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Abstract
,

ABSTRACT

This is the third semiannual report of the U.S. Nuclear Regulatory Commission's Short Cracks in
Piping and Piping Welds research program. This 4-year program began in blarch 1990. The overall :'

objective of this program is to verify and improve fracture analyses for circumferentially cracked
large-diameter nuclear piping with crack sizes typically used in leak-before-break analyses or in-
service flaw evaluations.

;

Progress for through-wall-cracked pipe involved: (1) evaluation of a 4-inch-diameter French TP316
pipe which showed high anisotropy, (2) completion of a matrix of FEM analyses to determine the
GE/EPR.1 functions for short TWC pipe, and (3) examination of a 28-inchsilameter TP316 stainless
steel S AW test, which showed that the crack grew signi6cantly farther in the fusion line, indicating a
lower toughness region. A significant finding to date is that shorter cracks fail closer to net-section-
collapse predicted loads than long cracks, hence there is greater margins for short cracks than long
cracks in SRP 3.6.3 for LBB which is based on the ASME Section XI code source equations for long
crack behavior.,

For surface-cracked pipe, a comparison of pipe experiments with Net-Section-Collapse predictions
'

. showed the limitation of the Net-Section-Collapse analysis as a function of the pipe R/t.

The investigation of dynamic strain aging (DSA) involved: (1) an examination of a carbon steel SAW
tt had different high temperature fracture properties from the base metals examined, (2)

measurement of crack velocities during an unstable crack jump due to DSA, (3) an examination of
fracture surfaces in stable and unstable crack jump regions, and (4) a comparison of the occurrence of
crack jumps in pipe tests relative with those in laboratory specimen tests.

| For anisotropic fracture evaluations, a literature review on microstructural aspects that affect
anisotropic fracture properties in carbon steel was conducted. A correlation between the degree of

,

i
1

- anisotropy and angled crack growth in past pipe experiments showed more scatter than anticipated.

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

A new version of the NRCPIPE code, containing numerous circumferential through wall-cracked pipe
. J-estimation schemes, was compiled and released to the NRC Other efforts involved: (1) numerical -

evaluations of residual stress on elastic plastic fracture (conducted at the University of Michigan), and
(2) several ASME Section XI activities on pipe flaw evaluation criteria.

L

|

,

|
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Executive Summary

EXECUTIVE SUMMARY

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

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

Short-Through-Wall-Cracked Pipe

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

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

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

Short-Surface-Cracked Pipe

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

|
!

|
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Esecutne Sunmury

i

Crack Jumps and Dynamic Strain Aging

Dynamic strain aging (DS A) is being investigated because it is believed to be responsible for crack
jumps in pipe fracture tests at 288 C. Work on this task included consideration of several new.

experiments and tests that gave further insight into the phenomenon of DS A. One evaluation was on'

L a carbon steel Habcock & Wilcox (B&W) submerged are weld that behaved differently from all the
base metals tested. Strength and hardness peaks at elevated temperature indicated strong susceptibility
to DSA, but at a significantly higher temperature than for base metal. This weld also had a higher
toughness at seismic loading rates than at quasi static rates, unlike base metals, which showed reduced
toughness or no change .a toughness at seismic rates. The reasons for the different DSA behaviors of
the weld re.nain uncertain, but may be related to chemleal composition.

Additional efforts involved examination of the fracture surfaces of areas where there was stable and
unstable crack growth in a C(T) specimen test at 288 C The two types of growth showed similarities
in fracture pro 61e, microstructure, and failure mode (ductile dimple rupture) but differences in dimple

,

size (larger in the unstable fracture regions) and coloration (distinct color difference on the oxidized
stable and unstable crack surf aces). ,

Finally, we conducted an examination of the number and magnitude of crack jumps that occurred in
!aboratory specimens and pipe tests en the same material. While a loose correlation appears to exist
between laboratory tests and pipe tests, the crack jump phenomenou appears to be probabilistic and
will require moie test uata if predictive techniques are to be improved. It was also found that crack
jumps at LWR temperatures ate more likely to occur in pipe fracture tests than in laboratory fracture
tests, suggesting that the laboratory tests may not be reproducing full-scale fracture behavior.

Anisotropic Fracture Properties and Skewed Crack Growth in Circumferentintly Cracked Pipts

Data from this program and results from the literature were examined to see if a screening criterion
could be developed to estimate the likelihood of skewed crack growth in circumferentially cracked |

pipes. At. isotropic fracture properties are believed to be the cause of cracks turning away from the |
circumferential direction, even under pure longitudinal loading. His crack. turning could be -|

significant for LBB analyses where there are combined longitudinal, hoop, and torsional stresses.
Frequently, only the longitudinal stresses are considered for circumferential cracks. However, if the -

low toughness direction anJ principal stresses are at an angle to the circumferential direction, the
concern is whether the failure stresks could be lower than calculated in current LBB procedures.

Our findings indicated that toughness amsotropy, as determined from Charpy tests in several
orientations, is more dependent on the shape of the nonmetallic inclusions than on their volume
fracture or on any other metallurt;ini feature; stringer type inclusions cause far greater anisotropy
than do globular inclusion. Anisotropy can best be minimized by sul6de shape control (via chemical
additives) or by cross-rolling of plate for seam welded pipe.

Attempts to aorrelate skewcu crack growth in pipes to the degree of toughnec anisotropy met with - |
'

only limited success. Although there is a slight general trend toward less angular crack growth with
decreasing anisotropy, the results show a great deal of scatter. A closer evaluation of these data will

,

be conducted,
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Executive Sumnwry

Crack-Opening Area Analyses

The results in this reporting period are on r subtask to provide a technical basis for changes to NRC
'

i Regulatory Guide 1.45 on leakage detection systems. A probabilistic analysis is being conducted to
assess changes to leakage detection system capabilities relative to conditional failure probabilities,

initial efforts involved examination of some deterministic aspects. The first was to assess the
- accuracy of current J-estimation schemes to predict the maximum load and crack opening of complex.
cracked pipe. Another deterministic evaluation was to assess the potential for restraint of crack
opening when the crack is close to a terminal end. A tixed terminal end prevents ovalization and the
induced rotation of the pipe due to the eccentricity of the crack and axial membrane stresses. This
assessment showed that if the crack is far from the fixed end or short in kngth, there is no restraint
of the axial membrane stress component of the crack opening. In these cases, the existing crack-
opening-area analyses can be used. However, for longer cracks that are close to a fixed end, the
crack opening due to the pressure loading can be reduced significantly (up to a factor of 2). It may,

"
be advisable to account for this crack +pening restraint in an LBB analysis. This is the first time such '

an effect has been considered.

NRCPIPE Code

Task 7 is the effort to formalize the fracture analyses into a computer code called NRCPIPE. The
cu. rent NRCPIPE code was created during the Degraded Piping Program and contains only analyses
for ciremrferential through-wall-cracked pipe. Some corrections to that code were made and released

in Version 1.4e. An initial surface crack version called NRCPIPES has been created. It contains the
SC.TNP and SC.TKP J-enimation 9nalysts for finite-length circumferential surface cracks. These
analyses were developed in the Degraded Piping Program.

Interprogram Program Cooperation and Program Management

! Professor Jwo Pan at the University of Michigm is performing a numerical evaluation of weld
r,:sidual stresses on the crack driving force for elastic-plastic anrJyses. These results will be,

i compared with simple approximate methods to assess potential Code techniques.

:

Another activity within this tuk involves cooperation with the ASME Section XI pipe flaw evaluation
j task group. Several different efforts were undertaken in this reporting period. The first was to

develop equations to allow Charpy energy values to be used in an elastic-plastic fracture mechanics!

analysis of an axial surface crack in ferritic pipe. He second was to develop a data base of past .
quasi-static pipe fracture data. Finally, an evaluation of the potential effect of proposed changes to

- the ASME Code Section 111 to eliminate inertial stresses from the design equations was made.- It was .
agreed that if inertial stresses are eliminated in the design stress, then they should be explicitly _

, included in the flaw evaluation criteria. The Battelle assessment included technical justification from
!

the NRC's International Piping Integrity Research Group (IPIRG) program, where double-ended-
guillotine break fracture occurred in pipes tested under inertial, seismic r.nchor motion, thermal
expansion, pressure, and dead-we:ght loading.
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Executive Summary

Major Conclusions

Major conclusion to date is.

Short circumferential through-wall flaws fail closer to limit-load (net-*

section-collapse) predictions than the longer flaws tested in past programs.
De significance of this is tht for LBB analyses, typically the
circumferential flaw lengths in large diameter pipe (28 inches or larger) are
quite short, approximately 6 percer.t af tu circumference. This short
length means that; (1) the failure loads are not as sensitive to toughness
variations, and (2) if using a criterion such as the ASME Z-factor
approach, which is based on long circumferential flaws, then there is an
extra degree of conservatism. However, for small diameter pipe (i.e.,4 to )
6 inches), the LBB through-wall-crack size may be up to 30-percent of the |

circumference, hence these pipes would be more sensitive to toughness |

variations, and the ASME Section XI Z factor based criterion would bo
more appropriate it is possible to develop engineering corrections to the
Z-factor approach that would account for crack length, as well as diameter,
to have a more consistent fracture analysis for LBB of any size pipe.

,

!

|

|
|

|
,

|

| .

|-

|
|
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Nomenclature

NOMENCLATURE
,

1. SYMBOLS
-

Charpy specimen cross-sectional areaA,

a - Half the crack length

ai Power-law coefficient in stress-strain model

a2 Power-law exponent in stress-strain model

a, Effective half crack length

c Half the circumferential crack length <

C Constraint factor for complex cracked pipe, see Ec . a7-3
.

D Nominal pipe diameter

D Mean pipe diameterm

d Surface crack depth

E Young's modulus

F Function relating elastic streu intensity factor to stress in GE/EPRI
_

- estir. 'on scheme

Fn(x,y) Dimensionless geometry function

f,f,f Function used in GE/EPRI estimates schemei24

h,h,h ,h Functions tabuiated in GE/EPRI methodi 2 3 4

1 Moment of inertia
:

J . J-integral fracture parameter;

i
I Jo Deformation J

. J, . Elastic component of J-integral

1

J;~ J-integral at crack initiation but not necessarily a valid Ju by ASTM E813-.
' 81-
|-
!.
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Nomenclature
1

Jj, Plane strain J at crack initiation by ASTM E813

Ju ' Modified J-

Ju?' - Complex-cra;k Jy resistance curve

MJy Through-wall crack Ju-resistance curve- -

J Plastic component of J-integralp

J-R J-integral resistance (curve)
l

IK Elastic stress intensity factor

Kg Mode I stress intensity factor
,

K, Linear-elastic fracture toughnessi ,

I Half axial crack length '

L Pipe length

'

La Location of pipe restraint measured from crack plane

'

M Moment

M Luiging factor for surface crackp

M Folias through wall flaw bulging factort

! m Slope of Ju-resistance curve

M Limit moment at a nominal stress of ao o

. s

N ..1/n, also used for number of cycles

|

| n Ramberg-Osgood strain-hardening exponent
o

P Applied load

Pcto ur. - Load required to cbse the crack

P .. ' Membrane stressm

.R Ratio of minimum load over maximum load
,

1.
I

l *

|-
|
'
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Nomenclature

.

R* Adjusted mean radius of complex-cracked pipe

R Mean pipe radiusm
,

r. Plastic-inne radiusy

i - S ASME design stressm-

t Thickness of pipe

t* - - Adjusted thickness of complex < racked pipe, t-d

V ,V V3 Displacement functions in GE/EPRI analysisi 3
I

Z A stress multiplier in ASME DVB-3640 and 3650 analyses
,

a Rainberg-Osgood parameter ,

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

.

I'(x) . - Gamma function

.. .. . .

A Load-line displacement for axial tension

Aa Increment of crack growth
,

A, Elastic axial displacement due to the presence of the crack ,

4

A- Plastic part of load-point displacementp

i. 6 Displacement at center of crack j
|- -

6 Elastic displacement at center of crack ;

$;. Crack-opening dispiacement at crack initiation i

d6, Normalized crack-opening displacement

|- 6 Plastic displacement at center of crackp

l'
|- 6, Scaled center crack +pening 6 placement

6 Unscaled center crack-opening displacement

S, Crack-opening displacement due to axial tensile stress with no restraints '
o
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Nomenclature

n Eta factor, a geometric factot (g) tirr.es the energy = J
,

c - Strain

e, Ramberg-Osgood reference strain

6 11alf crack angle of through-wall crack in a pipe

u Poisson's ratio,

3 11alf rotation angle of pipe

9,* 11alf the elastic rotation due to presence of crack

$," Half the elastic rotation if no crack is present,

$p* 11alf the plastic rotation due to presence of crack :

$p* Half the plastic rotation if no crack is present

a- Stress >
,

a. Axial stress
.,

aca Bending stress calculated according to ASME Code Source equations.-

a,tp Experimentally determined bending stress

or Flow stress

a, Normalized crack <1pening displacement
,

Net-Section Collapse analysis predicted stressam

a Ramberg-Osgood reference stresso_

awr Reference tensile stress- ;

|o, Tension stressto

o Ultimate strengthu
r

a Yield strengthy

!- a_ * Far field applied stress

|

|

|
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Nomenclature
-

<

'
,

2. ACRONYSIS AND INITIAI.lSMS

AEC Atomic Energy Commission

AISI American Iron and Steel Institute
,

API American Petroleum Institute

!ASME American Society of Mechanical Engineers

ASTM American Society of Testing and Materials

B&W Babcock 'd Wilcox
,

DHN Brinell hardness number

BMI Battelle Memorial Institute i

,

CC Complex crack

CEA Commissariat a l'Energia Atomique

C-L Circumferential4cngitudinal orieraation (axial through-wall crack growth -
direction)

COAG Crack-opening sea

COD- Crack-opening displacement .

CTOA Crack tip opening angle

C(l') Compact (tension) specimen
't

CVN Charpy V-notch

CVP Charpy V-notch plateau energy

'
d-cEP Direct current electric potential-

DEGB Double-ended guillotine break
i

DPP Degraded Piping Program

DP2.P Dimensioaless plastic-zone parameter

| DS Double shear.

|
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Nomenclature

DSA Dynamic strain aging i

DTRC David Taylor Research Center

EDF Electr8 cit 6 de France
1

-!
EF' Electri:4ischarge machining '

i

EP Electr|c potential i

EPFM Elastic plastic fracture mechanics

EPRI Electric Power Research Institute
f

'

FEM Finite element method

GE General Electric

GR Grade

IP Internal pressure

IPIRG International Piping Integrity Research Group

JAERI Japanese Atomic Energy Research Institute

'

LBB Leabefore-break

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

LR Longitudinal radial orientation

LWR Light water reactor

ND Not determined

NRC Nuclear Regulatory Commission

NRC NRR Nuclear Regulatory Commission - Office of Nuclear Reactor Regulation

NSC Net Section ;;ollapse analysis

'

NT - 1.ested'

OD Outside diameter

NURE0/CR 4599 xxx
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4

Nomenclature

PWR Pressurized water reactor

R-C Radial-circumferential orientation
a

|

RL Radial longitudinal orientation ;

RT Room temperature

SA Shear area percent at the Charpy V notch energy temperature i

SAW Submerged are weld

SC Surface crack
,

SEM Scanning electron microscope

SG Side groove

iSL Short longitudinal orientation

SMIRT Structural Mechanics in Reactor Technology (Conference)
;

SS Single shear
[
i

SSE Safe shut-down earthquake '

ST Short transverse orientation '

,

STA Science and Technology Agency (of Japan)

TBD To be determined

TL Tramverse-longitudinal direction

T-S Transverse-short direction

'IWC 'Rrough wall crack, through wall-cracked

UTS Ultimate tensile strength

YS' .YSid strength ;

.

;

e !

.t
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Section i INTRODUC110N

|

1. INTRODUCTION

He "Short Cracks in Piping and Piping Welds" program was initiated to address Nuclear Regulatory.

f Commission (NRC) licensing needs and to resolve some critical Ondings from the NRC's Degraded
Piping Program. The term "short cracks" refers to the type of cracks assessed in leak-before-break
(LBil) or pragmatic in-service Oaw evaluations. A typical LBB-size crack for a large diameter pipe is
6 percent of the circumference, which is much less than the circumferential lengths of 20 to 40
percent investigated in other past pipe fracture programs. llence, the term *short cracks" in this
project does not refer to microscopic cracks in the sense of the tedmical interests of the aerospace
industry.

