRC-RES and NRC-NRR staff
Activity 6.6.5 NUREG report

'Ihe approach for the first three activities is described below. Progress to date is limited to I;:m
2(c)in Activity 6.6.1.

Activity 6.6.1 Develop the Technleal Background Information
forVerifleallon of Analyses

The efforts involved in this activity include:

(1) Obtaining typical system normal plus safe shut-down carthquake (SSE) stresses. This
shall be done by reviewing information in technical reports, and through guidance from
NRC-NRR staff.

Material property data to be used shall come trom the NRC's PIFRAC database
(Ref. 7.16), the Degraded Piping Program (Ref. 7.10), and the IPIRG program (Ref,7.17)

,

as applicable.
1

(2) Verification analyses shall be conducted to define the areas of uncertainty in the analysesi
'

prior to cmducting the necessary sensitivity studies. Such verification analyses shall
include:

(a) Comparisons of predictions and experimental data for center-crack-opening
displacement and failure loads for complex-cracked pipe.

(b) Evaluation of crack morphology effects on the leak-rate analyses. This shall involve
examining photographs of fracture surfaces from various reports and actual surfaces
where obtainable, to assess the different parameters necessary in the leak-ra':

analyses.

7 15
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r

- (c) Evaluation of the effect of restraint ofinduced bending for pressure / tension loads
for TWC pipe. This effect could lower the crack opening displacement from that
calculated in typical LBB analyses. .

(3) To establish confidence in the analysis procedures, benchmark leak-rate and failure loadL
predictions shall be conducted for cracks that have been found by leakage in service.

Activity 6.6.2 Evaluate the Proposed Changes in Leak Detection Requirements -,

in Terms of the PotentialInapact on LBB Analyses

'

his activity will establish leak-rate detection limits for different size piping in the BWR and -
PWR systems, assuming a simple through-wall circumferential crack in the p; ping systems. This
procedure shall consider keeping a safety margin of /2 on the normal plus SSE stresses for flaw
stability. The NRCPIPE code shall be used with the LBB.ENG2 analysis method employing
lower-bound tensile properties and J -R curves to predict the maximum loads. The leak rates atd
the normal operating stresses shall be determined using the SOUIRT code with average strength.
properties. These calculated leak rates shall be reduced by a safety factor that shall account for
uncertainties in the SQUIRT leak-rate model as determined from comparison to existing test
data. His safety factor may differ from the current NRC safety factor of 10 on leakage in LBB
analyses. The final leak rate that will have safety margins on failure stress and leakage detection
requirements will be established for selected piping systems in BWR's and P.WR's. This
procedure will establish a maximum allowable leak rate for piping systems that are approved for
LBB, and will then set a limit on the smallest diameter pipe where LBB can be accepted.

Activity 6.6.3 Evaluation of the Proposed Changes on
Leak Rate for?Non LBB" Piping Systems

Once Activity 6.6.2 is compicted, evaluation of the proposed changes on leak rate for."non-LBB"
piping systems shall be made. This involves assessing the crack sizes that can be detected from-
the proposed new leakage detection limits. This shall be done using both the leak-rate limits
detined in Activity 6.6.2 and the current Reg. Guide 1.45 leak-rate limits to deteet flaws in non- i

LBB approved piping systems.

Such calculations shall be somewhat similar to the LBB-approved-pipe sensitivity studies, but
4

'

shall consider both long circumferential surface crack and complex-crack geometries (Ref. 7.18).
This sensitivity study shall define the family of cracks that could be safely detected _by leakage,
and how changes in the Reg. Guide 1.45 leak-rate limits affect the inherent flaw detection-

capability.

Sensitivity studies shall also be conducted to assess the change in leakage rate. This shall be
. done by considering suberitical crack growth rates for the crack at normal operating stresses.
This shall provide a basis for the change in leak-rate requirements in the Reg. Guide 1.45.

7 16
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733.4 Progress

The progress in this subtask to date involves evaluation of the effect of induced bending restraint
for axial tensian loads for circumferentially cracked pipe, Activity 6.6.1(2-c). Current analyses
assume that for axial stresses (generally pressure induced) the pipe is free to rotate. The
restraint of the rotation increases the failure stresses (Ref. 7.19), but can decrease the crack
opening at a given load. If the pipe system restrains the bending (i.e., from cracks being close to
a nozzle or restraint from the rest of the piping system) then the leak rate will be less than that
calculated by using analyses that assume that the pipe is free to rotate. This will cause the actual
crack to be larger than calculated by the current analyses methods for the same leak rate. Since
normal operating stresses have a large component of the total stress being the pressure stress,
this can have a significant effect on LBB analyses.

As a numerical example, consider a TWC pipe with mean radius R = 355.6 mm (14 inches),
thickness t = 35.56 mm (1.4 inch), R/t = 10, and two distinct cases ofinitial crack angle 20 with
e/x = 1/8 and 0/n = 1/4. For material properties,it is assumed that the modulus of elasticity
E = 200 GPa and the Poisson's ratio y = 0.3. The pipe is subjected to remote pressure with the
resultant force applied at the centroid of uncracked pipe cross section. Linear clastic analyses by
finite element method (FEM) are performed to examine the effects of restraint due to induced
bending in a piping system when the pressure load is applied. Figure 7.12 shows a mesh
representing finite element discretization of the pipe under consideration.

Figure 7.13 presents the results of crack opening displacements (COD) as a function of" restraint
length" normalized with respect to the mean pipe diameter D (where D = 2R ). The restraintm m m
length defined here simply represents the location of restrained pipe cross section from the
cracked plane. The COD values are also normalized with reference to the crack opening
displacement when no external constraints are present in the pipe (i.e., when the restraint length

,

becomes infinity), allowing free rotation and ovalization.

The results suggest that when the crack angle is "small" (0/n = 1/8), the restraint effects may be
neglected. However, for larger crack angles (0/x = 1/4), the restrained COD can be
significantly different than the unrestrained COD and, hence, cannot be ignoced in the crack
opening area analysis for leak rate quantification. It is interesting to note that a significant input
parameter like the " restraint length"is not a nsidered in either the current versions of the
thermohydraulic codes SQUIRT or PICEI (Ref. 7.20) or in any other leak-rate analyses.

7.4 Plans for Next Fiscal Year

The plans for efforts in the next fiscal year are summarized below.