This 4 year program started on March 23, 3990. Tnis third semiannual report covers progress from '

March 1991 through September 1991, along with plans for the next 12 months.

The nine tasks addressed in this program are:

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

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

(3) Bi metaille weld crack evaluations

(4) Dynamic strain aging and crack instabilities evaluations

(5) Fracture evaluations of anisotropic pipe

(6) Crack-opening area evaluations >

(7) NRCPIPE Code improvements

(3) Additional t' asks, if needed

(9) Interprogram cooperation and program management.

Of these, signi0 cant work has started in Tasks I,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 pine fracture experimental efforts. De specific efforts in this program are limited to
circumferential cra:ks 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).

i

L

!
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INTRODUCTION Section i

Table 1.1 Summary of proposed pipe esperiments

-

TestN Task
15pt. No.('8 hmeter Schedule Material Temperature Data No.

ILnrInngired threugh wall-qtaded nine ext?gilments

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) I
1.1.1.23 28 inch 80 TP316 SAW 288C (550F) 5/23/91 1

1.1.1.24 24 inch 100 A333 Gr6 SAW 288C (550F) 3/13/92 1

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

| (!pptnutrited u5 packed nipe experiment

1.1.1.25 28 inch 60 A516 Gr70 288C (550F) 2/07/92 1

Ili metallic weld fusion line exneriments - TWC
.

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

llopressurized surface-cracked pjpe experimentsI

1.2.1.20 16 inch 30 TP316 100C (212F) 1/15/92 2 i

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 |

j ncintired surfact.ctgled nipe expftiments

1.2.3.15 28 inch (O A516 288C (550F) 11/03/91 2
1.2.3.16 28 inch 80 TP316 SAW 288C (550F) 9/05/91 2

1.2.3.17 36 inch 160 A516 SAW 288C (550F) (9/93) 2 -

I!i metallie weld fusion lire g3.pftjments SC

1.2.3.21 36 inch 160 A516/SS-SAW 288C (550F) (7/94) 3

(a) Experiment numben am consecutive with Degnded Piping Prognm Data Record Dook entries,
(b) Anticipated test dates in parenthesis.

,
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Section 2 TASK 1 SilORT TWC PIPE EVALUATIONS

'

2. TASK 1 SIIORT TWC PIPE EVALUATIONS

2.1 Task Objective

ne objective of this task is to modify and verify analyses for short through wall cracked (TWC) pipe
using existing and new data on large4iameter pipe.

!

!
2.2 Task Rationale |

!

ne results of this task will help to renne the fracture ar.alyses in Lilli procedures used to evaluate
through-wall cracks in large-diameter pipes.

2.3 Task Approach

The five subtasks in this task are;

i
Subtask 1.1 Material characterization of pipes to be tested I

Subtask 1.2 Facility modifications for large-diameter pipe experiments |Subtask 1.3 Conduct large-diameter pipe exper.ments8 '

Subtask 1.4 Analysis modification and verifications
Subtask 1.5 Topical report.

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

2.3.1 Subtask 1.1 Material Characterization for
Short TWC Pipe Ihperiments

2.3.1.1 Objective

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

2.3.1.2 Rationale

The material property data needed for the analysis procedures in Subtask 1.4 will be determined from
each pipe and weld to be tested. These data are also of value for '.he NRC PIFRAC database (Ref.
2.1).

|
|
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TASK 1 M W W PIPE EVA!A MONS Section 2

' h s. J m ,s t.#.

O rkd W ' n h .., Charpy, chemical analysis, tensile, and J R curves, need to be generated
hi die K 'J46.a aer stainless steel weld and the 24-inch-diameter carbon steel submerged-are
wM .aes in Subtask 1.3. Characterization of the stainless steel weld has been completed and the
results were reported in Reference 2.2.

No characterliation work is planned within Task i for the 24 inch-diameter carbon-steel submerged- |

arc weld because characterization work is planned within Task 2 for a nominally identical weld
prepared in 25.4-mm (1 inch)-thick carbon steel plate (see Section 3.3.1.3),

Characterization of the French TP316LN stainles: steel pipe used in the new 4 inch-diameter TWC
- pipe experiment has been completed and was reponed in Reference 2.2. Material property data for -
other materials to be subjected to pipe tests in Task 1 are available from the Degraded Piping
Program (Ref. 2.3). All characterization data are recorded digitally and reduced to a format identical
to that used in past DegrLJed Piping Program data record book entries. These data also are available
for input into the NRC PlFRAC database.

In addition to the complete characterization activities described here, other activ ties in support of pipei

fracture experiments are undertaken as nenied. Several of these other activities are described in
Section 2.3.1.4.

,

2.3.1.4 Progress
1

During the past reporting period, several activities were undertaken in support of pipe fracture {
experiments within Task 1. These activities included: (1) tensile tests on the base metal for pipe ,

experiments in which the crack was located in weld metal, (2) visual and metallographic examination
of the fracture in a welded TP304 stainless steel pipe (Dperiment 1.1.1.23), and (3) examination of

*

ovalization of tension and compression specimens in Pipe IP-A2 (TP316LN stainless steel).

Base Metal Teasilt Tests

In Pipe Experinent 1.1.1.23, a through-wall crack was located in a submerged are girth weld in Pipe
"

DP2-A51, a 28 inch-diameter TP316L stainless steel pipe that had been purchased from excess
inventory of replacement pipe from the Nine Mile Point plar.t (Ref. 2.3), He chemical composition
of the pipe is shown in Table 2.1. Longitudinal tensile specirnens were machined from a section of
the pipe that had already been subjected to the pipe experiment. They were tested to provide tensile ,

data needed in the analysis of the pipe experiment. De specimens were located in close proximity to
the through wall machined notch so that the material from which they were machined would not have ,

experienced plastic strain during the pipe test.
3

i

Quasi-static tensile tests were conducted at both room temperature and 288 C (550 F) at a strain rate
4of nominally 3 x 10 . Table 2.2 is a summary of the tensile properties of the pipe. Engineering

stress strain curves and true stress strain curves are presented in Figures 2.1 and 2.2, respectively. .

- As is commonly observed in austenitic stainless steels, both strength and ductility properties are lower
'

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

NUREG/CR-4599 2-2
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Swtion 2 TASK 1 SilORT TWC I'll'E EVA1 UATIONS

Tal>le 2.1 Chanical Corn;mition of INpe Di'2 A51
fil'316L Stainitu Steel)

l'ercent by Weight of Indicated Element

ASTM A240 Requirement
Element Pipe Di'2-A51 for TI'316L

C 0.021 0.030 mat
Mn 1.8 2.00 mas
l' O.031 0.04$ max
S 0.018 0.030 mas
Si 0.55 0.75 max

Cu 0.2 (a)
Sn 0.(X)8 (a)
Ni 9. 8*' 10.00-14.00
Cr 17.3 16.00 18.00
Mo 2.1 2.00-3.00

Al 0.01 (a)
V 0.08 (a)

Nb 0.013 (a)
Zr 0.001 (a)
Ti 0.004 (a)

B 0.0002 (a)
Ca 0.0024 (a)
Co 0.12 (a)
W 0.0 (a)
Se 0.00 (a)

|

N 0.07/ 0.10 max.

ff1

(a) Not ywiGed.
(b) Nickel content does not meet qwiGeation.

2-3 NUREG/CR-4599
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TASK l SilORT 'lWC PlPE EVALUATIONS Sn.tran 2

Table 2.2 Temite properties of Pipe DP2 A51 (TP316L stainless steth

0.2"e Offset Ultimate
Tat Yleid Temile F,longation,

Temperature Strength Strengti' pctin Reduction

Smimen 25.4 inin of Area,
Number C F A1Pa ksi SIPa lai (1.0 in.) pet

|
A51-1 20 68 254 36.9 N.D. N.D. 79.0 82.8

A51-2 20 68 263 38.1 597 86.6 79.0 83.9

A51-4 288 550 143 20.8 427 62.0 38.4 70.8

000 i. i i .wa 7 ~j. , .,

| Y1

- | |- m
$00 -- - - ' ' - - - - -
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! !

! l

t--- --400 --

E | \
s !

i

N 300 - - - -

As14 -- - - ~ - -

8 -

| tea c pso r) |
Di i i

t i
- d- -----200 - L - j- -f" I

-

Plpo D P2. A51t

28 inch Diamotor
100 --- - " ' "

Austonitic Stainless Stool Pipo
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Figure 2.1 Engineering strewstrain curves for temile Spnimem machined
from Pipe DP2-A51 (TP316L stainios slech
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SC-SA 5/92#2.2

Examination of the Fracture from Welded Pip Experiment 1.1.1.23

in Pipe Experiment 1.1.1.23, the crack-growth behavior at one end of the starting flaw was noticeably
different from that at the other end (Ref. 2.2). A visual and a metallographie examination of the
fracture were performed to aid in understanding the differenees.

This test was conducted on Pipe DP2-A51, a 28 inch-diameter TP316L stainless steel pipe that had
been purchased from excess inventory of replacement pipe from the Nine Mile Point plant, it !
contained a short through wall crack centered in the submerged are girth weld. Side A of the crack
was reported to have initiated at a later time and displayed significantly less crack extension than Side
B. It also grew completely out of the weld zone and into the base metal after 100 to 125 mm (4 to 5
inches) of extension, whereas the Side B crack tended to remain, at least partially, in the weld metal.
In addition, it was reported that several jewelers saw blades were required to cut the final slot in Side
A, while only one blade was needed for Side B. The objective of the examination was to provide
information that would help explain the differences in the nature of the crack extension on either side
of the staner notch.

A sketch of the fracture path is shown in Figure 2.3. During the early stages of growth, the Side B
fracture appeared to be less tilted than the Side A fracture. The fracture surfaces permit three
additional observations: (1) the tilt of Side A and Side B fracture surfaces during the early stages of

2-5 NUREGICR-4599
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TASK 1 SilORT DVC PIPE EVALUATIONS Section 2
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Figure 2.* Sketch of fracture path in pipe its L 1.1.23

Note: The view is from the outsidr of the pipe and auumes the
'

pipe to be nattened. The f.haded areas indicate fracture
surfaces tilted toward the viewer.

SC.SA $/92C.3

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

Sections were taken from each side of the crack for metallographic examination. Sections Al and B1
(see Figure 2.3) contained the jewelers-saw cut portion of the through wall flaw; Sections A2 and B2
were located approximately 25 mm (1 inwh) from the original flaw tips. De arrows in Figure 2.3
indicate the viewing direction of each cross section. Each section was ground through 600 grit paper
and etched to reveal the location of the weld. Figure 2.4 shows that the saw cut starter notch was
located very nearly in the center of the root pass of the weld zone at each end ,'the flaw. Figure 2.5 r

shows the crack location rela'ive to tim weld zone at Sections A2 and U2. Most of the fracture
s'.'rfacci on both sides of the crack appear to be along, or very close to, the weld fusion line, ne
presence of the weld metal in Section A2 and the near absence of weld metal in Section B2 indicates'

that tLe crack on Side A extended along one fusion line and the crack from Side B extended along the
other fusion line. Notice also that the tilt angle in Section B2 is substantially less than in Section A2,

Knoop microhardness and Rockwell B hardness profiles were determined in'the weld in Sections Al
and Bl. Figure 2.6 shows the approximate locations at which the hardness measurement.s were made
and lists the corresponding hardness numbers, ne results show very little difference between the two
side., of the weld, De hardness of the weld varied from 85 to 97 Rockwcil B (143 to 232 Knoop
hardness number) on Side A and from 89 to 96 Rockwelt B (190 to 263 Knoop) on Side B. De
average Rockwell B hardness was 91 A for Side A and 92.8 for Side B. De Knoop hardness
number:; showed a higher variation than the Rockwell B numbers, which is typical for microhardness
test results in weld metals. Hey also showed that, on average, SlJe B was slightly harder than Side
A. Thus, the observation that cutting the final slot in Side A required more jewelers-saw blades than

,

in Side B. cannot be explained by greater average hardness at Side A, Rather, it is likely that the

4
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TASK 1 SilORT TWC PIPE EVALUATIONS Section 2

i

500 Gram Knoop Rockvell D 500 Gram Knoop Rockvell B

143 3 85 233 -

- 91^-

181 190 ,'
,

198 A-1 ' 90 212 D-1 89
'

232 199
229 92 209 ,' 94*

214 208'

190 93 234 ,' 94'

263208 -

,

97 96.

_

199 Avg. 91.4 Avg. 218 Avg. 92.8 Avg.

Figure 2.6 1,ocations and rnults of the hardness tests

SC-SA 5/92-r2.6

problem of excessive saw blade wear at Side A may have been caused by small particles of entrapped
slag from the welding process.

The precise reasons for the differences in cracx extension bet. ~ n the two sides of this weld remain p

unknown. However, the crack bifurcation on Side A of the crack tends to be associated with higber
energy for crack initiation, and the larger !nitial tilt of the crack on Side A in compulson to Side B
(see Figure 2.5) would be expected to increase the energy .iecessary to extend a crack. In addition,
each crack extended along a ditferent fusion line, each witi unknown J-R behavior. Each of these
observations might help to explain the later onset and smaller amount of crack growth at Side A
relative to Side B. However, they do not explain why the crack at Side A veered away from the weld
after 100 to 125 mm (4 to 5 inches) of growth and, thereafter, grew in the base metal.

-

The most striking observation in this examination was the strong tendency for the crack to extend
along or very close to the fusion line of the weld Similar findings were reported in the Degraded
Piping Program (Ref. 2.4) for submerged-are welds in austenitic stainless steel, lending further
credence to the suspicion that the fusion line region in the austenitic welds may possess lower
toughness than the SAW or base metal.

Ovalization of Tension and Compress;on Specimens in
Pipe IP A2 (FP316LN Stainless Sttel)

A limited metallographic investigatio .ts undertaken to determine the orientation of both tension and
compression specimens machined from Pipe IP-A2, a 4 inch-diameter Schedule 160 TP316LN
stainless steel pipe that had been furnished to Dattelle by Commissariat a l'Energie Atomique (CEA).
ne pipe originally was in the possession of Electricit6 de France (EDF) and carried the designation
Z3 CND 18-12 (316L) stainless steel. It came from EDF Tube Experiment No. 24.

NUREO/CR-4599 2-8
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Section 2 - TASK I Sil0RT TWC PIPE EVALUAT!ONS
;

110th tension tests and compression tests at room temperature had led to ovalization of the originally
circular cross sections of the test specimens as plastic strain occurred. in the necked region of the
tension specimens, the ovalization was very pronounced; the ratio of the ellipse minor axis to the
ellipse major axis was approximately 0.58. Ovalliation was less pronounced in the compression
specimens and depended on the amount of plastic strain imposed before the test was terminated, For
a compressive strain of approximately 9 percent, the ratio of minor-to major ellipse axis was
approximately 0.96.

Metallographic examination of a cross section of one of the tension specimens, one of the
compression specimens, and a piece of the pipe from which they were machined showed clearly the
orientation of the ellipses relative to the pipe wall. As is shown schematically in Figure 2.7, the
major axis of the elliptical cross section of the tension specimen was aligned with the circumferential |

idirection in the pipe wall. In the compression specimen, on the other hand, the minor axis of the
ellipse was aligned with the circumferential direction. These observations, along with the finding that -
the modulus of elasticity in the longitudinal direction of the pipe was unusual!y low for an austenitic

6stainless steel-157.5 GPa (22.84 x 10 psi), as determined by a resonant frequency method-suggest
that the pipe has preferred orientation, or crystallographic texture, of the individual grains making up
the pipe. The presence of preferred orientation could have important implications in interpreting

,

tinite element analyses of the pipe fracture experiment for this and other pipes, since FEM analyses
typically assume isotropic strength properties.

.

Tension Compression
Specimen f C5ecimen

, - ~L
AW

f
'

\
Pipe- - x

(- x 7
,

|
|

1

Figure 2.7 Schematic illustration of malisation in tension
and compression specimen crms sections from
Pipe IP A2 (TP316LN stainless steel)

;

Note: Drawing not to scale

SC SA-5/92 l'2.7
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TASK i SilORT TWC PIPliliVAl.UATIONS Section 2

I
2.3.2 Subtask 1.31.arge-Dhuneter l'ipe Fnicture l'.speriments

2.3.2.1 Objective
,t

'ne objective of this activity is to develop pipe fractme data for the verification of fractute analyses
. used in 1.1111 evaluations of large<llameter pipe.

2.3.2.2 Rationale ;

Past work in the Degraded Piping Pmgram (Ref. 2.3) on long circumferential through wall cracks ;

showed different results for thinner versus thicker large-diameter pipe. A telatively thin steam line
pipe had f aihue stresses well below those predicted by the net-section-collapse (NSC) analysis, but
agreal we:1 with pratictions from various bestimation scheme analyses. Conversely, a thicker cold-
leg pipe reached the NSC stress, which is much higher than that predicted by the bestimation scheme
pred': lons. For all of these experin'ents, a long (37 percent of the pipe circumference) through wall

'

crack was evaluated. Additions gesilameter pipe experiments with shcrter through-wall cracks in.
suiliciently low toughness pipe materials are needed to assess the various elastic-plastic fracture
analyses.

2.3.2.3 Approach

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

i

in addition, the test mattit for this subtask also includes a 4-inchsliameter pipe experinient. The i
'

objective of this experiment (1.1.1.26), which was not included in the original test matrix, is to
compare the French (l!DF) pipe test system with the llattelle pipe test facilities, since discrepancies

Table 2.3 Test Matris for Suhtask I.3 I.arge. Diameter Through Wall- ]
Cracked Pipe i ructure lhperiments j

J

Crack
Nominal Test length

thpt. No, Diameter Schedule Material Temperature (2c/xD)

1.1,1,21 28 inches a A513 GR 60 288C (550 F) 0.0625

1.1.1.22 36 inches 160 .A516 GR 70 288C (550 F)- 0.0625

1.1.1.23 28 inches 80 TP316L SAW 288C (550 F) 0.0625

1.1.1.24 24 inches 80 A333 GR6 SAW 288C (550 F)- 02625

1,1.1.25 28 inches - 60 ASIS GR 60 288C (550 F) . 0.0

1.1.1.26 4 inches 80 TP316LN 22C (72 F) 0.244

N UREG/CR-4W9 2 10
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!
'

were found in FEM analyses of one Battelle and one French pipe test on different size pipes. He
section of French pipe used was from the moment aim of their Experiment No. 24. The test
specimen was machined to reproJute nearly the same diameter, wall thickness, and crack size as usert
in the EDF esperiment. '

i

2.3.2.4 Progrm
.

The results for the 28 inch-diameter carbon steel through wall-cracked pipe experiment (1.1.1.21) ;

were discussed in the first semiannual report for this program (Ref. 2.5). De results for the 28 inch- :.

diameter stainless steel submerged are weld (SAW) through wall cracked pipe experiment (1.1.L23)
_

are the 4-inch-diameter stainless steel French pipe experiment (1.1.1.26) were discussed in the second
semiannual report of this program (Ref. 2.2).

,

in this reporting period, work has focussed on preparing test specimens for the 24 inch-diameter
carbon steel SAW through wall crack experiment (1.1.1.24) and the 28. inch-diameter carbon steel
uneracked pipe experiment (1.1.1.25). For the 24-inch-diameter carbon steel SAW experiment, a
pipe material and weld procedure to be used for the experiment have been identified. The pipe
material to be used is DP2-F4. This is a section of 24-inch-diameter Schedule 80 (30.96 mm
|1.219 inch] wall thickness) SA 333 Grade 6 pipe obtained for the Degraded Piping Program. That ;

pipe came from the excess pipe inventory of a nuclear power plant. The weld procedure for this o

experiment will be SAW. The weld wire will be a high manganese, high molybdenum wire carrying
the designations EA3 and SFA 5.23. The llux will be Linde 80. This procedure was obtained from
Babcock and Wilcox (B&W) as being typical of the procedures used by B&W in the construction of
the Midland nuclear power plant, as well as most other carb(m steel piping systems in their other i

PWR's. At this time quotes for fabricating this weld, along with a similar plate weld to be used for !
material characteriration, have been obtained from a local ASME Nuclear Code-certified welding

.

shop. The welds will be made in the near future.

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

*

Table 2.4. Rese are the data deemed necessary to verify the finite element analyses.

, in addition to preparing the test specimens for Experiments 1.1.1.24 and 1.1.1.25, a number of -

'

calculations were made to compare the experimental results (i.e., maximum experimental morrents)
with predictions from various analyses, The analysis methods considered were the Net-Section-
Collapse (NSC), Dimensionless Plastic Zone Parameter (DPZP), and ASME Section XI IWB 3640

| (for austenitic steels) and IWB-3650 (for ferritic steels) analyses. The experimental results from
Experiments 1.1.1.21,1.1.1.23, and 1.1.1.26 as well as the experirnental results from the companion

'

long through wall crack experiments from the Degraded Piping Program are compared with the
various analysis methods in Table 2.5 and Figures 2.8 through 2.10.

'

In comparing the results from the short through wall-cracked pipe experiments from this program
with results from the long through wall-cracked pipe experiments from the Degraded Piping Progr.im,
it can be seen that the_NSC analysis overpredicts the experimental malmum load to a greater extent

.

for the long ens than it does for the short cracks. His observation also holds true for the DPZP

,

2-11 NUREG/CR-4599 -
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Table 2.4 Data to le collected on 28,inth diameter rarbon Steel
uncracked pigw esgwriment (1.1.1.25)

* 1.oad

lead line displacement*

Pipe ovalitation at one cross scetion inside center span*

Pipe rotation*

Strain data at one cross section inside center span:*

Di axial gage at top outside surface-

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

Uni-axial gage (longitudinal orientation) at side of pipe on outside surbce-

Ill axial gage at bottom outside surface-

Ill axial gage at bottom inside surface-

and ash 1E analyses, since these analyses have their basis an EPFht correction based on long cracks.
De reason for the greater overprediction of maximum loads for die long cracks is that the longer
cracks are more sensitive to toughness effects than the short cracks. As Figure 2.11 shows, the
longer the crack length the greater the difference between the elastic-plistic and limit-load solutions.

'
Therefore, since the failure criterion for large41ameter, low-toughness pipes, such as evaluated4

herein, is governed more by clastic-plastic conditions than by limit-load conditions, it is not surprising ,

that the NSC analysis overpredicts the experimer J results more for the long crack length case than it
,

does for the short crack length case. This observation will be further validated as the results from the
remaining two large-dlameter shon through-wall-cracked pipe experiments become available.

The signiE,:ance of this finding is that for lea': before-break (Lilll) analyses, the margins associated
with any limit load based fracture / stability analyses for Lilli size through wall llaws will be greater

,

than expected, based on the long through wall crack data from the Degraded Piping Program, as well i

as the AShiE Z factor and DPZP analyses.
:

Also of note from Table 2.5 and Figure 2.10 is the fact that the ash 1E Section XI analyses typically
underpredicted the experimental failure moments for the five experiments considered. The one
exception was the 4-inch diameter stainless steel pipe experiment (1.1.1.26). The degree of '

overprediction for this experiment was minor, less than 4 percent. For the two carbon steel
experiments the extent of the underprediction was especially significant. The Section XI predicted
moment for the long crack experiment (41Il-2) was only 47 percent of the experimental maximum :

moment while the predicted moment for the short crack experiment (1.1.1.21) was only 39 percent of
the experimental maximum moment. As noted in References 2.2 and 2.6, the IWD-3650 analysis -
tends to be more conservative than the IWD 3640 analysis. --

_

*
,

,

I

i

L
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i Table 2.5 Comparison of maximum experimental moments from through-wall-cracLed esperiments
i with predicted moments frvm NSC, DPZP, and ASME analyses

i

Maximum Moment /Preacted M<wnent
[ Masimum
j Expt. OD, t, e,, e ,, S,,, J;. Moment, (BVB- (nVB-.

2No. Material mm mm 2c/rD, & MPa MPa kJ/m kN-m (NSC) (DPZP) 36J0) 3634)
'

i 4I11-2 A515 GR 66 711.2 23.6 0.37 231 544 I14 216 1204 0.738 0.834 NA 2.131
;- Base Metaly

- b 1.1.1.21 A515 GR 60 711.2 22.7 0.0625 231 544 114 216 3246 0.868 0.980 NA 2a35
. Base Metal-

?

j 4111-5 ' TP316 SAW - 719.6 30.2 0.37 229 501 121 109 1256 0.636 0.847 1.077 NA j
E; 1.1.1.23 TP316L 711.2 30.7 0.0625 143 427 96 59.7 3062 0.853 1.172 1.417 NA
~

W~ SAW
| !c
; 1.1.1.26 TP316LN 106.2 8.31 0.244 254 532 138 879 17.1 0.942 0.942 0.%2 NA 6
| Ban Metal y
; b
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Figure 2.11 Typical plot of predicted failure stress 3ersus crack length for limit-
load (independent of toughness) and GE/EPHI clastic plastic
(toughncss dependent) analysis (Calculatiom for 711-mm (28-inch)
diameter 23,6-mm (0.929-inch) thick ASIS Gr 60 steam line pipe)
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i

2.3.3 Sublask 1.4 Analpes for Short 'Ihrough Wall Cracks in Pipes
,

2.3.3.1 Objtwetisc

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

2.3.3.2 Rationale

ne short through wall cracked pipe analysis improvements are aimed at Lill) fracture evaluations for
larger diameter pipe.

2.3.3.3 Approach

ne three activities in this subtask are: ;

|'

Activity 1.4.1 Improve short through wall < racked pipe analysis and compare predictions
with existing data

Activity 1.4.2 Analyze large diameter pipe TWC test results
,

Activity 1.4.3 Analyze through wall cracks in weld)..

Aetigity 1.4.1 Improve Short Through Wall Cracked Pipe Analysis
and Compare with Ihisting Data

'

Objective

nis activity will involve several efforts to identify shortestr'ngs in existing analyses and then to !
make and verify improvements. In general, the objective of this activity is to make ne:ded
improvements in the analyses for better ;,rediction of circumferential short through-wall e4ckoi .!pe.i

Approach
,

he four separate efforrr la this activity are:

(a) Numerically assess the effect of plastic ovr.llration on the validity of J
(b) Determine nipe ovalization effects on limit load analysis
(c) Irnprove F , %, and h functions
(d) Compare predictions from improved analyses with existing data.

Activities 1,4.l(a) and 1.4.l(c) were the only *ctive efforts during this progress report.
'

Activity 1.4.l(a) Numerically Assess the ggect of Plastic
Ovali:ation on the Validity ofJ

Experiment 1.1.1.21 was chosen to be modeled for this activity. This test was conducted on a 28-
inch diameter TWC pipe. A 3D finite element model was prepared for this case, ne FE calculation
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TASK i 5110RT TWC PIPE EVAL.UATIONS Section 2

up to crack initiation has been performed using the incremental theory of plasticity law given in
- AllAQUS. A scheme to estend the analysis to incorporate crack growth has also been developed.
The analysis beyond crack initleion has been put on hold until problems dealing with mesh'

refinement have been resolved.

'livity 1.4.l(c) Improve 14, Y, and h functions

ialytical methods for predicting the elastic or clastic-plastic behavior of large circumferential
through wall cracks in tubes subjected to bending, tension, or combined bending and tension are well2

developed. References 2.7 and 2.8 summarize five such methods and provide a number of
comparisons between analytically predicted results and experbnenttd data. These techniques consist of
developing methods for estimating the value of the J integral. Classical J tearing theory is used for
the analyses. A method has also been recently developed to estimate J for a through wall crack in a
pipe weld (Ref. 2.9).-

Unfortunately, the ability of these J-estimation techniques to predict the crack growth behavior for ,

I

small cracks (d 12 percent of the circumference) has not been established, even though such smalli

cracks are ollen of concern in practical structures. Indeed, the finite element solutlorts compiled in
the GE/EPRI handbook (Ref. 2.10) appear quite inadequate for small size cracks (<ee Refs,2.7 and
2.8). This actwity completes the results of a series of finite element solutions for small cracks
tabulated in the spirit of the GE/EPRI handbook (Ref. 2,10). Specifically, the solutions of Reference
2.10 for 0/r = 1/8 and 1/16 are redone for Ramberg-Osgood coefficients n = 1, 3, 5, 7,10 for
bending, where 6 is half the crack angle. j

The theoretical background for the development and use of simplified elastic-plastic fracture methods |

is fully discussed in Reference 2.7. Ifere we provide solutio.m for the J integral, the crack opening,

displacements, and the rotation due to the crack for short crack problems under pure bending. Some ,

of these results were prnented in the second semiannual report (Hef. 2.2) with more detailed
discussion. Ilowever, for completeness, the entire set of solutions is provided here.

7hc GEEPRI Extinution Schemc 'ih GEEPRI methm! 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 1, crack-opening displacement (COD), and
displacements The elastic plastic solution is obtained by superposition of a small-scale yielding .
solution and of the fully plastic solution. The stress strain law is defined by a Ramberg-Osgood t

relation: .

!

r a *

Eo 1+a 1 (21)
0, tt Oo o q o

1

1

where a is an arbitrary reference stress (usually defined as the yicld stress), ci and n are curve fittingo

parameters, and g = c /E.o

.

This normdization reduces the fracture parameter determination to the computation of coeffielents
depending, for given types of geometry and loading, only on the strai: hardening coefficient n and a'

e

a
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Sution 2 TASK i SilORT TWC PIPE EVA1.UATIONS

few geometrical parametets. Tabulated values of these coel0cients were computed (Ref. 4.10) using
the finite element technique. J for a through wall cracked pipe in bending is written in the following
form:

J J, + J,
(2 2a)

J f, g r 1
O '

h,
M **8' s

a o, c, a4

E n, M,,g

in 1:quation 2-2a. 6 is the half-crack angle, a is the half-crack length (a = R,n ), R,n is the mean0

radius of the pipe, and M , is the limit moment, denned in Reference 2.10 (see liigure 2.12). Also

(2 2b)f, = fen a, ,
< t,

h, - fen 0, [. ,' (2-2c)
, ,

(n t ;

.

and are tabulated (where t is the pipe wall thickness). In the pipe bending case, M a the moment
and the effective crack sire, a,, based on an Irwin plastic zone correction, is written as:

"
r
I

a* a a+ (2-3a)
1 +

y 32*

M
( es _

a = R,0 (2-3b)

1 n -l ' ' K '' (23c),Y 2n . n + 1, o,,

where K, the stress intensity factor, is a function of a arvt not of a,, Other parameters such as crack-
opening displacement and load-point rotations were also evaluated in Reference 2.10.

The GE/EPRI method, as developed for TWC pipe, appears to be too conservative, i.e., the compiled
values of h and, hence, J are too large. In fact, for the smaller crack sizes, the results appear quitei
inadequate, indeed, the pipe rotations due to tha crack are negative for 0/r = 1/16, as compiled in
Reference 2.10 for both clastic and plastic solutions. As discussed in References 2.7,2.8. and 2.11,
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Figure 2.12 Typical finite eksnent (a) moh used for analysis (1/4 :nodel),
and (b) cirnunferential cracked pipe genenetry
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l Ses tion 2 TASR 1 SHORT TWC P!PE EVALUATIONS

this problem may be due to the use of the 9-node shell element in Reference 2.10 to produce the L

solutions, and overly stif f results ocemred. Here we recompute the solutions of Reference 2.10 for g
6/x = 1/8 and 6/r = 1/16. In ! Sis fashion, more reliable predictions of crack instability for the
smaller crack sites using the GE/EPRI scheme are expected by using brick instead of shell elements.

,

finire firment WI.I and Analysis Matrit-Sin tui. e elemer.: meshes have been developed, one for
each case listed in Table 2.6. A typical finite element mesh and geometric definitions are illustrated
in Figure 2.12(at A quarter model is used by taking advantage of symmetry. Twenty node
isoparametric brick elements are being used with focused 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. Elastic results for tension loaJing are also compiled here.

he elastic solutions are developed using elastic properties. A deformation theory plasticity algorithm
_

in the ABAQUS finite element code is used to generate the plastle solution. Because a through wall-
eracked pipe subjected to bending is a plane stress problem, the special (hybrid) elements in the
ABAQUS library which aJequately handle plastic incompressibility are not necessary. A reduced
(2 x 2) Gaussian quadrature integration rule is utillzed.