7.4.1 Subtask 6.1 Create Combined Loading Improvements

There are three activities in this subtask.

7-17
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Activity 6.1.1 and 6.13 have been completed.

Activity 6.1.2 - Account for Pressure on the Crack Face. This activity will be started in fiscal
year 1991.

7.4.2 Subtask 6.2 Implement Short TWC Crack-Opening Improvements

This subtask will not start in fiscal year 1991.

7.43 Subtask 63 Improve Weld Crack Evaluations

There are two activities in this subtask. Activity 63.1 was completed, and Activity 63.2 (compare
3with recent DP 11 and Task 1 data), has started and will continue as data become available.

7.4.4 Subtask 6.4 Modify SQUIRT Cade

This subtask will not start in fiscal year 1991.

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

This subtask will not start in tiscal year 1991.

7 19
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7.4.6 Subtask 6.6 Leak Rate Quantification

This subtask will be completed in fiscal year 1991.
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8. TASK.7 NRCPIPEIMPROVEMENTS

8.1 Task Objective

The main objective of this task is to incorporate the analysis improvements from Subtasks 1.4
and 2.4 into the NRCPIPE code. A secondary objective is to make the NRCPIPE Code more
efficient and also to restructure the code to allow for case of implementation of the activities

described below.

8.2 Task Rationale

In the Degraded Piping Program, the computer code NRCPIPE was developed Dr
circumferential through-wall-cracked pipe fracture analyses. Numerous J-estima90n schemes
were developed or modified. The improvements developed in this program need to be
incorporated into this code to take advantage of the technology developments, ar, ~!! as tg
facilitate the comparisons with the experimental results.

83 Task Approach

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

Subtask 7.1 Improve efficiency of current version
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 improvemsats will be incorporated into the SQUIRT code in
Subtask 6.4.

Before and after each of the changes in the following activities, quality assurance calculations will
|
' be made. These will involve cases where experimental data exists, data are being generated in

Tasks 1 and 2, or hypothetical cases, which check critical parameters of interest.

Although some progress was made, the results are not significant to report as yet. These will be
reported in the next program report when there are more results.

8.4 Plans for Next Fiscal Year-

Efforts scheduled for the rest of fiscal year 1991 are discussed below.

8-1
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8.41 Subtask 7.1 Improve Emelency of Current Version -

Efforts in this subtask will continue next year, including any corrections to the current version of
NRCPIPE.

8.4.2 Subtask 7.2. Incorporate TWC Improvements in NRCPIPE

There are four aethities in this subtask.

Activity 73.1 - Incorporate F , V , and h -Function Improvements. This aethity will start3 4

at the end of fiscal year 1991. .

Aethity 7.2.2 - Incorporate Ovalization for Short Cracks._ No efforts are scheduled for
fiscal year 1991.

Activity 7.23 - Incorporate Bending and Tension Improvements. These efforts will be
ongoing in fiscalyear 1991.

Activity 73.4 - Incorporate Improved Analyses of Weld and Fusion Line Cracks.' These
efforts will be ongoing in fiscal year 1991.

8.43 Subtask 73 Make Surface Crack Version of NRCPIPE

There are seven activities within this subtask.

Activity 73.1 - Make Circumferentially Surface-Crack Pipe PC Code of NRCPIPE. The
initial framework of the program will be taken from the current TWC version of
NRCPIPE in fiscal year 1991.

I

Activity 73.2 - Incorporate ASME Section XI Criteria in NRCPIPE. This effort will start
in fiscalyear 1991.o

Activity 733 - Add J, to SC.TNP and SC.TKP. This effort will be started and completed
in fiscal year 1991.

Acthity 73.4 - Add Ovalization. This effort will not start in fiscal year 1991.

Acthity 73.5 -Incorporate New LBB.ENG Surface-Cracked Pipe Solution. This effort
will not start in fiscalyear 1991.

Activity 73.6 - Add Pressure and Bending Solutions; This aethity will be completed in --

- fiscal year 1991.
~

~

Activity 73.7 - Add Surface-Cracked Pipe Weld Criteria. This aethity will not start in,.

L fiscalyear 1991.

8-2
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TASK 7 NRCPIPEIMPROVEMENTS"

8AA Subtask 7.4 Provide New User's Manual

This subtask will not start in fiscal year 1991,

|

83
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WELD PROCEDUREAppendix A

BRM@@ McGill
Corporation .

Columbus Operations M00 Fwwood Avenue, PO. Bon 820, Columbus. Ohio 43216. 6141443 0192. Telea: 24$ 384
!

QW-482 SUGGESTED FORMAT FOR WELDING PROCEDURE SPECIFICATION (WPs)-
(Se, OW 201.1. Section IX. AtME Boil.rg Pressure Veni.! Cod.)

UNITED MeGILL CORP. ,,fjmgi L h
com .,N .-

4-18-85 5.1.400-1,2.3S.1.400 o ,,, _
g,,,,,4 pon u,,ggwed.no Procedur, so.cir.c. bon No

4-18-850 o,,,m.v ion No
weam, Procau.a GT AW-S M AW-S AW y ,,,i,, MANUAL _8 MACHINF-SAW

<aui. men.. u.%u. uw.n% o, nm aue.. ;

on ,i,
JotNTS (OW402)

SINC'.E or DOUBLE GROOVE 5 FILLET3 ,,, o,,,,,

YES --
sacking tYess ,y,,

ARGON /GTAW; WELD /SMAW E|$AW
escams teri ;Typenu

sa.=n. Produccon or...nei. w.id s,mnois or wrmen o.xnsson BAL. SAW
.auid ino- in. ,enere errene m.nr os .. pera to d. 4 sea. ee<. ,

_.. .. roo, ._, .nd .. . . d , c
'a"*'' 2 LAYERS-SMAW

2 LAYERS GTAW
. A .. ..o.n em. ..r ... y . .. .d .o .,_..e n, -

* *

des ,n. vv.66 8.v.1.nd be d sequence, e.g. for notch toughn.u proce, g
-

!duru. for muttro4. process rtocedures, etc.)

*t ASE AtETALS (QW 403)
M ouc No. I to ? No 0 _ Grouo No, Ip.No 8 r

. . .

Race Metal Thir4ne== unnae 3/16" to 2".

Fo r GT AW and SMAW
~

j

Pipe Dia. R a ti r e Any. |
'

-

-!
Fo r Submerce A r - Pi ne, Di a. Rance 6" and over.