He GE/EPRI handbook (Ref. 2.10) compiled tables whereby J and the crack mouth-opening
displacement (at the center of the crack),6, are tabulated for specific geometric and material
parameters. De parameters include R ,/t,0, and the Ramberg-OsgooJ power-law exponent, n. Forn

a uniaxial tensile bar, the Ramberg-Osgood relation is as ivritten in Equ,. tion 2-1.

Table 2.6 Matrh of finite clonent calculatium (total of
30 arudpes for bending)

_

Model Model
No. Name*) R /t n 0/r Remarks leadingt N

ni

i CASEIA 5 1,3,5,7,10 0.0625 5 Runs Bending

2 CASE 2A 10 1,3,5,7,10 0.0625 5 Runs Bending

3 CASE 3A 20 1,3,5,7,10 0.0625 5 Runs Bending

4 CASElB 5 1,3,5,7,10 0.1250 5 Runs Bending

5 CASE 2B 10 1,3,5,7,10 0.!250 5 Runs Bending
'

6 CASE 3B 20 1.3,5,7,10 0.1250 5 Runs Bending

M A" trfers to 6/r a 0 06:5. *B" refers to e!r = 0121
M n = 1 b clasuc.
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llere we follow the convention of Reference 2.10 and compile values for J (see Eq. 2 2a) and tne
center crack mouth <pening displaccmt it,6:

8 = 6, + 8,
' y i* (24a)

8=f y + ct e, a h y3 a

r es

where 6, and 6 are elastic and plastic contributhns of the center crack mouth opening displacement,p
respectively.

We also compile the rotations due to the presence of the crack:

$* * $'. + &*,

(2-4b)+ a t, h,
M,,

&*=f
E

(

in Equation 2 4b,4,* and 4 ' represent the additional clastic and plastic rotations due to the presencep

of the crack.

RF the elastic contribution, using the GE/EPRI convention (Eq. 2 2), we write:

(25)2 S, tS, t , = na Pfi n rI, n ,ur

Also, from Equations 2-4a and 2 4b:

S, ( ,
(24)f, S. t , = 4a - V

3

(n I nr

f, S, =4 fy S,t, (27)

(n t, I (n
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In Equations 2 5 to 2-7, I is the moment of inenia of the uneracked section, which for large R,n/t is
written as:

I = n R[ t (2 7a)

and F, V , and V are compiled from the Gnite element solutions. Note that F is the functioni 3

conventionally defined in the stress intensity factor dennition as:

K, o [ia F 0, (24)
( t,

-_

The plastic functions h , h , and h are also compilnl. The ABAQUS deformation theory routinei 4

uses a constitutive law that includes the elastic term (Eq. 2-1), i.e., it is not truly a fully plastic
solution. The analyses are performed 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 reAults. Ilence, from Equations 2-2 and 2-4 to 2 7, the functions h , h , and h are evaluatedi 4
using:

1 - )'b=
0 '' M 'n i (2-9)'

a o* r* a 1

M, ,x, q

b - b*h"2
<Mo (2-10)

a e" a -

M ,, -

+ - +* - +," - +7
h .=

4
r u (2-11)y

at -

'( M,,

The dimensionless clastic functions (F and V ) are corapiled first to determine J,,6,, and $,*. Theni
the results of the ADAQUS solution provide J,6, and p fram which Equations 2-9 to 211 provide

1
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4

h , h , and h . In Equation 211,4,* and $p" represent the clastic and plastic rotations whichi 2 4

would exist if no crack were present. 'These were defined in Reference 2-10, but for completeness,
we provide them here.

$*=2E (2-12)
El

z-

2 Lac * I M
'

"

4" (2-13)
' S 40,R*,t p

_

where

p E (1+ -})
f

T
- 2n,

(2-14) -

2 r ' 3 + :-)
(2 2n,

For our purposes, the gamma function can be approximated in the range of interest here with:

P(x + 1) = x! = 1 + b x + b:x + ...+ bs *2 xi

b = .577191652 b = .756704078i 5

b = .988205891 b = 4821993942 67

b = .897056937 b = .1935278183 7

b = .918206857 bg = .0358683434

This form was used accurately in Reference 2.9, where in that reference the symbol K was used
rather than #.

Results-A complete set of analyses was performed for the matrix of cases shown in Table 2.6 using
ABAQUS on Battelle's Vax Computer for Model 2 (n = 1,3,5,7,10). Both elastic and fully
plastic (deformation *heory) computations were made for bending loads.

The GE/EPRI compilations appear to be more accurate for the large crack sizes. Hence, a
comparison for the case of R /t= 10 was made here to verify the accuracy of the approach taken.m

;' For this case,6/r = 0.9 and n u 3 was chosen. Table 2.7 lists results. The comparison for the
f s very good. However, the difference in h is nct insignificant.value of the J-integral i 4

NUREG/CR-4599 2-24
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Table 2.7 Check rase for R,/t = 10, f/r = 1/2, n = 3

__

Functions (') GE/EPRI 3D-Solid MtAQOS

h 2.105 2.105i

h; 3.331 3.195

h 3.232 4.6354

(a) he relates fully plastic J to moment. ;
h relates fully plastic center crack-mouth +pening displacement2

to moment.
h relates fully plastic pipe .utation to moment.4

Tables 2.8 through 2.11 provide the solutions compiled for all of the cases . listed in Table 2.6. Table
2.8 is the clastic solution, while Tables 2 9 through 2.11 provide solutions for R /t = 5,10, and 20,m
respectively. Note that GE/EPRI did not provide solutions for n = 10 and some of the n = 7 cases
due to numerical difficulties,

in order to obtain the h-functions, the ABAQUS calculation involved elastic and plastic analysis
(deformation theory) for a series of bending moment loads until a fully plastic criterion was met.
One check on the fully plastic h-tunctions reported in Tables 2.9 through 2.11 was to calculate these
functions at all load levels and verify that h-functions do not vary once cenain load levels (plasticity
dominates) are reached. A typical plc.af the h function with bending moment is shown in Figurei
2.13 and it shows that the h function levels off after some load value. This technique was used toi i

produce all of the h-functions. It was also necessary to ensure that the rotations were not large in
evaluating h .4

I

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

1

-K,_=o*[iaF S, b> (2-15)
n t,r

f i

3' _ 40"a ,0.,b (2-16)
E u t,s
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' sable 2.8 F, Yp for twading with R,lt = 5,10,20.
(ABAQUS 3D. Solid Solution for the n=1
case of Table 2.6

Function ("I R,n/t = 5 R /t = 10 R /t = 20m m

0/x = 1/16 F 1.022 1.049 1.097 .

V 1.234 1.206 1.111i

V 0.028 0.035 0.098
_3

6/7 = 1/8 F 1.103 1.208 1.418

V 1.388 1.480 1.482i

V 0.126 0.160 0.231
3

(a) F relates clastic stress intensity factor to stress.
V relates clastic center-crack-ogning displacement to momenti
V3 rclates clastic pipe rotation to moment.

Table 2.9 h-functioits for throughcacks in hending for
R /t = 5 (ABAQUS 3D Solid Solution)

Function (*) n=3 n=5 n=7 n = 10

6/r = 1/16 h 5.451 5.766 5.681 5.263i

h, 6.896 7.003 6.715 6.087

h 0.826 1.452 1.879 2.371
4

i r = 1/8 h 4.484 3.976 3.372 2.464i

t, 5.820 4.999 4.165 2.959

h., 1.194 1.454 1.461 1.291

(a) F relates clastic stress intensity factoi- to stress.
V relates clastic center-erack-opening displacerner to moment.e

i
V relates clastic pipe rotation to moment.3

NUREG/CR-4599 2-26
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Table 2.10 h-functiom for through-cracks in bending for R.It = 10
(ABAQUS - 3D Solid Solution)

Function (") n=3 n=5 n=7 n = 10

6/x = 1/16 h 6.225 6.701 6.784 6.749i

h: 7.422 7.739 7.632 7.527

h 1.156 1.802 2.220 2.8264

6/r = 1/8 h 5.791 5.512 4.770 3.823i

h 6.693 6.319 5.329 4.2212

h 1.550 1.886 1.864 1.7134

(a) F relates clastic streas intensity factor to stress.
- V relates clastic cen'er-crack opening displacement to moment.i

V relates clastic pipe ro.ation to moment.3

Table 2.11 h-functiom for through< racks in hending for R,/t = 20
(ABAQUS 3D Solid Solution)

Function ("I n=3 n=5 n=7 n = 10

6/r = 1/16 h 7.044 8.022 8.756 8.815i
_

h 7.073 8.050 8.787 8.812

h 1.505 2.348 3.087 3.7704

6/r = 1/8 h 8.448 8.281 7.748 6.524i

h 7.498 7.491 7.160 5.8903

h 2.216 2.738 2.963 2.7284

ga) 1 - lates clastic stress intensity factor to stress.
V relates clastic center < rack-opening displacement to moment.i
V relates clastic pipe rotation to moment.3

2-27 NUP.EG/CR-4599
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Figure 2.13 Plasticity function h (ABAQUS - Solid Elementi
Results) for pipe under bending, R,/t = 10, n = 3,
and f/r = 0.0625

SC SA 5/92-F2.13 h

I

03 * , 4 a"a g _ (2-17)
E in t,

In Equations 2-15 to 2-17, a" is the far field applied tensile stress and A is the elastic displacement
at the uncracked pipe neutral axis due to the crack. The other parameters were defined earlier.

The results are presented in Table 2.12 and compared with the GE/EPRI results from Reference 2.10.
The differences are not insignificant, especially for the axial displacement due to the crack.

Discussion-The differences between the previously developed solutions (Ref. 2.10) and the present
results appear to be most impcrtant for sraall crack sizes (6/r = 1/8,1/16), although results for large
cracks (especially for rotations) appear to be suspect. He present solutions were developed using the
three-dimensional solid elements (20-node brick) and the deformation theory algorithm of ABAQUS.
The solutions presented here are believed to be the more accurate of the two solutions. However, the
results of Reference 2.10 predict lower loads which are conservative. For crack-opening -,

displacements, the new results predict a higher crack opening for typical PWR and BWR piping.

NUREG/CR-4599 2-28
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Table 2.12 F , V e Y for tension ("I(Elastic Analysis, ABAQUS Results)
3 i 2

Case FunctionW 0/r = 1/16 6/r = 1/8 0/r = 1/2-

1 R /t = 5 F 1.027 (1.(M9) 1.139 (1.176) (c)m

V 1.178 (1.050) 1.359 (1.202) (c)i

V 0.042 (0.044) 0.096 (0.114) (c)2

2 R ,/t = 10 F_ l.049 (1.077) 1.250 (1.259) (c)n

V 1.179 (1.082) 1.481 (1.319) (c)

V 0.054 (0.052) 0.437 (0.127) (c)2

3 R /t = 20 F 1.107 (1.127) 1.469(1.387) (c)m

V 1.258 (1.144) 1.719 (1.530)- (c)i

V 0.230 (0.059) 0.591 (0.138) (c)2

4 R /t = 10 F (c) (c) 4.401 (4.208)m

V (c) (c) 9.280 (8.323):i

V (c) (c) 3.140 (2.807)
'

2

(a) The numbers in parentheses represent the GE/EPRI original solutions.
(b) F relates clastic stress intensity factor to stress.

V relates clastic center crack opening displacement to load.i
V relates clastic axial displacements due to the crack to load.2

(c) These runs were not part of the current program. For checking purposes,
one run for 6/r = 1/2 and R,/t = 10 (Case 4) was made.

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

Figure 2.14(a) presents a plot of the F-function results (Eq. 2-8) and the GE/EPRI solution as a
function of R /t for BA. = a/b = 1/16, where a is the crack length and b is the uncracked ligament.m
The differences are about three percent. Figure 2.14(b) shows a comparison of V values (Eq. 2-6),i
which are related to the crack-opening displacement. The differences are about 20 percent for R /tm
= 5. Comparisons of h (.i-integral) and h (crack-opening displacement) are presented in Figuresi 2

:
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(a) F-function comparison, f/r = 1/16 (i relatts clastic
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(h) Comparis<m of V values for f/r = 1/16 (V relates elastici i
center-crack-mouth-opening displacement to moment)

Figure 2.14 Comparison of AllAQUS FEM results to past GE/EPRI
solutions for elastic functions
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(h) R,/t = 10, f/r = 1/16

Figure 2.15 Comparison of ABAQUS FEM results to past GE/EPRI
solutions for h fully plastic functions (h relatesa g

fully plastic j to moment)
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(c) R,/t = 20,8/r = 1/16

Figure 2.15 (Continued)

SC SA-5'92-F2.15c

NUREG/CR-4599 2-32



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

|

|

Seenon 2 TASK 1 SHORT TWC P!PE EVALUATIONS

8

7- 7'. . ~

6+/ ~
,

5-

E 4-

3-

2- + Modified GE/EPRI
a Original GE/EPRI

1-

0 ,

0.3 0.4 0.50.1 0.2
. .

1/n

(a) R It = 5,8/r = 1/16

12

+ Modified GE/EPRI
e Original GE/EP Al

B- %
./- -

c 6-

4- -

2- ~

0 ,

0.3 0.4 0.50.1 0.2
. ,

1/n

(b) R lt = 10, f/r = 1/16o

Figure 2.16 Comparima of ABAQUS FEM results to past GE/EPRI
solutio s for h fully plastic functions (h relates fully2 2
plastic center-crack +pening displacesnent to moment)

SC SA 5/92-F2,16a/b

2-33 NUREG/CR-4599

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



- _ - - _ _ - _ _ _ _ _ _ _ _

TASK 1 SilORT TWC PIPE EVALUATIONS Section 2

s

.

12

+ Modified GE/EPRI
" m Original GE/EPRI10

'-w.

8-
x

4

y 6-

k
4-

2-

0 , , ,

0.1 0.2 0,3 0,4 0.5
1/n

_

(c) R,lt = 20, f/r = 1/16

Figure 2.16 (Continued)
SC-SA-5/92 F2.16c

NUREGICR4599 2,34

.. .. .. . . _



- . - . - . . - . _ . . -.- - . - - - ~ . . - . . - . . _ . - - . - - - . . - - .

|

|'

Section 2 TASK 1 SilORT TWC PIPE EVALUATIONS

!

., these figures, note that the present solutions weie not compiled for2.15 and 2.16, respectively.
n = 2 (1/n = 0.5), while the Gti/EPRI solutions were not compiled for n = 10 (1/n = 0,1). The hi
and h salues differ by as much as 25 percent between the two solutions.

A comparison of J as a function of moment is given in Figure 2.17 for 6/r = 1/8, R /t = 5, and nm

= 3,7 and in Figure 2.18 for e3 = ilie, R /t = 20, and n = 3,7. nese Ogures show that the
differences between the original and modified solutions can be signincant at higher loads.

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

Figure 2.19(a) compares the two calculations of the elastic function, V Of partictJar note are the3

negative values of V from the GE/EPRI results. Of course, it is physically impossible to obtain3

negative rotations due to the crack. Similar observations for the plastic (h ) solutions can be made, as4

seen in Figures 2.19(b) through 2.19(d), for R /t = 5,10, and 20, respectively, and 6/r = 1/16.-m
De original GE/EPRI solutions are either negative or far too small.

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

Activity 1.4.2 Analyze large Diameter Pipe TWC Test Results

L
! 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 Ihr typical fracture behavior.

Approach

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

i
!

(.
f.
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Activity 1.4.1. 'Diis effort will consider accuracy of the Ramberg-Osgood fit, different fits of the J R'
curve, as well as the other improvements made in the J-estimation schemes.

Progress

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

Activity 1.4.3 Analyze Through-Wall Crack in Welds

Objective

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

Rationale

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

Pmgress

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

'

performed in the previous reporting period.

2.4 Plans for Next Year of the Program

Work expected to be completed during the next year of the program is described below.

2.4.1 Subtask 1.1 Material Characterization for
Short TWC Pipe Experiments

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

NUREG/CR-4599 - 2-40
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1992; material cha acterization efterts probably wih sta in the second half of the next year of the
nrogram.