I.
'>: ANY-Deposited croov . tit AW 3/16"-7/16" pmu

ANY
Weld Metal cros. JMAW 3/16"-S/16" p ,,,,

S AW 3 /16"- 1 6 n ,;,,,,- ANY-3Range - Croca ,

Other

*7:LLE A M6TALO l0W404)
p.g., F - 6 for GTAW 6 SAW o,,, F - 5 for.SMAW ,

A-8 A-g
A.no og,,

son. No. isF A! S F A- 5. 9 for GTAW & SAW SFA-5.4 for SM AW
"

AWS No. {Qud. E R _JO 8 E-308
3/32" for GTAW 1/8" for SMAW ,

s;n at finer n t.i.

173"- 3/32" For SAW- |
t a i.w.a. c..o wi,.. n oi w. ., .. ,

ER-308/ST-100terreo.-Fium (cini)
LI NCO LNWE LDFlus Trad N.m. .

N/A ;
con.m.m ose inwri.

* s an new mes i nn.t mes.: enmoinn .n en.wie e,. r .. in. , ou.n,.

A-1

, - . - . - .. . .- . - - . . ~ . , - . . . . , ,.



WELD PROCEDURE Appendix A

LWM McGill
Corporation

Columbus Operations 2.co re~ood 4..nue. ro so. szo. Coiveneui. oh.o esrie 61.>442 o,er. Teie 24ns.

MANUFACTURER'S RECORO OF 5.' ELDER OR WEL0tNG OPERATOR OUALIFICATION TESTSOW484

wecer Neme RICHARD COOPER csesg No. 1323 $iarnp No U4
wed.ng P,ocess SU8MERCED ARC (SAW) Type _ MACHINE
in accordance . th weid.ng Proved ,e spec,rcai.on (wrs) 5.1.400 REV.O
tacking (bw.ao21 YES WELD METAL
Meier.as gowdo315 pes SA-240 SA-240

,e p N, [8
GROUP 1 8 CROUP 1to ,, p p,

Th.chness 1" PLATE N Ap e.
7 iler Metal (QW4341 spot No. SFA- 5.9 C:ess No .lf- 30 8 / ST- 10 0 p No. 6

othe, DEPOSITED WELD h4E T A L SAW 5/8"
Pos ten ICwac51 (1G. 2G,6G1 1C
Gas (Qwdos) Type N/A

% Composition **

t'ecimes Characier.si.cs tow nov Current D! RECT
wed Progressen (Ow4 tol **

poi,,,,y REVERSE

other ~ **

For Information Only
Filier Metsi oiameier end Trace Name 1/8" L-16/8 LINCOLNWELD
suome gee Arc Flus Trade Name S1-100 LINCOLNWELD
Get A4eia Arc weid.ng sh.ed Gas Trade Name N/A

Guided Bend Test Results QW482.2(a). QW462.3(a). OW462.3|b)Type sad F o No
Resun

SIDE BEND QW-462.2 (a) PES E D NO TE ARS OW-163
SIDE BEND OW 462.2 (a) PASSED NO TEARS '0W-163
SIDE BEND OW-462.2 (al PASSED NO TEARS OW-163
SI DE B E N D OW- 46 2. 2 (a) P ASS E D NO TE ARS OW-163

--
--

Radiographic Test Results (OW 304 & OW-305)

Rad.ograph< Results: N/A

Fillet Wald Test Results (See CW462.4(el. OW462 4(bil
Frecture Test (Describe the Iccation, narwee end s.re of any crack or toering of the spesimen)

*N/A
Length and Per Cent of Defects ** **inches .%
Macre Tesi-Fws.on **

Appeatencodillet $;ae (1egt et x in. Convesity in. oe Conceory in
** ** ** **

Test Cond ed b I

We ten 4 that th[fsreierv4r'nts in th.s record see correct and that the est weeds were prepared, welded and tested in seco derice ith the
.-n __ t, oteio Test No. U/ A

requisements of Socions lx of the AsME Code.

Org a nia stiort UNITED McGILL CORP.
'

Dete gy #[>hWA N

i
,

1

A2

_



_ _ _ _ _ ___ _ _ _. _ . __ _ _ _ . _ - __ _ _ _ . . . _ _ _ _ _

,

Appendix A WELD PROCEDURE

,

B d a d M c G ill
.

Corporation .

Columbus Operations 24co ra.rwood avenue. PO Boa 820. Columous. 0heo s32.e 04!440192, bien 24b364

OW484 MANUFACTURER *$ RECORO OF WELDER OR WELDING OPERATOR OUAttFICATION TESTS

wewee Name TOM M. SHAW c3,gg w,, 1737 Stamp No. 91
GTAW 4 SMAW y,,, MANUALweid.ngprocess

S.1.400 REV. 6in accordance with weiding Procedvee Specificat.on (WPS)
Backing LOW 402) YES ARGON /GTAW WELD /SMAW
Maienet towac3) Spec. SA-240 to SA-240 eePNo-a CROUP 1 p u A r enttp i

~ Thickness 1" PLATE o; : N/A-
SFA-S.9 SFA-S.4 cie , uo. E R- 3 0 8 E-308 F No. 6. EFiller Meta (Owdos) Spec No.s

o,he, DEPOSITE D WE LD MET AL GT AWJg2"- SMAW S/32"
1GPosesion towdos) DG. 2G. 60)

Cos lowdos) Type ARGON g eomposas.n 100%
ST R AI GHT / GT AW R E VE R'Jf,$ MAW01 RECT poi ,gtiectrical charactee st.cs towdow current

**weid Peogression tow 4 tol _

--
Other

For information Only
Finer Metal 0.ameine and Trade Nam, 3/32" MeAY I/8" LINCOLN
Submerged Arc Flus Trade Name N/A
Gas Metal Arc welding Sh+ew Gas Trade Name N/A

Culded Send Test Results QW.452.2(a). QW462.3(el. QW482.3(b)
Type end F.o No a .w ie

SIDE BEND QW-462.2 (a) PASSED NO TEARS OW-163
SIDE BEND QW-462.2 (a) PASSED NO TEARS- OW-163
SIDE BEND QW-462. 2 (a)- PASSED NO-TEARS -OW-163
SIDE BEND Qn 462.2 (a). - P AS SE D NO TE ARS OW-163

-- ..