2.4.2 Subtask 1.2 Upgrading of the Large-Pipe Test Facility

The load capacity of the large-pipe test facility used for this program is scheduled at the end of the
next year to be upgraded by replacing the existing actuators with new, larger actuators and by
increasing the local reinforcernent around the actuator and the end restraint locations.

2.J.3 Subtask 1.3 Lnrge-Diameter Pipe Fracture Experiments

The 28 irich-diameter carbon steel uncracked pipe experiment (1.1.1.25) and the 24-inch-diameter
carbor stt.el SAW through-wall-cracked pipe experiment (1.1.1.24) will be conducted in the next year
of the propam.

2.4.4 Subtask 1.4 Analyses for Short Through-Wall
Crstks in Mpes

The following activities will continue in the next year of the program.

Activity 1.4.1(a) - Numerically Assess the Effect of Plastic Ovalization on the Validity
of J. Once the mesh refmement problems have been resolved this activity will be
renewed and the analysis including crack growth completed. The results from this
activity will determine the severity of the effect of pipe ovalization on the validity of J.

Activity 1.4.l(c)- Improve F, V, and h-Functions. During the next year the GE/EPRI
functions developed here will be incorporated into the NRCPIPE code used to analyze
TWC pipes.

Activity 1.4.2 - Analyze Large-Diameter Pipe TWC Test Results. Experiment 1.1.1.24
is scheduled to be conducted in the next reportiag period. This experiment will be

,

analyzed after the data have been reduced. '

Activity 1.4.3 - Analyze Through-Wall Cracks in Welds. Efforts will involve analyzing
pipe weld crack experiments from the Degraded Piping Program and Experiment
1.1.1.23. This work planned for the last reporting period has been postponed in order

3

to complete other activities in Subtask 6.6.

2-41 NUREG/CR-4599
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3. TASK 2 SIIOPT SC PIPE EVALUATIONS

3.1 Task Objective

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

3.2 Task Rationale

Many of the past programs used large surface cracks for the purpose of having failure loads close to
the yield strength of the pipe. Typical Daws in service are much smaller than the fla*vs from these
past programs. These results will verify and may refine analyses that have been used fo: pragmatic
in-service flaw evaluations such as those in ASME Sectica XI.

3.3 Task Approach

This task has been divided into five subtasks: .

Subtask 2.1 Material characteriz.ation for surface-cracked pipe experiments
Subtask 2.2 Sinall-diameter pipe fracture experiments in pure bending for limit-load

ovalization correction
Subtask 2.3 Large-diameter surface-cracked pipe fracture experiment in combined bending and

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

Details of each of these subtasks are presented in the following paragraphs.

3.3.1 Subtask 2.1 Material Characterization for Surface-Cracked Pipe Experiments

3.3.1.1 Objective

The objective of this activity is to generate the data necessary to document the material strength and
toughness for analysis in Subtask 2.4.

3.3.1.2 Rationale

The material property data needed for the analysis procedures in Subtask 2.4 will be determined for
each pipe and weld to be tested. These data are also of s Jue for the NRC PIFRAC database (Ref.
3.1).

3-1 NUREGICR-4599
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3.3.1.3 Approach

With two exceptiors, material pioperty data, i.e., Charpy, chemical analys, tensile, and J R curves,
are already available from the Degraded piping Program (Ref. 3.2) for pipes to be tested within Task
2. One exception is a 16-inch-diameter austenitic stainless steel pipe to replace one damaged in the
accident associated with IPIRG Experiment 1,3-7. The pipe thr,t was damaged had previously been
characterized in the Degraded Piping Program. Since that pipe is not available for testing in Task 2,
a replacement will have to be procured and characterized, The other exception is a 36-inch-dia neter
carbon-steel pipe weld which is to be fabricated and tested in Subtask 2.3. Rather than conduct tes:s
on specimens machined from the welded pipe, material characterization tests will be performed on a
weld in a 25.4 mn 'l inch)-thiek carbon steel plate, prepared in a manner nominally identical to that
used in welding the pipe.

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

3.3.1.4 Progress

A 16-inch-diameter austenitic stainless steel pipe was obtained from Savannah River to replace the
pipe that was damaged in an accident associated with an IPIRG pipe experiment.

Discussions were held with Babcock & Wilcox personnel relative to procuring welded carbon-steel
# pipes from the Midland plant for testing in Task 2, or procuring tiller metal used in the construction

of the piping system in that plant. That tiller metal then would be used in preparing weldments for
Task 2 tests. At the end of the reporting period, it appeared unlikely that either welded pipes or
leftover filler metal would be available to this program, in that event, Babcock & Wilcox would
provide recommendations regarding typical welding procedures, tiller metal, and flux for fabricating
the weldments to be tested in Task 2.

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

3.3.2.1 Objective

he object:ve of this effort is to develop experimental data for internally surface-cracked pipe under
four-point bending that can be used to assess the empirical ovalization correction for limit-load
failures.

3.3.2.2 Rationale

In the Degraded Piping Program, an mpirical correction for the Net-Section-Collapse analysis of -
circumferentially surface-cracked pipe in pure bending was developed (Ref. 3.3). It was found that
the correction was a function of the pipe R,/t ratio, see _ Figure 3.1. The data represented in Figure
3.1 are for experiments with relatively large surface cracks, typically 50 percent of the pipe
circumference and 66 percent of the thickness in depth. Data on smaller crack sizes are needed to

NUREG/CR-4599 3-2
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generalize such a correction. The correction for the limit-load case is necessary since many of the
elastic-plastic fracture analyses and code flaw assessment criteria (i.e., IWB-3640 and IWB 3650 from
Section XI of the ASME Code) have as their basis limit-load solutions.

3.3.2.3 Approach
,

To satisfy the need for data to verify the analyses, three smaller di9 meter pipe fracture experiments
will be conducted, see Table 3.1. The pipe material for each experiment will be a high toughness

~

stainless steel. Therefore, for the pipe diameters under consideration in this subtask, fully plastic
conditions should exist. This will facilitate the analysis of the data in that any lowering of the failure
moments with respect to the net section-collapse predicted moments can be attributed to ovalization

4

effects and not contained plasticity (elastic-plastic) conditions.

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

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

3-3 NUREG/CR-4599
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Table 3.1 Smaller diameter pipe experiments with short cracia under bending for Subtask 2.2

Test Nominal
No.M Diameter Schedule R,,/t Material Temperature 2c/xD,N d/t{ -

1.2.1.20 16-inch 30 21.3 TP316 J8 C (550 F) 0.25 0.5

1.2.1.21 6-inch XXS 3.8 TP304 288 C (350 F) 0.25 0.5

1.2.1.22 6-inch 40 11.8 TP304 288 C (550 F) 0.25 0.5

(a) Test numbers are consecutive with those in the Degraded Piping Data Rewrd Books.
(b) 2c/ D, = circumferential crack length /mean pipe circumference, dit = surface crack depth / pipe thickness.

depth, was the smallest flaw (established through analysis) that would fracture arior to the onset of
pipe buckling.

3.3.2.4 Progress ,

The results for the two nominal 6-inch-diameter surface-cracked pipe experiments were discusseo in
detail in the second semiannual report from this program (Ref. 3.4).

During this reponing period efforts for this suhtask have focussed on preparing the test specimen for
the 16-inch-diameter Schedule 30 stainless steel pipe experiment. This experiment has the highest
R /t ratio to be evaluated. Consequently, the degradation in load-carrying capacity due to ovalizationm
effects should be the most severe. As a result, the outcome of this experiment will be an important
test case for the analysis. The pipe originally scheduled for this experiment was destroyed during the
IPIRG Subtask 1.3 accident, and it was necessary to obtain a suitable replacement pipe. During this
reporting period, negotiations were completed whereby a 5.5-meter (18-foot) section of 16-inch-
diameter Schedule 30 Type 316L stainless steel pipe was donated to this program by the operators of
the Savannah River facility. At this time the test specimen for this experiment has been cut off this
joint of pipe and the initial surface crack machined into the inside pipe surface. The surface Gaw has
been instrumented and the test specimen is ready to be elded onto the appropriate moment arm
pipes.

One additional comment concerning this experiment is warranted. The test specimen for this
experiment will be pressurized, whereas the test specimens for the other two small-diameter surface
crack experiments were unpressurized. The fact that this experiment will be pressurized is not ideal,
since the internal pipe pressure will stiffen the pipe and influence the amount of ovalization and, thus,
the empirical ovalization correction factor associated with this experiment. However, it was deemed
necessary to pressurize this pipe because the 6-inch diameter Schedule 40 pipe sample buckled prior
to attaining maximum load. Consequently, this 16-inch-diameter pipe, with a larger R /t ratio (21.3m

NUREG/CR-4599 3-4
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i
i

versus 11,8 for the 6-inch Schedule 40 pipe experiment) would probably b :kle prior to maximum
load if it were not pressurized,

3.3.3 Subtask 2.3 Large-Diameter Surface-Cracked Pipe Fracture
i

Experinnents Under Combined 11ending and t'ension (Pressure)
i

3.3.3.1 Objective
;

The r!.iective of thi:, subtask is to develop experimental data for internally surface-cracked large-
diameter pipe under more typical combined pressure and bending loading conditions for the purpose
of maMng a critics assessment of the ASME Section XI and J estimation scheme predictive analyses.

3.3.3.2 Rationale

With one exception, the largest pipes evaluated in the surface-cracked pipe experiments conducted as
part of the Degraded Piping (Ref. 3.2), the IPIRG (Ref. 3.5), and the EPRI NP-2347 (Ref. 3.6) >

programs were 16 inches in diameter. The one exception was a 30-inch-diameter carbon steel

surface-cracked pipe experiment conducted as part of the IPIRG program, Ref. 3.7. Consequently, a
definite void exists in the pipe fracture experimental database. Since pipe diameter is an important
governing parvaeter in assessing the failure mode, i.e., limit-load or elastic-plastic, it seems prudent
to fill this void. He effects of larger diameter pipe on the fracture behavior of surface-cracked pipe
need to be evaluated in order to make a critical evaluation of the ASME Section XI and J-estimation
scheme predictive analyses.

,

3.3.3.3 Approach

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

Table 3.2 Test matrix for large-diameter surt ce-cracked pipe experiments

Expt. Nominal Test Test
No. Diameter Schedule - Material Temp. Pressure 2chrD , d/t

1.2.3.15 n-inch 60 A515 GR60 288 C 9.56 MPa 0.25 0.5
(550 F) (1387 psi)

1.2.3.16 28-inch 80 TP316L SAW .288 C 10.14 MPa 0.25 0.5
(550 F) (1470 psi)

1.2.3.17 36-inch 160 - A516 GR70 288 C TBD TBD TBD
SAW (550 F)

TBD = To be determined.

3-5 NUREG/CR-4599
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3.3.3.4 Progress

Dming tne last reporting period, two of the three large-diameter surface-cracked pipe fracture
experiments from Table 3.2 were conducted, i.e., the 28-inch-diameter carbon steel base metal
experiment (1.2.315) and the 28-inch-diameter stainless steel SAW experiment (1.2.3.16). The final
large-diameter surfan-cracked pipe fracture experiment, the 36-inch-diameter carbon steel SAW cold-
leg experiment (1.2.3.17), will be conducted after the large-pipe test facility is upgraded in Subtask
1.2.

Experiment 1.2.3.15 28-inch-Diameter Carl >on Steel Base Metal Experiment

ne 28 inch-diameter A515 Grade 60 carbon steel base metal experiment was conducted at Battelle's
large-pipe test facility at West Jefferson, Ohio. A schematic of the test specimen for this experiment -

is shown in Figure 3.2. The initial flaw size was 50 percent of the pipe wall thickness in depth and
25 percent of the pipe circumference in length. The flaw was introduced into the inside pipe surface
using electric-discharge-machining (EDht) techniques to give a sharp notch with a radius of 0.127
nun (0.005 inch). The machined flaw was not fatigue precracked. He test temperature was 288 C
(550 F). He loading conditions were quasi-static, monotonically increasing 4-point bending with a
constant internal pipe pressure of 9.56 htPa (1.39 ksi). His internal pipe pressure resulted in an
axial membrane stress (Py of 75.0 htPa (10.9 ksi), which is 65.6 percent of the design stress (S )m
for this material at 288 C (550 F). The pressurizing medium was subcooled water.

Figure 3.3 is a plot of the total applied load versus load-line displacement for this experiment. The
total applied load values include the dead-weight load contribution of 62.2 kN (13,915 pounds) due to
the weight of the pipe, water, and end restraints. From Figure 3.3 it can be seen that the maximum
applied load for this experiment was 1064 kN (239,300 pounds).

Figure 3.4 is a plot of the crack section moment versus the crack section rotation data from this
experiment, The rotation data represent the half rotation (4) of the crack section, see Figure 3.4, and
are the data from the inclinometers that were mounted to the side of the pipe,559 mm (22 inches)
either side of the crack plane. From Figure 3.4 it can be seen that the maximum moment for this
experiment as 2189 kN-m (19,380,000 in-lbs).

Experiment 1.2.3.16 28-inch-Diameter Siainless Steel SAW Surface Crack Experiment

The 28-inch 4iameter stainless steel SAW surface-cracked pipe experiment was conducted at Battelle's
large-pipe test facility at West Jefferson, Ohio. The test pipe was a section of the same pipe used in
the 28-inch-diameter stainless steel SAW through-wall crack experiment (1.1.1.23). The pipe
material identitication number is DP2-A51. The pipe base material is TP316L stainless steel. The
test weld was fabricated at a local AShiE Nuclear Code-certified welding shop using the same
procedures, wire, and flux as used for the test weld for Experiment 1.1.1.23. The welding
procedures for these welds are given in Appendix A, as obtained from General Electric. The material
properties for the pipe material and weld metal are given in Table 3.3. He results of the chemical
analyses of the stainless steel base metal and weld materials are given in Table 3.4. In this
experiment it was decided to leave the weld crown on the outside surface in place, whereas for the
stainless steel SAW through wall crack experiment the welJ crown was ground off.

NUREG!CR-4599 3-6
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,

Table 3.3 Material property data for 28-inch-diameter stainhss steel base
metal and SAW materials at 288 C ($50 F)

Base Metal (DP2-A51) Weld Metal (DP2-A45W2)
'

_

Yield Strength, MPa (ksi) 143 (20.8) 2% (53.0)

Ultimate Strength, MPa (ksi) 427 (62.0) 503 (72.9)

Reduction of Area, percent 70.8 58.5
2 2J;, kJ/m (in-lblin ) NA(*) 59.5 (341)M

3 3d)/da, MJ/m (in-lblin ) NA(*) 160 (23,250)(b)

(a) N A - Not available.
(b) Average of two 20 percent side-gmove specimens.

_.

7

1
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i

'

Table 3.4 Chtsnical compnition of stainlm steel subinerved-arc
weld (Di'2 A45W2) and pipe (Dl'2 A51) naterials

l'ercent by Weight of Indicated Eleinent

ASTM A240
Weld Metal llate Metal Specification

Elcinent (Di'2 A45W2) (DP2-A51) for TI'3161,

C 0.03 0.021 0.0.10 max

Mn 2.26 1.8 2.00 max

t- 0.032 0.031 0.045 max

S 0.010 0.018 0.030 max

Si 0.89 0.55 0.75 max

Cu 0.26 0.2 (a)

Sn 0.010 0.008 (a)
Ni 9.6 4. 8*) 10.00-14.00

Cr 19.7 17.3 16.00-18.00

Mo 0.10 2,1 2.00-3.00

At 0.015 0.01 (a)
V 0.070 0.08 (a)

Nb 0.012 0.013 (a)
Zr 0.015 0.001 (a) _

Ti 0.006 0.004 (a)

B 0.0008 0.0002 (a)

Ca 0.0008 0.0024 (a)
Co 0.I3 0.12 (a)
W 0.0 0.0 (a)
Se 0.00 0.00 (a)
N N.D (*) 0.076 0.10 max

-

(a) Not specined.
(b) DM not meet specineation.
(c) N.D. - Not detennined.
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The initial flaw site was 50 percent of the pipe w.dl thickness in depth and 25 percent of the pipei
'

circumference in length. The flaw was introduced into the inside pipe surface using electric-
d

discharge machining (l!!)M) techniques. '!he machined flaw was not fat gue precracked. The testi
'

temperature was 288 C (550 F). 'lhe loading conditions were quasi sta'ic, monotonically increasing
'

4 point bending with a constant internal pipe pressure of 10.14 MI'a (1.47 ksi). Mis internal pipe
pressure resultal in an axial membrane stress (F,n) of 59.6 MPa (8.65 ksi), which is 62.0 percent of

i the dedgn stress (S ) for this material at 288 C (550 F). De pressuriring nmdlum was subcoolalm
water.