Radiographic Test Results (OW.304 & OW 305)
For afternative qualification of groove welds by radiography

Radiographic Reswits: N/A

Fittet Weld Test Results (Ses QW462.4(a). QW482.4(b))
Fractuse Test (Describe the location. nature and size of any crack or tearing of the spe'dmen)

N/A
~

Length and Per Cent of Defects inches %** *"

"*
Meere Test ==Fws.on

Appea<sace--F.liet Sae lieg) in. x ** in. Conve=W in. or ConcavW
-- In.** "*

. , . . . . . . . . . . . . . . . . . . . . ...g.. . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . ,. , , ...

hm 4 Laboratory-Test No. ''IME / O A
Test Coedveted 4 ; .

we cenW that the statemepet in this escord are coneet sad that the test welds weve peepered, welded and tested in accordsace with the
requirements of Sectione IX of the ASME Code.

RN!TED MeGILL-C0RP.o,,,,;,,,;,,
A-2 fo-%~ e, [hi.nM6r 'TDsnwon,e

A3

.- . - - . - - . - . _ - . - - . _ -
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WELD PROCEDURE 'Appendix A

OkMMJ McGill-
'

Corporation

Columbus Operations taoo rai nood * en e Po 8o= 820 Coswmous ca* *3215 St* 443c'82, te'e= 24)e4

i

OW444 AAANUFACTURER S R* CORD OF WELDER OR WELDING OPERATOR QUALIFICATION TESTS

wensefName JOHN MARN5S Chest No 2304 siamo No 40
weso.ae P'ocess C?AW "Md R "J W 1,,e MANUAL
h accoesance .nn weid ae P<ocedu.e soec.r.c i.on twPs 5.1.04 Rev. O
Sackq (owagt: _ APGON BACKING
Maie<ws tow.s03:Soec sA-240 ?P 316 oSA-240-TP 316oP No 8 GROUP 1 so p No. 8 GROUP 1

Th.chness 3/8" D.a PLATE
Fdlee Metaf f0w4041 Spet No. SFA.S.9 & 5.4 ci... No ER-30BL E-308-16 r No. 6 and 5

o,, .....

Pes.ien (OwdosiitC. 2G. $G) 1C
Gas lowe Ty,e AnanN 100 g com,,,,,,o, WELDING GRADE
flecmcas Charauenahes (OW409) Cuerent MTD " Pois,ny DCS P-GTAW/DCR P-S MAW
weed Peogvessen (Owd10) -----

oin , .....

* . For information Only
7.fier Metet Diameien ew Teace Name 3/32" N-M FP-3081 & 1/8" E-308-16

_Swteseged Arc As Trade Name M/A
Cas . esas A<c weid ng $n.eks Gas Trade Name *I/A

Guided Band Test Results OW-st2.2(a). OW-462.3(a). OW4t2.3(b)Tree saa Fig No
IL esues

_

FACE BEND OW-452 t, CW-466 SATISTAC%RY NO TEARS
non? m m nW-452 L OW-466 SATISFACTORY NO TEARS

|

Radiographic Test Results (OW 304 & OW405)
For attacnAtive cualiGcat4orkat escove welds by radiography

Redegeschic Reswks: M/A

Fittet Weld Test Results (See CW.452.4(at OW452 4(b1]
Frecture Test toescntw the leicsson, nauwee and s ae of any stack or teenng of the spetwnent M/A

Longin one Per Cens of Defects mches %-----

Mecto Test.-$wsen
Aopeatence--I.het Sue pag) in. x = in. Convesity in or Conca..ey en.****

. . . , . . . . . . . . . .-. . . . . . . . , . , , . . . , . . . . , -
i

Test Condweied b -
'

N/A'
we .e,,,, isa. . e s,Jmen.s , .s ,e.o.. a,e co...e, . . . a 3 anovatory Test No. . .es, .e s .e,e ,,e,a,e .ei.e. an. iesie. .n .oo,senc. . ae -
eseuwements of Sectees IX of the ASMt Code.

F- 26 - 7.2 O<g amess.on United McGill fornnration
o * '' + Ax ms

i

A4

.._ _ . _ __ _ _ . _ _ _ ._ _ - - - . . - . . _ _ _ _. _ -.
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WELD PROCEDURE-Appendix A

Ovv483 (Beck)
^ ^

~ ' '

Tensde Test (OW.150)

Utbarete Uthmete . Type ef

Totas Lead Unit Stress peevee &
Speomen

No Width Thectnest Asee % p$i (setusa

A .503 1.013 .5095 do.850 91,950 DUCTIL AT
EDGE OF WE LI

B 495 1.011 .5004 45.980 91,890 DUCTIL AT
EDGE OF W E L[

Guided Bend Tests (QW 160)

Resom7,oe and F.ow,e No

SIDE BEND OW-462.2 (a) P ASS E D OW-16 3 NO TE ARS
S I DE BEND OW-462.2 (a) P ASSE D OW-16 3 NO TE ARS
SIDE B END OW 46 2,2 (s? P AS S E D OW-16 3 NO TE ARS
9'DF BEND OW-462.2 (al P AS MF D OW-163 NO TEARS

Toughness Tests (QW.170)

Speamen Noacts Noun Test tenpact late <at f ee 0 en we.eme

Ne locar.oa Tvoe To me voices % Sheer M ,is Grees ho Seese

N/A
.-

..

..

--

Fiust Weld Test (OW. tao)

-- --

N/A u,
g, ,,,,,,,,,,,,,,,,,,,,,u,,,e,,,--

Reswie - Sansfactorr Yes
**MaceMesults

Other Tests

| Type of Test M/A
DepostAna m

--'

--
otner

.
.... .

. . . . . . . . . .

RICH ARD COOPER /t AW 1323 U4. . . . . . . . . . _ . . . . . . . . . . . . . . . . . . . ..

9I1737 Stamo No. __
wome<s Nem. THOMS M. SHAW /GT AW 5 SMAW cioeg %,,

Tens condwated v: N/ _ Md e d- 9-/ f * CI taco <srory Test No. _ UMC / 0 A

we canW thee tne statemenes on enie record see corted aae tnat ene test wetos were pecorseen. weideo and tested in asso<dence win
the requirements e, Secuon IX o, the ASME Code.

UNITED MeGILL CORP.u.n i,uo,e,v

Y-11- T5 e, 0 e k Y Yr
care
es,. e, ,e,o,. o, te,ts e,e st..- so m.. .e me.. e. to ...o.m to me tese .- n. .. ., t.sts ,. .,s. me c-

A5
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WELD PROCEDURE \ppendix A

Cw.483 $UCGESTED FORMAT FOR PROCEDURE QUAUFICAtlON RECORD (POR)
(See CW 201.2.$ action IX, ASME Bailet and Prepute Veuel Csee)

Record Actust Conditaons Used to Weld Test Cowpon.

c.me , m UNITED MCCILL C0RP.
e,=.e. oow.e . n ,, n. 5.1.400-3 ,o,,, 4.I8-B$
w,s m, 5.1.400 rev. O
woe , ewn3 S UB HE RGE O AkC (5Aw)

,

Tven tMaavv. Ave.maise. s.m.Aue..) MACHINE'

JQtNT$ tCM4011 g3ggo 2o

1/16" R

3 32" .22Yp

t
3/4" HAI 1"

- - y%
A
'3/32" h!N. + 4/16"-1/32"

c,. o., e ien c
<aw..m. .. wit . a..c. .e.o . .. c non.c.an. we e., ene.o.,m.. e,wn. .ei

4 A$4 b(TALS QW4436
- SA-240 ,041WELO ME AT Tmt ATMtNT (Qw40H

9A.240 tLu..,,,, sm,
T .,,.u. J ONE

304 to 304T,o. e c,.e. 7,,,, ..

p.m. 8 , GROUP 1
,,,,3, g. cpoyp i ny. 7.

,.

Tuhans et ten ca.o a I"

Owne, of Test Couban PfATE --

o,,,,, ONLY K/8" ef CRDOVE WELDcD
,

CAS tow.goti

Twee et Gas e, C..es V/a

C .me..iti.a et cc M.sivre --

Osv --

P4LLem METALS IQw4041 -

wed Meist Anet,s s A4ee E

$.as el P. lie, Mets I/E"
Et.tCTRICAL CHAR ACTt 41871CS LowdOSF

p.u., u.ts p.ne. 6 c.,,,ae DIRECT
srasenis c., 5.9 p, .,y DCRP
Aws o. tc , ER-308 385

..

,

90A,, vwo )om., DE POS E TE C WE L D METAL ym. . tin w . s . N/A I

12 PASSES S/8" f*C MP L E T E oc., --

POSITION lON 405) TECHN10Qt (OW 4104
Pei.e es C, e 1C Tre e se..e ., 18 " .20" fPM
was P,.y a tuoads, o.a.h.ni -- *veee,wn ene STR'NC
C*e, -- onesci.a N/A

kNiveen e, s.nv. en. (e.,i.e., Mt!t TT p a ec

* *# "'#' I'''"'8"
PMiME AT (CW40sl ***' '~

p,c n T 60C F MIN, * ' ~ ~

ta ,,n. ye, 350* F MIN.
caer

A-6

. . - _- _.. - ., ..
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WELD PROCEDUREAppendix A

CW483 SUGCISTED FORMAT FOR PROCEDURE QUALIFICATION RECORD (PQR)
4

(See CW 201.2. Section IX. A5ME Seitet and Pressure Veisal Cr. del
Record Actwel Conditions Used to Weld Test Coveen.

_.

UNITED MeCILL C0RP.come ,u.m,
4 18-855.1.400-2 g,,, " -Pram, ow .#.a e noewe a.o.

5.1.400 rev. Owas ue.
SHIELDED METAL APC (SMAW1we.e.g t,e,.eu as _

MANUALTvPee (Me%W. Assemauc. seme.Asse,)

e32io+ 2 0gJoints towacti -
.

1/16" R 22b3'e2" /i

^I> < /

t g ..

3/4" MAX
\!-.mp ,

i3/32" MIN. : *- 1/16"-1/32"
,

G<ee e .senga el Ten Coween

f ree esme.netion sum.fessions the seeeeeed =e a mew ewhaeis esal be reeweee f** eMa f. yg seaseu v e's iW

POSTW6LD M4 AT Tmf ATM44 OQw4t!) -Basi MS Tabs IQW4038
SA-240 td 5 A 240 y,,,,,,,,, N O N E_ _ m _ __Meww so e.

Tves er G<ees 304 to 304 y. . g,--

pas. 8 . CROUP 1 ,e p.no. 8. GROUP 1 g,,, --__a _
Naa a e Ten causea 1" ..e _

. . -
s

D.ames, e# Tese Cowoon PLATE - - _ _ ____ _ , ,

o,e, ONLY 5 / 32" o f CR00VE WELDED . ,,

GA 80w e041
Type et Cas o* tkua , N A
Compose.iea of ( i ad c%ee c --

ose- _
~

~~w-

F ILLt 4 MtTALs (Qve 40s) .~

b -- 5'
'

weed histal Aasy64 A 89e. .-w -at -

I/8" ti.VcTa<s t c>; nA Tw is tics itm **
s.n e# Fase< hetsi

5 - C ent - @ I * E IT- --

Fece 64etal Fee.

ss A sea.s . ea_ ..

-
reeum, _0C R PS4 _

24^$ vonE-308-16 A,, iAns oeu.a.u .a N/Ao,e, DEPOSETED WELD METAL yu ,,was. . ,u sa.a

4 PASSES 5/32" COMPLETE o.a., --

_-__.

PostfroN lowdosi TECHMQQE (QW4101
10" I.PW

Pe u a et o,oe 1C T, ave seees
STRINCwee Proereu a iuendi, o.-aa. sit sv.g e,nn sud--'

N/A
omer -- on alai.oa

M M ID"'"
Mwiieeis et $We Pass teer s. eel

SINU Es cgie et hvitswa tintroses
--

600 AIN. . . - _
OthwPR(HE AT ICW406)

prehen Tem, _

350W F PAX,
inwe.u Tomo. __

'y ___

M

M-

A-7

- . - - _ _ _
_ _ _ _ _
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WELD PROCEDURE Appendix A

OW.483 SVGGt3TED FORMAT FOR PROCEDU8tt QUALIFICATION RtcORD (P080
($ee CW 201.2, $ection IX, A3ME Boeier sad Pressure Venet Code)

Recu,d Actwal Condibons Uud to Weld Test Cowpen.