4

'
Figure 3.5 is a plot of the total applied load versus load line displacement for this experiment. 'the i

tal applied load values in Figure 3.5 include the equivalent appliniload at the actuator of 62.2 kN
(13,975 pounds) from the distributed dead-w. ight load contribution due to the weight of the pipe, .

water, and wire ropes at the end restraints. From this figure it can be seen that the maximum applial
load for this experimen. as 1018 kN (228,900 1xiunds).,

,

'Figure 3.6 is a plot of the crack section moment versus the crack section rotation data from this
.

experiment. 'lhe rotation data represent the half rotation (4) of the crack section, see Figure 3.6, and
,'

are the data from the inclinometers that were mounted to the side of the pipe,559 mm (22 inches)
| either side of the crack plane. From Figure 3.6 it can be seen that the maximum moment for this

experiment was 2094 kN rn (18,530,000 in lbs).
.

Comparison of Experimental Results with IWil.3640 and IWit-3650
Fredictions for I arge Diameter Surfare-Cracked I'lpe Ihperiments *

Table 3.5 shows a comparison of the experimental maximum load values from the 28 inch diameter
A515 Grade 60 cartxm steel base metal (1.2.3.15) and 28-inch diameter TF3161. stainless steel SAW
(1.2.3.16) surface-crackal pipe experiments with predictions from the in service flaw assessment
criteria in Section XI of the ASME Code, i.e., IWil 3640 and IWil-3650. From Table 3.5 it can be

| seen that both assecsment criteria underpredicted the experimental maximum moments. The IWil.
3640 predicted or " allowable" stress for the stainless steel SAW experirnent (1.23.16) .eas 75 percent
of the maximum experimental stress, while the IWil-3650 pinlicted stress for the carixm steel base
metal experiment (1.2.3.13) was only 40 percert of the maximum experimental stress. The extreme
underpratiction of the carbon steel results is consistent with past findings (liefs. 3.2 and 3.5). -

'
3.3.4 Sublasli 2.4 Annipts of Short Surfnce Cracks ist Pipes

3.3.4.1 Objective
,

The objective of this subtask is to develop, improve, and verify the engineering analyses for short -

circumferential surface-cracked large4tiameter pipe where elastic-plastic fracture is expected,
,

3.3.4.2 Rationale |

De short surface cracked (SC) pipe analysis irnprovements'are aimed at assessing and improving the
ASME Section XI flaw evalurlon crit:ria (Refs. 3.8 and 3.9). ;

.

:
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Table 3.5 Comparison of expeimental risults from 28-inch <hamete cr?an steet !*

- '
base metal (1.2.3.15) and 28 : -_i "- _:u stainless steet 59 0.2.3.16),

surface cracked pipe experiments with prweictions from in-service flaw
assessment criteria in Section XI of the ASME Code

i

!

i

Maxanum
ExpL OD, t, S,,, ap Moment, Pressure, [W<

w
y No. Material mm mm 2c/rD,, d!t MPa MPa kN-m MPa (e,,,+ e,)/('r*+ '.) -

!

t'

1.2.3.15 A515 711 22.7 0.25 0.5 114 274 2189 9.56 2.476 ;

~4 '

Grade 60 >,
m
7:

113.16 TP316L 711 30.2 0.25 0.5 %.2 289 2094 10.14 1.326 w
SAW f,

i~

O
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3.3.4.3 Approach

The five activities in this subtask are:

Activity 'L4.1 Uneracked pipe analysis
Activity 2.4.2 Improve SC.TNP and SC.TKP analyses,

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

Activity 2.4.4 Analyze large41ameter surface-cracked pipe test data
Activity 2.4.5 Evaluate procedures in J estimation schemes for surface cracks in welds.
Activity 2.4.6 Extend SC.TNP and SC.TKP for external surface-crack geometries under

combined loading.

Only Activities 2.4.1,2.4.3, and 2.4.,6 were active during this reporting period.

Activity 2.4.1 Uncracked l'ipe Analysis
i

During hiay,1991, we met with Dr Brickstad of Sweden while he attended the IPIRG meeting.
Dr. Drickstad brought copies of a Swedish report by Dr.11. Oberg showing that far a stainless steel
uncracked bend bar specimen, the analytical metimd underpredicted the experirr ;ntal results by more ;

than the investigators thought possible. His is consistent with our uncracked pipe analyses of the !

JAERI stainless steel uncracked pipe experiments, as well as many of the stainless steel through wall- ;

cracked pipe analyses. We therefore conducted an FEhi analysis of this simple uncracked bend bar ;

specimen for comparison with the Swedish analytical result. |

iTwo sets of analyses were completed. The first involved an in house research code (FLIP) used at
Battelle that allows a power-law representation of the stress strain beh::vlor. The constitutive model -

was described by
l

e = a (o)" (3-1) -

'
where

4.65 x 104 for 0 < a s 242.5 htPaa =

7.14 x 1045 for a > 242.5 h1Paa =

and

1.019 for 0 < a s 242.5 hiPaN =

4.715 for a > 242.5 MPa '
_

n =

Tne data and the power law fit are shown in Figure 3.7. As seen, this representation for the stress-
_

strain behavior is excellent. He FEM results using this representation under plane stress assumptions<

were identical to the analytical predictions using elastic-plastic beam theory (Figure 3.8) of Dr.11.
Oberg in Sweden.

NUREG/CR-4599 3 14
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The second set of FEM calculations was conducud using incremental theory of plasticity in
AllAQUS. Three cases were used: (1) 2D plane stress, (2) 2D plane strain, and (3) complete 3D
models, lhese results are also shown in Figure 3.8. As expected, the experimentally measured
values fall between the predictions of plane stress and plane strain, The results using the 3D model
were expected to be in direct agreement with experimental observations, but were found to be almost
identical to those for the plane stress model.

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

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

'the maximum moment for the 6 inch 41ameter Schedule XXS pipe Experiment 1.2.1.21 was
61.1 x 10 in.Ibs. This value of the moment includes kinematic c trection. Figure 3.9 shows a plot

of the maximum moment predicted for this pipe geomevy and material properties using the Net-
Section-Collapse analysis for various flaw geometries. Also indicated are buckling loads calculated
by AHAQUS and by Battelle's (Mesloh's) closed ferm buckling analysis, Ref. 3.10. The
experimental value for the maximum moment is enout 22 percent less than that predicted by the Net-

[u b*"S k* * .tam

y ;/ y
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on - 04y i40,
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Figure 3.9 Comparison of experimental data with Net Section-Collapse
predictiom for 6-inch XXS pipe (Esperiment No.1.2.1.21)

la = (at + a.)/2]r

SC SA 5/92 F3.9
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Necoon Collipse analpit Interestingly in the 6 inchsliameter Schedule 40, the pipe started to buckle
and a matunem load was athieved prior to the crack initiation. but the Schedule XXS pipe's
maumum loaJ corresponded to the start of crack growth.

10 assess the ditterenses observed between the experimental anJ Net-Section-Collapse analysis, a
comparison of the ratio of the maximum experimental stress to the predicted Net Section Collapse
analpis stress as a function of the pipe R,n/t ratio for a number of surface cracked pipe experiments
was made. 'Ihis was done to also determine the effects of shoit versus long surface cracks on the net-
section collapse at:alysis, see Figure 3.10. Most of the data points in Figure 3.10 are for experiments
f rom the Degraded Piping Program, Ref. 3.11. Figure 3.10 only includes the data from those
surf ace trac,. pipe experiments for which lirnit load failure was expected rather than EPFM failure.
'this occurs when the dimensionless plastic rone parameter (DPZP) is greater than 0.2. As can be
seen in Figure 3.11, if the DPZP is greater than 0.2 for surface-cracked pipe, then fully plastic
conditions should be expected. 'Re line drawn in Figure 3.10 represents a least squares fit of the
Jata. Also included in Figure 3.10 are the data points for the two 6-inch nominal-diameter stainless
steel short surf ace-cracked pipe experiments conducted as part of this program (1.2.1.21 and
1.2.1.22) and two 4-inch nominal-diameter stainless steel pipe experiments with relatively short
surf ace cracks conducted as part of a previous 13attelle/EPRI program, Experiments $S and 6S (Ref.
31a in examining Figure 3.10 it can be seen that the data from these four relatively small surface-
cracked pipe experiments agree fairly well with the data from the larger surface-cracked pipe
experiments f rom the Degraded Piping Program. From these data, it appears that the effect of crack
site on the ovahzation correction factor for limit load failures for surface-cracked pipe is minor.
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predicted net-sntion<ollapse stress as a function of the
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Consequently. If deelned appropriate, one generallred ovallration correction factor for limit load
failures for all crack sizes could be incorporated into a code in service Daw assesstnent criterion such
as found in Section XI ef the ASME Code, or limits on the applicability of the net-section-collapse
analysis as of Junction ofis ,/t can be established.n

Artitity 2.4.6 Extend SC.TNP and SC.TKP for External Surface-
Crnck Gesunetries under Combin.xl Imading

A copy of the DTRC report (Ref. 3.12) on J sersus crack growth per cycle, da/dN, for low cycle
fa!!gue was reviewed with the application to low cycle fatigue predictions in mind. The main concern
is the compatibility of the Dowling operational definition of J with the J values in the SC.TNP and
SC.TKP solutions.

B.e DTRC report uses an eperational dcF.nition of J developed by Dowling. This methodology
makes laboratory specimen low cycle fatigue cra:k growth < lata consistent with high cycle fatigue
data. The difficulty comes when one wants to use this relationship in a structural application where
there are negative load ratios, in this case, the Dowling definition of J is inconsistent with the
deformation or incremental plasticity definition of J used in structural analysis.

NURE9/CR4599 3 18
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Dowhng's dennition of J integrates the area under the loaJ-displacement curve, but for negative
loading the area includes loads corresponding to crack slosure in the DTRC report, the crack
closure load was feund to occur at negative loads tnat were about 30 percent of the applied positive
load. This addhional area increases the Dowling operational definition of J relative to a deformation
plasticity J. The ditticulty is that the J .Jeulated from elastic plastic fracture mechanics analyses
(deformation J) for the structure, such as the SC.TNP analysis (Ref. 3.11) developed by Battelle for
the NRC for circumferentially surface-cracked piping, does not recognize the negative loading
cor.tributions to J liere the applied J is proportional to the applied load, P, i.e.,

J = J, + J (32)p

21, a P (3-3)

J a P" 8 (3-4)p

'lo integrate the Dowling approach for determining low cycle fatigue crack growth in laboratory
specimens with structural predictions requires modificrtion of the J-estimation scheme analysis. Two
possible methods were considered: the SC.TNP and n factor approach, r.nd a simplified modification
to the SC.TNP analysis.

Combined SC.TNI' and y-factor Appivach

This approach can be divided into six steps.

Step / is to obtain the laboratory specimen operational J versus da/dN results, as DTRC has
done.

Step 2 insolves having an estimation scheme to prcdict the moment rotation or load-

displacement relation for the cracked structure. The SC TNP analysis is such an analysis for D

circumferentially surface-cracked pipe. Severt' pralyses exist for circumferential through wall-
cracked pipe, e g., GE/EPRI, LBB.NRC, LBB.EnG, etc. in '.eference 3.13.

Step 3 involves makmg an assumption about when crack closure may occur in the structure
(cracked pipe). As a first approximation, assume it occurs at 30 percent of the applied tension
load, although some percentage of the maximum load for that size crack may be more
appropriate. He IPIRG R= 1 TWC pipe test data (Ref. 3.14) may be useful in defining the
closure loads for through wall-cracked pipe in reverse loading. It is anticipated that the crack
closure behavior may be different for a through wall crack than a surface crack.

Step 4 involees calculation of the operational J from the closure load to the peak load, see
Figure 3.12. For a cracked pipe, an 9 fa; tor analysis is now needed. Pan (Ref. 3.15)
developed such an analysis for circumferentially surface cracked pipe, and there are other such
analyses for circumferentially through-wall-cracked pipe, Ref. 3.13.

Step 5 mvolves incrementing the crack using the pipe operational J value and the da/dN value
from the specimen operational J data from Step 1.
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Step 6 involves a recalculation of the moment rotation or load-displacement response for the
incremented crack using the methods in Step 2. A potential problem is in accounting for any
cycile hardening or softening in predicting the moment rotation response of the structure fer

; subsequent cycles beyond crack initiation, nis is a difficult problem even in a full blown

| finite element analysis,

l
Simplified Modification to SC.TNP Analysis

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

| J = J, + J (35)p

J. 5 (P + Pciosur,)2 (36)

J a (P + P,io,,,,)"+ 1 (3'ij
p
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Although this is a simpler method, the addition of the closure load to the tension load may give
significantly different results. 'This is illustrated in Figure 3.13, where the same tension and closure
loads as in Figure 3.12 are used. In comparing the two figures, one can see that the area (and hence,
1) in Figure 3.13 is almost twice as large in Figure 3.12. lienee, adding the closure load as a tension
load in the SC.TNP analysis to calculate an operationa! J would be inconsistent with the Dowling
general procedures and would be very conservative.

We believe that, in the future, it may be desirable to include the potential low cycle fatigue crack
growth from a seismic event in either I.llB or in-service inspection criteria, i.e., ASME Section XI
IWB-3640 and IWit-3650. It is suspected that, for a through wall crack used in LBB analyses, the
low eycle fatigue growth is not very significant in affecting the final failure loads. The crack growth
foi a surface crack, however, may have greater effect on the final failure loads. Past EPRl/GE (Ret.
3.16), J AERI (Ref. 3.17), and STA (Ref. 3.18) cyclic pipe experiments show that the cyclic loads
caused failures well below net section-collapse loads using the initial flaw size.

3,4 Plans for Next Year of the Progrant

The efforts described below will be undenaken during the nest year of the program.

3-21 NUREO/CR-4599
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3.4.1 Subtusk 2.1 h!aterial Characterliation for Surface-Cracked
-Pipe Experknents

,

During the next ye.u, it is expected that characterireion of the replacement 16-inch-diameter I
austenitic stainless steel pipe from Savannah River will be completed. In addition, the carNm steel
r.ubmerged arc weld in 25.4 mm (1 inch)4 hick plate will be fabricated and material characterization j
tests completed.

3.4.2 Suhtask 2.2 Smaller Diaineter Pipe Fracture Experlinents in Pure
llending for Limit-lead Ovallraticn Correction

'the 16 inch-diameter Schedule 30 stainlest steel surface craeled pipe experiment will be conducted in
the next year.

3.4.3 Suhtask 2.3 Large-Diameter Surf ace Cracked Pipe Fracture
Experhnents Under Combined 11emling and Tension (Pressure) '

.

Specimen preparation for the 364nch diameter carbon steel (cold leg pipe) SAW surface-cracked pipe
experiment (1.2.3.17) will begin. The test weld for this experiment will be fabricated at the same ;

time as the test weld for the 24-inch-diameter carbon steel SAW through wall crack experiment
(1.1.1.24). The weld procedures for both experiments will be the same. Experiment 1.2.3.17 cannot !

be conducted until the upgrade of the large 10e test faellity is completed in Subtask 1.2.5

3.4.4 Subtask 2.4 Analysis of Short Surface Cracks in Pipes

For Activity 2.4.1, it has been proposed that the discrep ncy between the experimental data and Onite j
element predictions for the uncracked pipe will be studied as part ofIPIRG-2. Thde results will be '

incorporated into the conclusions of this activity. This subtask will be put on hold during the next
'

reporting period. Some literature survey for the LDB.ENG2 taethod for the surface crack analysis
may be conducted. Once the TWC analytes work in Suhtask 1.4 in completed this suhtask will be
resumed.

3.5 References
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4. TASK 3 IllMETALLIC WELD CRACK EVALUATIONS

This task was not active this fiscal year; hence there is no progress to repon.