UNITED McGILL CORP.conie.a, m

Pr .we o. iriru.ea nwe,e n. 5.1.400-1 o. 4-18-85
wes ke. 5.1. 4 00 rev. O
woeag er.c t 3 CAS TUNGSTEN ARC (GTAW)
Tro. lu au a. seemu.c.swa. 3 MANUAL

JotNTstO N 0h p32gO. ; 0

1/16" R
0

3,' 2 " 225/
> 4 /

^It
1"3/4" HAX

4 1- v

3/32" HIN. > 4- 1/16"-3/32"
c, e o...ea e, Ten c

* (Fw e.mo.as a ....f=. e. m. e o e ...e ...a e.n e. ,=, e, e a fme, a.tu , e, s i
S A38 wt Tass (QwdCJi . PC5TwtLo Mlar int ATMENT LQw40Fi
u. ,,, s,.,, 5A-240 t o S A-2 40 NONEv.,,. .
T,s. . c,.4e 304 to 304 re

, p.ne. 8 GROUP 1 -.p.e !! C R O ff P 1 o,, .

Thskaets of Test Chee. I"
,

o.ea.e et Ten covo a PLATE --

om., ONt Y 7/32" o f GPOOVE WELDED
gas (Qw40sl

Tree of Gn v C e ARGON
come. ..w e# cu u; .,, 100% WELDING GRADE
om, 22 CHF FLOW. # 7 CUP

ARCON for PURCING BACKSIDE j

sittam usTats foW40.i 10 CH F F t_0 W j
wed we mi anons A.No. E

|s.ae er Feie, mess ' 3/32" e tscTmic4 L eManacTanisfics towdoel i

P.Her und F-No, b C.,,,ga, DIRECT
spa so.e r.cu.en 5.9 pe,,,w 0 CSP
aws cens... ER-308 105 15e,,, v n.
o,.__D E POS E T E D w E LD M E T A L --

7,y,,, g ,,,, ,,, 3/32

_ ROOT PASS FIRST LAYER - 2nd 6 3nd o,,, 2% THORIATED
PASS T/32" COMPLETE

PostTION 10W400 TicMNtCVG IQw4108
pes.o.a se o, 1C y, s,. 2" - 3" I.P,M.
wee *<ww a tusaai, onandii saia,e,nn su, STRING--

ce= --
o cmee.ca N/A
uwat.o e< s. ape peu te.,c es) MULTIP ASS
s.ays e, uvisee efew.oe, SINGLE

Pa tMt At towdoes otaer _ - -oe,en,u feme _ 60 F MtN.
._. .., ,

sai,, y e 350" F MIN.
Oser --

_

1
i

A-8

- , .. .
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WELD PROCEDURE 'Appendix A

OW.482 (Back)
WPs No 5.1.400 n ., O

positions IQW 40$) PO$TWELO wtAT TRE ATuf NT towao71 -

Pos.e ac s e# c,oon Teme.,ewo me, NONE10
N/A oom N/A y,,n,, .-

n ea, Pr ,,es a: us
1F 5 2FPe e a(si ., p,..

G As IOW40sl
Sh:eeag Genteel N/A

PAEMS AT (QW436)
* p.,,.a. c.m a im,. w : _ _ ._.500 --

rP,oa.es fame, u.a.
450W Flass,oess Torno. Mes

P.,.i u ,aar m TORCH NEUTRAL FLA4E P n,,, --

(C.amauem er esce no.v.ae.a. ore spensasse snaw tm * sere.di Gas sas.ae --
--7,.aias sn.ceae o.s ce,neo aan

t Le cTnicAL c>.AA ACTE RifTsC$ (QW40g)
REVERSEDIRECT psy,,,c ,, sat AC er OF

Aa in a,6 PER T A 8_L_E_ v (n,,i PER TABLE MACHINE
sam eae . reas rwoe in ew a.e #w wa .meae . SUBMERGED ARC WELD!NG
se. a. eas e==a . ew. ta= aew=.t a me, in hit.e m e me-

viv #wa sww is ew in.aa w 1 (SAW)

7.awwa ene.a. s.= ce T,,. N/A
ico,. v .en.a. as va me. mi

,

N/Au.a. .e u T,.a , se ou AW
is ., ., .,i ., . m a

50 - 60 I.P M. 1/8". 55-6$ !.P.M. 3/32"on, m,, a a ,,,,,

Te:wmout (cw41oi '

STRINGsva,e,vn e e
onnes e ces com s.= N/A
tane.s end eu oe.s o..a.ao ls,wan.a . G,4aa.at one.1 ONLY WITH STAINLESS STEEL 8 RUSHES AND

ALUMINUM OXIDE GRINDING WHEEL
AIR APC and/or GRIND IF REQUIREDueenem er secu cou,a,

N/Aone.i..,ma

Conenet Twee so Wars Devance 5/8" * 1*k"
MULTIPLEa*sco.. e, s..,. en toer i.e i

SINGLEmonoia e, s. ape ens,co.,
14" - '4" !.P.M. 1/8". 12-22 I.P.M. 3/32"

Tee.*so ein ,)

e,.m NONE
orne, --

Faie, u.es N,,,ae
ota ,

'
se S. Remares. com-

T, eve eneats. Mot Wi,e

**e Tve. Ame, vasi see.o Aeo+.a. Tecna.eue.

La, ts) Peaceus c.c o.. ame, new m.a, man, Twcn Aa,e. tot i

.~
l

1 6 UP S AW ER-308 1/8" DCRP 350-40C 28-30 14 - 24

I.P.M.

1 6 UP SAW ER-308 3/32" DCRP 275-325 24-26 12-22
S T- 10 0

FLUX

A-9

_ _
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WELD PROCEDURE Appendix A

OW 482 (Beck)
WPSNo. 5.1.400 p.,_ 0

PCs1TIB4s tow 40$!
PW.u aw ., o, 1 C - 6 r. PCsTwtLD ME AT Tms ATMf N_ tow 4cMT

NONE,, , , ,
YES ci __ h 0w ea, ProrW .a: up_ --7. n.., _

Po.iteatal .# Pel.t I F 5F-

gas towax
pR$ HI AT (QwdOS) Sh 46.ng G i.el N/A~

P i T.m., u,c. 500 F Pn.at conv. pes.aoa W.w iL **

hine Teme. u.s.4 5 0' F
p., , u T0RCH NEUTRAL FLAME pi n.. ..

(coaw.,.us e, seemas owv.a, wan poes.w. vois > escoro ei G.s auh.ag .-

T,.4.as sh*dene G.s cemecction *-

E LECTRICAL CMARACTimisTics toedoet
c.,,.a Ac er oc . D I R E CT ,,,,, . R E V E R S E
Aa,. inect P E R TABLE vamm ,L FER TABLE gggggt
wi = .as .we e.a inwa te r we.4 her .=n wnee ea..
ww one m=ui .w. Tn,i =# a , n. use.e .a . un- SHIELDED MATAL ARC WELDING
. ,e- .maniseian. ann 1 (gggy)

T. u.a awe.o. sa. as Tv,. N/A
4*. toaw a. as in s. i

aman is u w T, a v, hi, cwAw N/A
tw ,.,..e n -.c.a. n,

N/Asi.euww wi,. s e si e ,

TscwNicus towatos
se ,n ee EITHER or 8OTH
o,$ne.e,G. c ,s N/A
la im ead wiwro o. av ie,u %. c,iaa.ae. .ic., . ONLY WITH STAINLESS STEE L BRUSHES AND

ALUMINUM OXIDE GRINDING WHEELS

wmen er sa. co.1 2 AIR ARC and/or GRIND IF R E 0 9 I Rti D
'

o ,n.. MANUA FILLER DIA./ STRING S. FILLER DIA./ WEAVE MAX.
Connect Tome to me,. Dem N/A
an, sues. or S.ap. P.m tow s.a.: MULTI)LE

{- w rio e, s.ay. t>weroa SINCLE
T, s a gny,3 4" - 12" !.P.M.
P a.,, NONE

i om., NO SINGLE PASS TO E XCE E D 1 " in TH I CKN E SS5

Paw u.i.s c a.
i

om.,
i

4. S. pe., s. cera.
- T, nats. Hot wWwd Tyo. Amp. Ve6t $p e Adetica. Twhaewe,

| Lov.,4.) Pr c o.. Pn,. m, n.a, n.a, Twen A ,.. swa.

1 .2 SMAW E-308-16 1/8" DCRP 80-110 22-26 4"-12"
1.P.M.

1-2 SMAW E-308-16 3/32" DCRP 60-80 18-22

|

)

1

,

I
!

|-
'

i A-10

_.
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WELD PROCEDUREAppendix A

5.1.400 O
WPSNo , , ,

PosTWELD ME AT TatafutNT tow 4anPOSITIONS s'Jw405) NONE1G - 6G g.,a,,,,,,, n,a,
p i ac.: se o,

--
YES o, a y,m. n ,wco.as pr.orn.e: un

5FIF -p aw es aswi
C Ah low 40s

ARGONsn dias Gain)Paent At ton 4:si 100%50, F w ,c.,a,,,,. w ,
Paaii . u.a.

45OD Flaws.e T me. u... 20 - 25 CFHTORCH. NEUTRAL FLAME pi n..pm, u au.a
8 - 12 CFH

iceawausw. = === #ie.uae wm awame eue in m.we dt o secunie N/AT,i.aesa.me.a ce c.meo oen

ELicTaicaL enAmacTanisTics tow-sosi
DI RE CT ,,,,,,, S T R A I CH Tcuer.at Ac = oc

PER TAB LE M AN U At,a, in,,,>PER TABLE v., in ,;

ta,a eae === may e uad to w # , .=n c=te.a. eue. GAS TUNGSTEN AltC WELDING
p s eas e.ma . .s m sat e.a m., n. i 1.o a e me-

(GTAW)m, varm ma,i en en e. 3

3/32" 2% TH0RIATEDT ., ei sa. .as T,,.
irc. v.a ,.a.as vn . ,

N/Au.a. et u ts Tmaver #.e ouAw ts .. ... e.,s ,ws ,, v m.:

N/Atwee wie. ee.e e ma,.

TSCNmlout (Qwd101
5TRINCsma, w w w s e

# 6 - # 7onra e, cm c , s.,.
...a ONLY WITH 4TAINLLSS STEE L B RUSHES ANDin <is one mice o gteroe.a, o, ae,3I . G hHEELSALUMINUM OXIDE GRIND

u.mosa sace cou,.no N/Av

MANUAL 2 FILLER DIAMETERS MAX.Owm.t.ea
3/32"1/16" -canuct Twee is we,n o.. e

uuttee e, s.aee Pm. (cer s.o.i- MULTIPLE
waiwe e, s.a,. Ei ewoo SINGLE

MANUAL 2 - 4 I.P,M,
Tr.wm seese eman,i

NONEe a,

over _

FJter Mets Cuer.a. ..

occ
4. g.. ncawen, com-

Trevea nieau. Hoi w.r.

w** T. Ame. vei so Aae t ea. Tecaa ..

e oe . ca. o. p$,. n.a, ne, n.a, T.,enaav tua
Lemm ,

1-2 GTAW ER-308 3/32" DCSP 90-13. 14-18 2-4
I.P.M.

1-2 GTAW ER-308 1/16" DCSP S0-90 10-14

A 11

-- , _ _- __ _ _
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PIASTIC SOLUTION OF EQUIVALENT PIPEAppendix B

APPENDIX B PLASTIC SOLUTION OF EQUIVALENT PIPE

Using classical beam theory for small deformation, the governing differential equations for the
pipe shown in Figure 2.24 are:

1. Segment AB (2/2 5 x s U2)

dj , I ' M ' '' -(B-1)

R ,M ,dx2 g

dl .1 M "'
x + C' (B-2)

dx R ,M ,n
1 ' M ' '' x2

(O'3)'7 *M, 2R n

,

2. Segment BC (M $ x 5 W2)

dj 1 ' M ''' ' t ''' (B-4)
2 R h(, ,t ,dx

dy 1 ' M ' 5 ' t ' '' (B-5)x+C-
3M, t,dx R n

1 ' M ' "5 't'*x2 x+C (8-6)Y 3 4
R ,M , t,, 2g

3. Segment CD (0 $ x s y)

dj , 1 ' M ' *2 ' t ' *2 (B-7)

ds: R ,h(, t,,
d2,1'M % 'J_% (B-8)x+C 8dx R ,M , t,,e

1 ' M "' ' t ' *2 2x
7 +Cx+C (B-9)5 6

R ,M , t,, 2m

B 1-

, . - . . . . - - - . - _ . - . . - _ . . _ . _ . . . . _ . - . . _ _ _ - . _ . _ . . _ . . _ _ _ , . . _ _ . . . . _-