_

i
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5. TASK 4 DYNAMIC STitAIN AGING

5.1 Task Objective

The objective of this task is to evaluate and f redle'ine effects of crack instabilities, believed to be
due to dynamic strain aging (DSA), on the fracture behavior of pipe. Specine objectives are to
establish a simple screening criterion to predict which ferritic stects may be susceptible to unstable
crack jumps, and to evaluate the ability of current J-based analysis methodologies to a>sess the effect .

of unstable crack jumps on the fracture behavior of fctritic steel pipe, if necessary, alternative
procedures for predicting pipe behavior in the presence of crack jumps will be derived.

.

;

!5.2 Task Itationale

The methuJology developed here will be applicable to both Lilli and in service flaw evaluations, it
will also be valuable for selection of materials for future advanced reactor designs, j

.

5.3 Task Approach -

De four subtasks and two optional subtasks in this task are: f

Subtask 4,1 Establish a screening criterion to predict unstable crack jumps in ferritic
steels

Subtask 4,2 Evaluate procedures for characterizing fracture resistance during crack
jumps in laboratory specimens ,

Subtask 4,3 Assess current procedures for predicting crack jump magnitude in pipes!

|
Subtask 4,4 Preparc inteilm and topical reports on dynamic strain aging induced crack

instabilities in ferri'.ic nuclear piping steels at LWR temperatures'

Subtask 4.5 (Optional Subtask) Refine procedures for characterizing fracture resistance
during crack jumps in laboratory specimens '

Subtask 4.6 (Optional Subtask) Refine procedures for predicting crack jump magnitude
inpipes .

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

5,3,1 Backgrond

{
The approach in Task 4 is based on experimental data obtained in the Degraded Piping Program (Ref,
5,1), in several pipe steels tested at 288 C (550 F), both in laboratory and pipe specimens, crack
instabilities were observed, interspersed between periods of stable, ductile tearing, These instabilities
have been assumed to be related to a steel's susceptibility to DSA (Ref, 5,2), DSA is a pinning of
dislocatio'n movement by free nitrogen or carbon atoms in the crystallographic structure, This
increases thn flow properties and reduces the ductility. However, no firm proof of that tie-in betweenl
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DSA and crack instabilitiet. presently esists. Information about crack instabilities is lacking in other
areas as well Some quepions include:

(1) liow large must a crack instability be to significantly af fect llawed pipe safety
ana'yses?

(?) Are J based analysis procedures valid when crack instabilities occur?

3) Are there simple ways to predict the occurrence and severity of crack instabilities in a
partleular steel?

(4) 15 there a correlation between crack jumps in C(T) specimers and pipe specimens?

(5) llow reproducible is tha phenomenon 7

(6) Do the tracture surlaces or microstructures msociated with crack instabilities have any
,

'

unusual features?

*the significance of crack Instabilities in flawed-pipe safety analyses has already been demonstrated in -

at least one 288 C (5501) pipe test conducted at David Taylor Research Center. In this experiment,
a crack jump of approximately one-fourth of the pipe circumference was observed for a through wall
circumferential crack. Such an instability in a nuclear plant could lead to a large loss of cooling
watu. Thereforc, it is important in this program to determine how to predict the occurrence and
magnitude of crack instabilities. Subtask 4.1 represents an attempt to address these issues in a logical
manner.

A limited number of laboratory 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

'

instabilities 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.

'

}{ardness 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, en der:rmining 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 ulved in developing the screening criteria for dynamic strain aging in Subtask 4.1
will also determine what triggers dynamic crack jun*ps. From a global sense, the dynamic crack
jumps could be triggered by being at the proper temperature and strairi rate and by having a material

*
sufticiently susceptible to dynamic strain aging. The latter can be determined by the screening
criteiia, ideally with a simple test such as the hardness ratio at high temi.erature to room temperature.
From a microstructural viewpoint, metallographic investigations of past fracture surfaces from
Degraded Piping Program test tpecimens at the points of initiation and arrest of the crack jumps may
shed furthei light 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 speelmens during a crack instability.
Included in this activity will be an evaluation of a J-resistance curve approach, an evaluation of
alternate measures of fracture resistance (CTOA, for example), and an assessment ( f plausible
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|

analysis methods m account for crack jumps. He 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 Subtask 4.3 to make engineering predictions of the
length of crack jumps in pipe, using several approaches. One approach will apply the NRCpipE code
(see Task ; .md another will use an energy balance method (Ref. 5.3). He success of these
engineering approaches will be evaluated and a determination will be made as to whether improved
methods should be recommended for study in optional activilla.. The drst optional subtask is aimed

,

at improving the analytical procedures for calculating fracture resistance during unstable cracking in |
laboratory specimens. He r,econd seeks to improve the ability to analyre 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 4.1 Establish a Screening Criterkn to Predict
Unstable Crack Jumps in Ferritic Steels |

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

Activity 4.1.1 Conduct laboratory tests to determine correlations among tensile properties, !

hardness, DSA, and the occurrence of crack instabilities in both C(T)
specimens and pipes, and

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

The details of these activities are given below.

5.3.2.1 Activity 4.1.1 Conduct Laboratory Tests to Determine Correintions
| Among Tensile Properties, liardness, DSA, and the Occurrence of Crack

Instabilitim in Both C(T) Spnimens and Pipes

ne 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 tests that reveal susceptibility to DSA as
screening tests for indicating susceptibility to crack instabilities, (2) examine test data and fracture ;

specimens to correlate crack jumps in C(T) and pipe specimens, (3) investigate reproducibility of
crack jumps, and (4) discern any unusual fractographic and/or microstructural features associated with
crack instabilities.

Work during the last six months included the following items:

Conduct additional elevated temperature Brinell hardness tests on carbon-steel weld*

metal to determine the temperature of peak hardness
Conduct additional compact specimen tests at 288 C (550 F) on a carbon steel which is*

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

5-3 NUREO/CR 4599

.

- - _ _ . - - - ,-- , -- . , ,- ---n.-e-,-. ,,.-- ...--.-m-.--w,, -- . . . -,,, y



-

Sa non 5
TAsh 4 DYNAMIC STRAIN AGING

Conduct fractographie and metallographie examinations of compact specimens to*

reveal posutile dif f erences in f racture mode or microstructure between rdow, stable
tearing and crack jumps
Examine load-displacement records to obtain quantitative data on crack jumpe

magnitude and frequency for both pipe tests and compact specimen tests of carbon
steels.

Conduct Additional Elevated Temperature Lrinell liardnm Tots

Earlier work (Ref. 5.4) had shown that carbon steel base metals susceptible to dynamic strain agmg
exhibited a peak h ultimate tensile f trength at temperatutes in the range of approximately 200 to
250 C (392 to 4821:). The single submerged arc weld metal examined in that study (identified as
DP2179W, an SAW girth weid in a 16 ineh-diameter A106 GraJe il carbon steel pipe) also exhibital
a strength peak, but at a higher temperature of approximately 350 C (662 F). Each of the tase metals
also d; splayed a hardness peak, but at a temperature somewhat higher than that of the strength peak.
The reason for the higher temperature of the hardness peak was assumed to be the result of a higher
strain rate in the hardness tests compared with the tensile tests. The hardness tests on the submerged-
are weld metal also showed indications of a peak value but the range of test temperatures was not-
sufficiently great to reveal the temperature at which the peak occurred. Accordingly, additional
hardness tests were performed on the same weld metal specimen tested previously, but nearer the
bottom of the weld, to encompass a wider range of temperatures. The procedures employed for
conducting the elevated temperature firinell hardness tests were the same as those described in our last
semiannual report Ref. 5.4

,

The results of those additional hardness tests are shown in Figure 5.1, along with the earlier hardness -
and tensile strength tesults. Notice that a hardness peak was observed at a temperature of
approximately 500 C (932 F), which is more than 150 degrees C (270 degrees F) higher than the
ultimate-tensile-strength peak. Notice also that the two series of hardness tests did not superpose,
presumably because the tests were conducted in two different regions of the weld where the chemical

;

composition and/or the microstructure may have been slightly different.
'

The reasons for the higher peak-temperature for the ultimat: tensile strength and hardness in the weld
metal as compared with base metal are not known at this time. Part of the difference might be related
to the nigher silleon content (approximately 0.6 versus 0.2 percent) and higher molybdenum content<

(approximately 0.4 versus 0.04 percent) in the weld metal compared with the various base metals
studied (Ref. 5.4). Whatever the source of the different behavior between the weld metal and the
base metals, it is interesting to note that the bR curve for the weld metal was raised significantly by
increasing the loading rate in the compact-specimen tests by a factor of several thousand, whereas that
for a carb<m steel base metal (DP2 F30, A106 Grade B) was lowered substantially (Ref. 5.5). These
limited data indicate that the effect of strain rate on the crack-growth resistance of carbon steels .'

depends on the temperature range of the dynamic strain aging phenomenon, which itself is strain-rate
.

dependent.
-- -

a
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Conduct Additional Compact-Specimen Tests at 288 C (550 F)

De steel selected for further study of the crack jump phenomenon at 288 C (550 F) was Afl5 Grade
60 (Pipe DP2 F26) becat.se earlier tests indicated that side grooved compact specimens machined
from this pipe consistently exhibited crack jumps of sufficient magnitude to permit gathering of data

l during one or more of the crack jump events. The two principal purposes of conducting additional
tests on this steel were to: (1) determine the reproducibility of the crack jump behavior in one steel,
and (2) obtain load, displacement, and crack extension data during one or more of the crack jamp -
events.

Each of the compact specimens machinal from Pipe DP2 F26 y as IT planform size and had a
thickness of 20.8 mm (0.82 inch); side grooves had a depth of 10 percent per side. Each was tested
at 288 C (550 F) because previous experiments had shown that this was the temperature at which
crack jumps were most likely to occur. The experimental approach in conducting these additional
tests was to use a conventional load cell and conventional clip gage in conjunction with rapid response
amplifiers, remove all filtering of the electronic signals, and record via a high-speed tape recorder
only that portion of the test beyond maximum load, i.e. that portion in which crack jumps were more
likely to occur. Additionally, a transient recorder was used in an attempt to capture data at very high
rates during actual crack jump events. Conventional recording devices also were used to obtain data at
slow rates during the entire test.

Of the four tests conducted at 288 C (550 F) on compact specimens machined from Pipe DP2-F26,
three were instrumented to provide data during crack jumps. Each of the four specimens exhibited at
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least two significant crack jumps, as indicated by the sharp load drops in the load-displacement curves
shown in Figure 5.2. Useful data were obtained during each of the crack jump events in the three
tests that were designed to obtain such data. Preliminary analpis of the three crack jumps in
Specimen No. F26-108 indicates that the crack velocity during a crack jump was orders of magnitude
slower than a cleavage crack, probably no greater than approximately 0.5 m/s. Nonetheless, that

5 m/s estima:ed for the
velocity is approximately 40,000 times greater than the va!ue of 1.25 x 10
aw, stable crack extension during the remainder of the compact-specimen test.
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Figure 5.2 Load-displace nent curm for four C(T) specimem from
Pipe DP2 F26 (ASIS Grade 60)

Spttimem were tested at 288 C (550 F) and displayed
crack jumps as indicated by hiad drops

SC-SA 5/92 F5.2

With respect to the reproducibility of crack jumps in this material (Pipe DP2-F26, A515 Grade 60),
Table 5.1 summarizes the data for a total of six fatigue-precracked and side-grooved compact
specimens tested at Battelle in the Degraded Piping Program and Short Crack Program. The results
in Table 5.1 indicate good reproducibility; each of the six specimens exhibited two to four signincant
load drops (d 10 percent cf the existig load) during the course of a J-R curve test.

Conduct Fcytogre 4 tetalligraphic Examinations

in conducting the a.euu. p ,ests at 288 C (550 F) on compact specimens machined from Pipe DP2-
F26, it was noted that tb nacture surfaces of specimens that exhibited crack jumps had both dark and
light bands, indicative of different degrees of oxidation on the fracture surfaces. The dark bands

5-6NUREGlCR-4599
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Table 5.1 Reproducibility of crack jumps in compact spnimens machined j
from Pipe DP2.F26 (A515 Gr 60,28 inch diameter)

'

(Note: Spnimem were IT x 21 mm (0.82 in.) thkk,
I-C orientation, fatigue precrutled,20 percent

side gt m M, inted at 288 C ($50 F)

Specimen Total Number of Sudden Number of lead Drops
identification No. Imad Drops Observed d 10% of Existing lead

F2619 4 3

F26-22 6 4

F26-103 7 3

F26-107 2 2

F26-108 3 3

F26-109 3 2

appeared to be associated with slow, stahl crack growth and the light bands with rapid crack jumps. |
De dark /:Ight sequence seemed contrary to intuition, which might have supposed that there would be

,

a more giadual gradation in fracture-surface color from dark to light as the crack progressed from its
origin to its final position at the end of the test, although the region associated with a crack jump
might have been expected to show a fairly uniform color.

Figure 5.3 is an enlarged photograph of a ponion of the fracture surface of Specimen No. F26-107,
which displayed two significant crack jumps when tested at 288 C (550 F). The boundaries between
the light regions (Regions 13 and D) and dark regions (Regions A, C, and E) have been highlighted
with a dark ink line; these ink lines were used in making nine-point average crack-length
determinations directly from the photographs. Also shown on the photograph is the crack length at
the dark /Ilght interface, relative to the fatigue-precrack tip, along the mid-thickness line. These
dimensions were useful in positioning the specimen in subsequent examinations in a reanning electron
microscope (SEM).

To test whether the boundaries between the dark and light regions were truly indicative of transitions
between slow and fast crack growth, the nine-point average crack lengths at the boundaries, measured
from the photograph in Figure 5.3, were compared with the crack lengths at the start and end of
crack jumps, as determined from the direct-current electrical potential (d-c EF) data obtained during
the test. Similar measurements were made on Specimen No. F26-108, which exhibited three distinct
crack jumps in a 288 C (550 F) test. The results, shown in Table 5.2, indicate that the magnitude of
the crack jumps mer.sured from the dark / light boundaries overestimated the crack jumps calculated
from the change in d c EF by an average of approximately 55 percent for the five crack jumps
observed in the two tests. Indi,idual overestimates ranged from approximately 15 to 90 percent.
Figure 5.4 is a comparison of crack lengths as determined by the two different measurenat methods

5-7 NUREG/CR-4599
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Table 5.2 Compariwn of track jmnp I ngtta bawd on fratture surface appearance
(da (uppearurue)) with thow bawd on change in d< EP laa (1;I')]

'

._ _

ki(Ap;warante) .in(EP)
_

'

ntn inth inm inch ki(EP)
i~

Spec.1:26-107 ,

Crack jump No. I l.47 0.058 0.99 0.039 1.49

Crack jump No. ? 1,52 0.060 0.3. 0.035 1.71

Spec. F26-108

Crtck jump No. I 1.07 0.042 0.91 0.036 1,17

Crack jump No. 2 1.35 0.053 0.91 0.036 1,47

Crack jump No 3 1.47 0.058 0.79 0 031 LM -

Avg. 1,54

1
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for Specimen No. I 26107. Notice in the Ogure that there is good agreement between the two
different methods at the onset of both crack jumps and at the end of the test. One ponible
explanation of this difference in the arrested crack length is that the region of light colored fracture
extends beyond the arrest of the crack jump and into the region of slow, stable tearing. Therefore,
while the alternating light and dark colors on the frr ture surface are indicative of alternating fast and
slow fracture, respectively, the amount of light-colored fracture appears to signineantly overestimate

"the amount of rapid fracture.

Specimen No F26-107 also was subjected to examination in a scanning electron microscope in an
attempt to discern fraetographie differences between the slow-crack-growth and the fast fracture areas.
Areas along the specimen mid thickness line were examined, both within he dark regions and the
light regions and at the boundaries between the two regions. Figure 5.5 sHws SEhi fractographs
taken in Areas A, H, C, D, and E (refer to Figure 5.3) Each region con..sted entirely of ductile

i dimpled rupture. No features were evident that clearly distinguished one region from another,
although there were indleations that the dimples in the dark regions of the fracture surface may have -

been slightly coarser than those in the light regions. Likewise, the transition from slow-to fast
fracture, while evident to the naked eye from color ditterences on the fracture surface, was not

'
teadily discernible in the scanning electron microscope.