PIASTIC SOLUTION OF EQUIVALEhT PIPE Appendix B

where

P1+3,<

-R=E' "M,3 = nR ,K =
*s'a)IA.,

(B-10)
' >

i i
2 '

3 1'P +-
*

is

with the gamma function

P(u) = [ ('-3 exp(-() d( _ (B-11)
0

3
and I ~ nR t is the moment ofinertia of original pipe cross-section. Enforcing appropriate
bounuary and compatability conditions, the constants Cr 6 can be easily determined as:C

, ,

1 ' M ' '' &
1

t ' '' L. ' t ' '' 1 ' M ' *2 L't'*
'

C, = (B-12)+
-

+
R ,Mog t,, 2 t,, R ,Mo2; t,,2 2

,

|

,

C * I ' M ' '' L2 LA ' t ' '' L L. ' t "5-+-' I -'2 R ,Moy 8 22 ,t , 22 , t's
B-13),

1 ' M ' '' L L. ' t ' *2

R ,hQ 2 2 , t,,
]

1

f
g M ' '' L 't'' i ' M '* L. ' t ' *2

>

C"s (B-14)R M, 2 t,, R ,M , 2 t,,oi e

B-2

. -
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PIASTIC SOLUTION Ol' EQUIVAILNT PIPEAppendig B

'8 1 '8'

. _ + . . . _ 1- .t
L* t 92

'

y, . .j ' y ]"1 LJ Lg,
-4 -. - - -_

R ,h(3, 8 ?2 ,t,, 22 ,t , 8
. .. . . _ .

(B-15).
, ,

L , ' g ' Og
1 M 'O

7

12 ,

R Mo2, 2 2 , t,, ,,

C, = 0 (B16)

,

1 ' hl ' '' x
C = R ,ht ,oi

L[ ' t ' "1

1

g '*l ,+L,'t1 '3 92
'

L2 Lg, -
- - -+ - .- - - -

8 22 ,t,, 22 ,t,, 8 8 tr,, -
, .

2' L L, ' g ' "23 ' y ' n2 L '
n2

(B 17)- - - -- -

-R ,Mo2, 8 t 22 t,,<e,
,

I

;

.B3

. ..- . ~ .. . . ._.-, - . _ _ _ .
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Appendts C PARTIAL DERIVA1TVES 0! /B0 AND JL y/B03

d
APPENDIX C PARTIAL DERIVATIVES Bl /80 AND BL s/00a

1

The expre!.sion for the derivatives 61n/00 and BIfn/00 are given below:
:

dh = 40F,(0): (C-1)

^ ^ " * ^ * " ' ~
" * *

[ o,(0)}8
A G (0) [ A 0,,, (0) + A,aa(0)ll (C-2)3 3 3

in which

ot(0) = | coa 0 A sinOf
, . 2 / (C-3)

Gy (0) ={ sin + cos 0) G,,3 (0)

C''At"
~

, g 3n,-2
a3 -

M
2 46

,

1C*^2 =

. .g 3 ni-2
r

,

.
(Mas , ,

(C-4)'.!!'e 1e, b c -2

J ,,
,,

.E h c-2 +A = n
2 2 ( M, , 2,3

C-1

___ .
--
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8PARTIAL Drt!VATDT.S algo 0 AND BL ga0 Append!: C

where C = 1 or C = 4/n according to whether O' s 20 s 90' or 20 2120', resiretively. When
i 90' s 20 s 120', C can be interpolated from the atxwe two limits (Brust, NUREG/CR 4853,

1987).

.

C2
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11 As51R ACT imo wa w a,as
This is the acend noelannual report of the U.S. Nuclear Regulatory Coseission's short Cracks in Piping and Jiping Isids research
progree. N progree began in Wrch 1998 and will estend for 4 yeses. The intent of this progree is to verify and le
f racture analyses for circueferentially cracked large-disseter nuclear piping with crack situ typically und la lesk provebefore-bruk
ensty p s or in service flav evolustions. Only queel static loading rates are evaluated since the NRC's International Piping
Inttgrity Research croup (IPIRO) progree is ovelusting the ef fects of seinic loading rates on cracked piping systus.

Progress for through usil-crocked pipe involved (1) conducting a 28 inch disseter stainless stul SAI sod 4. inch disuter French
(3) cooperisos af

iPJ16 uperisents,,(2) conducting a estris of FDi analyses to determine cE/FR1 functions for short TIC pipe, hose that includes
uncracked pipe assinue soments to various analyses and FQi solutlens, and (4) doulopeent of a J-estisation sc
the strength of both the veld and ba u estals.

Progress for surf ace-cracked pipe involud (1) conducting t'* 88Periments on 6-inch disaster (sch. 40 and XX5) pipe with d/t .
8.6 and s/s = 0.25 cracks, (2) cuparisons of the pipe evperiments to Net-section-Collspos predictions, and (3) modification of
the sC.TNP and SC.TKP J-estination schoo n to inaluds esternal surface cracks.

High-teeperature hardness testing appears to be a useful screening critaris perseeter for essessing the susceptibility of ferritic
pipe to dynselt strain aging, for snisotropic f racture evaluations, it oss found that only one of five ferritic pipes had the los
toughness direction in a hellesi direction, the rest h d its toughness in the asisi direction.

For crack-opening eres analyses, predictive capabilities urs espanded so that load versus crack opening can be calculated from
the LBO.NRC, cE/EPRI, LDB.cE, LGB.EM, and Tads / Paris snelyses. These include totding due to tension, bei. ding, and coebined
tenairn and bending. The LB8.ENQ analysis was else sodified to secount for the veld and base setsin strengths. Elastic FEA
thoud that for pressure leading, a crack close to e tereinal end (i.e., a nossle) vill have lower crack opening due to restraint
of the induced bending. This cauld affect LDR analyses.
12. a v wonos ci55?rtons suu an nea ,ac n e a-wam e sac-e eae n.# u avanasiuiv sia:twani

Pipe, fracture Mechanics, Cracks, J-Integral / Tearing Modulus, linlim W d
" ' " " " " ' " * * " " " ' ' " =Electic-Plastic fracture Mechanics, Nuclear Piping Steels
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