-
*

Although it was not considered likely that possible microstructural differences along the fracture path
in the compact specimens were responsible for the occurrence of the crack jumps, ceeimen No F26-
107 was sectioned along its mid-thickness plane and that section was prepared for metallographic ,

exumination. As expected, there were no discernible differences between the microstructure
associated with the slow fracture and that associated with the crack jumps. I.ikewise, no signincant
difference in fracture profile was evident for slow versus fast fracture. Figure 5.6 is a

"
photomacrograph at 9X magnineation of the polished and etched cross section to illustrate this
conclusian. The regions labeled A, C, and E, which can be matched with those in Figure 5.3, are
regions of slow, stable crack growth that were easily identifiable on the fracture surface by a dark
oxide. He regions labeled 11 and D were characterized by a light oxide on the fracture surface. As
was noted previously, the major portion, but not all, of those two light-colored regions was associated
with rapid crack jumps.

Based on the evidence reported here, the crack jumps obserwd in compact-specimen tests (and pipe
tests as well) of carbon steel at 288 C (550 F) appear nominally identical to slow track growth under
SEh! examination, have similar fracture pro 0les when compared with slow growint racks, and are
not the result of variations of the stect's microstructure. Despite these 6ndings, the occurrence of
crack jumps is readily apparent to the naked eye as light-colored re;; ions on the fracture surface
alternating with dark-colored regions. Limited evidence suggests strongly that the extent of the light-
colored region significantly merestimates the extent of rapid crack growth.

Examine 1. cad-Displacement llecords of Compad Specimen aod Pipe Tests

Load-displacement records from both compact specimen tests and full-scale pipe tests conducted at
288 C (550 F) w re examined for evidence of sudden load drops which are always associated with the
occurrence of crack jumps. Each load drop was tabulated along with the magnitude of the load drop,
expressed as a percentage of the load that existed at the onset of the load drop. The results of that

NU REGiCR-4599 5 10
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examination are presented in Table SJ, which provides information on both the total number of load
- drops and the magnitude of the load drops for a particular test. Notice in Tanle 5.3 that there is no
close correlation between the number of crack jumps or their magnitudes when comparing compact -
specimens and pipes.

I-

Table 5.4 compares the crack-jump behavior of pipes and compact specimens for each of thirteen
' carbon steels investigated (ter base metals and three weld metals). Further, Table 5.4 Indicates that
there is no overall correlation between the occurrence of crack jumps in compact specimens and their
occurrence in pipes. In only eight af the thirteen steels was such a correlation observed. In two of
the seels (Pipe DP2-Fi and DP2-F86W), a total of only one crack jump was observed in four
compact-specimen tests. In two other steels (DP2-F2 and DP2-F26), crack jumps were observed in
side-grooved compact specimens but not in plane-sided specimens. In one steel (DP2 F29W),
compart-specimen tests showed only numerous tiny jumps, while in .nother steel (DP2-F9), through-
wall-cracked pipes exhibited crack jutaps while sarface-cracked pipes did not, in general, unstable
crack jumps did not occur for surface-cracked pipe prior to the maximum lad, but occurred after the
surface crack became a TWC. A possible reason for this is that there is very little crack growth for a
surface crack from initiation to maximum load, hence the likelihood of an instability occurring
probabilistically is small.

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

'

probabilistically there is a more significant likelihood of a cracc jump in TWC pipe than C(T)
specimens. =This will be examined further in this program.

5.3.2.2 Activity 4.1.2 Using the Results of Activity 4.1.1,
Formulate a Practical Screening Criterion for Predicting Crack
Instabilities in Pipes

g

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.

.In Reference 5.4, it was concluded that hardness data at 288 C (550 F) and at room temperature
would be sufficient to assess a particular steel's propensity for crack jumps at !!1 C (550 F). If the
hardness ratio at those two temperatures, BHN (288)/BHN (RT), equals or exceeds 1.02, crack jumps
should be anticipated in compact-specimen tests at 288 C (550 F). The additional elevated-
temperature hardness results obtained during the current reporting period on a submerged-arc weld in

. A106 Grade B steel (DP2-F29W) do not alter that conclusion.

Several other questions were addressed during the current reporting period. They pertained to the -
reproducibility of crack jumps in C(T) tests, the presence of unusual fractographic or metallographic
features associated with crack jumps, and the ability of C(T) tests to predict crack jumps in pipe tests.

NUREG/CR-4599 5-14
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Totde 13 (Ceaummed) .

2..
b~ :
D

l'usact of Crac1 Jumps in WhkA the ino6 %' ;

Total Dropped ty theIndicased Pestr,tage
Number of theErstangload

Testident.ML - Type of Test" 45% 5-10 % . 10-20 % 2Mo% > 40% Researh
.;

Pipe DP2 F2r iA106 Gr Bt 6-inch 4ia. x 1D%wi =31I

4112 4 - Pipe t se;4 pt. bend; SC 0 0 0 0 0 0

mit Compact senskan;ITx 0A5 in;20% SG 5 0 4 1 0 0

F29-13 Compact eersion; ITs 015 in;20% SG S 0 4 1 0 0
i

F29-17 Compact tension; IT GM ing o% SG 4 0 1 3 0 0 3

F2918 Compact session;IT OM in;20% SG $ 0 0 .5 0 0
;

Subrnermi-arc wekt in Pee DP2-F29 (A106 Gr Bh 16-inch dia. r 1.0Med wati

4141 4 Pipe nest;4 p. bend; SC 1 1 0 0 0 0 Crack sump occa.rred prior so breakthrough of the SC

4141-9 Pipe test;4 p. bend + press;TWC 3 0 3 0 0 0 Each of the indcated crack jumps was erurrtain en it: basis <d the -,

land 41rsplacement record-

Y F29W-12 Compact tenuon; IT QM in;20% SG 11 11 0 0 0 0 .

t
.' ~

Paw DP2-F30(A106 Gr Bt 6-irwa dia. 03624rvi=su4

4112 4 Pipe nest; 4 pt.1xnd; SC 4 3 1 0 0 0 Craci jumps ocrurred after SC became TWC ,

4113-5 - Pipe tesa; 4 pt. bend;OC 21 9 11 1' O O Three of the crack jamps occurred prior to enas. Imd.

41114 Pige test; 4 pt. bend;CC 6 4 0 - 3 1 0 Two of the crack jumps occanco prior to inaz. n nd; the larv|est
crack jump was sacertain on the bans of the kud4nplurnwne : ,.

4114-1 . Pipe test;4 pt. bend;CC - 1 0 0 0' O 1 One majns insambihry at max. bad produced a dwbie<nded- H- +

>gmIbtine tweak.
X i

1.2-7 Pqe test; 4 pt. bend;1WC 0 0 0 0 0 0
4

>

1

C.
2P15-31# Cornpacs tension:1/ITz 036 in;0% SG 6 6 0 0 0 0 -<:
ZP14-41d - Compac sension;1/ZT 036in 0% SG 15- 15 0 0 6 'O Z- ,

ZF15-51# Coa pace tension:1/Ir 036 in;2D% SG 15 15 0 0 0 0 p

Q .{ZP1541# . Con pacs tension;1TIf r 036 in;20% SG 14 14 0 0 0 0

C F30-108 - Compace tension; 1/2Tx 036 in.; 20% SG 24 19 5 0 0 0 $ {

( W 112 Compact tension;il2Tx 036 in;20% SG 3 0 0 0 1 2 ..$'
2 [F34113 Compacs tensin;1/ZTx 036 in.;20% SG 6 1' 1 0 3 1

- 3 ~ >' !,F34114 Compact tension;1/ITX036in;20% SG 2 0 0 0 0 2 C)

y F30-115 Congmus tension; 1/Irx 036 in;20% SG 20 17 1' O 1 1 - y
..!c)@

.
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ta - . I
Table 5.3 (Continued)

14neer of Chaci3emga in Wbka the Imad
Total Dropped by the bra fireestage ,

Nunher ' of the FrasgImed
TestIdent.24.- Type c4Tess'*8

L 0-5% 5-10% .1420% 3Mo% > 40% Remarks

.. (

E7019 Submerred-Arc Weld in Pipe l'86 (A106 Gr Bt 6Mnch dia.m 03 in, wan
DCD/WJ-1 Pipe test;4 gt bend;TWC 18 7 8 3 0 0 One crack jump occuned prior to man. kind-

.

IWW-13 Compact tensiora 1/ZTz 038 ing 0% SG 0 0 0 0 0 0
.

IE6W 14 Onnpacs sension; inTa 038 ing 0% SG 0 0 0 0 0 0 I
F86W-15 Compact tension;1/ITx 038 in;20% SG 1 0 1. O O O I

F86W-16 Compact sension;inTm 033 in;2&A SO O O O o 0 0 i
|

.

Pipe IP-Fi (sirailar to SA333 Gr 6h 34 inch dia. x 134 inct was
-

G IFIRG 43-1 Pipe test; 4 gt hend + press.;TWC 1 0 0 0 1 0 Tested at 300 C(572 F); both ends of the crxk emperienced ay>mit
but the end that had the smaner annumt of statie gmwth had the'

larger crack jump.
IP!RG 43-2 - Pipe test;4 pt. bend + prese.;SC- 0 0 0 0 0 0 -f

I
!!P-F1-4 Compact tensiori;3Tx 1 ina 0% SG 0 0 0 0 0 0 l-;

IP-F1-5 Ccmpacs tension;3T a l in; 2w, $G 0 0 0 0 0 0 y !

h f
IP-F14 Compace tension;3Ta lin40% 5G 0 0 .0 0 0 0

' IP-F1-7 Compacs sension;ISTz 1A in;0% SG -0 0 0 0 0 0
.

IP-F1-8 Compact tension: 15Tz 1 A in.; 20% SG 0 0 0 0 0 0 g '|
' <-- t

.g.(.) sc = sudax cut.
>' i50 = side grouve. #

1WC = throngbweKcmL O ^['

O -

7 CC = comptes cmk (160 deem SC wn M in earne plume). -

'C (b) Tessed et Maseruds Fsgineering Asmacieses (Hrf. 5.6). - Q f

$ :=
h-a .

~z :R
|C > 't.oL
$. E

o ie,

!

.i

!
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i ASK 4 DYNAMIC STRAIN AGING- Section 5

Tahic 5,4 Olaervations of crack jtuups in compact specimen tests
and full-scale pipe tests of carbon steels at 288 C (550 F)

Crack Jumps Observed

In IS e TestsP In C(T)lipe Ident.
No. Material TWC SC Tests

DP2 Fi A106 Gr B,6.in dia., Sch. 40 No ') No(b) Yes(* *d)f

DP2 F2 A106 Gr 11,6-in, dia., Sch. XXS Yes(*) No(b) Yes(' d)

DP2-F13 A106 Gr 11,16-in, dia., Sch.10 Yes(') No(b) No

DP2-F29 A106 Gr 11,16-in. dia., Sch.100 No(a) No(b) Yes

DP2-F30 A106 Gr 13,6-in, dia., Sch.120 Yes(0 No(b) Yes

DP2 F29W SA weld in Pipe DP2-F29 (A106 Gr D) Yes Yes(b>8) Yes(b)

DP2 F86W SA weld in A106 Gr B,6-in. dia., Yes Nfi) Yes(*)

0.5-in. wall

DP2-F9 A333 Gr 6,10 in. dia., Sch.100 Yes No Yes
l

DP2 Fil A333 Gr 6,4+in, dia., Sch. 80 No NY) No

IP-F1 Japanese STS49,30-in. dia.,1.54-in, wall Yes No(b) No

(Similar to A333 Gr 6)

DP2-F26 A515 Gr 60. 28-in. dia.,0.875-in, wall Yes NW) Yes(*)

DP2-F34 A516 Gr 70, 36-in, dia., 3.5-in, wall Yes NW) Yes

- DP2-F34W Shop weld in Pipe DP2-F34 (A516 Gr 70) Yes NW) No-

(a) No crack jumps after cracks in SC test became a NC.
(b) A single surtase cra:ked pipe test was conducted.
(c) A total of one crack jump was observed in four pipe tests.
(d) C(T) tests were conducted at Materials Engineering Associates using the unloadin;,; compliance method, Ref. 5.6.
(c) Crack jumps were observed only in sidtgrooved C(T) specimens.
(f) Crack jumps were observed in each of three complex ciacked pipe tests; a single TWC pipc test exhibited

no crack jumps; in an SC test there were unstable crack jumps after the crack became a NC.
. (g) Crack jun'p prior to surface crack penetration, j

(h) Crack jumps were numerous but of small magnitude.

(i) Not tested.

- NUREG/CR-4599 5-20
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Section 5 TASK 4 DYNAMIC STRAIN AGING

. In the single steel selected for crack jump reproducibility studies (DP2-F26, A515 Grade 60), a total
of six nomir. ally identical tests at 288 C (550 F) on side-grooved specimens demonstrated good
reproducibility. As was noted in Sectien 5.3.2.1, each specimen exhibited two to four significant
load drops (2: 10 percent of the existing load) during the course of a J-R curve test. On the other
hand, the repuducibility among nominally identical specimens was not as good in several other
materials. Foi example, in Pipe DP2 Fi (A106 Grade B) and in a submerged are girth weld in Pipe
DP2 F86W (A106 Grade B), four compact specimens were tested for each pipe; three of those
displayed no crack jumps, but the fourth showed one crack jump.

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

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

,

tests,

l

5,4 Plans for Next Year of the Program

The efforts described below will be un.!ertaken during the next year.

5.4.1 Suhtask 4.1 Establish a Screening Criterion to
Predict Unstable Crack Jumps in Ferritic Steels

There are two specific activities in this suhtask. 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 year.

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

5-21 NUREG/CR-4599
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TASK 4 DYNAMIC STRAIN AGING Section 5

5.4.2 Subtask 4.2 - Evaluate Procedures for Assessing Fracture
Resistance Dudng Crack Jumps in Laboratory Spechnens

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

Activity 4.2.1-Evaluate J. resistance Curve Approach. These efforts will be completed next
year.

Activity 4.2.2-Evaluate Alternative Material Resistance Measure.s. These efforts will start
next year but will not be completed until the following year.

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

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

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

Activity 4,3.1-Predict the Magnitude of Crack Jumps in Pipes Using Current Analysis
Methtxis. Rese efforts will start in the next year.

Activity 4.3.2-Assess the Success of the Current Approximate Approaches and Identify if |

Optional Efforts are Warranted. These efforts will start ir. the next year.

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

Dese reports will be written in the next year.

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

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

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

1

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

NUREG/CR-4599 5-22
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I

6. TASK 5 FRACTURE EVALUATIONS OF PIPE ANISOTROPY

6.1 Task Objective

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

6.2 Task Rationale

The rationale for this task is to assess if margins in current LBB and ASME flaw evaluation
procedures could be significantly eroded for out-of-plane crack growth under certain service loading
conditions, if margins in current procedures are found to be signincantly eroded, modi 0 cations 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 interita report is completed. The subtasks are:

Subtask 5.1 Asses? effect of wughness anisotropy on pipe fracture under combined
loads

Subtask 5.2 Detennine magnitude of toughness anisotropy and establish a screening
'

crbrion to predict out-of-plane crack growth
! Subtask 5.3 Prepare interim and topical reports on anisotropy and mixed mode studies

Subtask 5.4 Estab|ish ductile crack growth resistance under mixed-mode loading
(optional subtask)

Subtask 5.5 Redne J-estimation scheme analyses for pipes (optional subtask).

6.3.1 Background

The approach is based on the following two facts: (a) out-of-plane (angled) crack growth under
nominally Mode I loading has been observed in both laboratory and pipe specimens of ferritic pipe
materials (Refs. 6.1 and 6.2) and (b) the data and observations have not yet been adequately analyzed
to assess the rami 6 cations of the phenomenon under realistic loading conditions and for large
diameter pipes.

Existing data suggest that the out-of-plane crack growth observed in the Degraded Piping Program .
experiments was due to toughness (or, more precisely, crack growth resistance) anisotropy (Ref. 6'2)..

The toughness anisotropy arises from nonmetallic inclusions, which tend to be aligned parallel to the
principal working direction. In the Degraded Piping Program, an ad hoc modification to existing J-
estimation analysis methods was made by using projected rather than actual crack length in J-R curve

6-1 NUREGICR-4599
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,

calculations for pipe experiment data. It is not known if this procedure would be sut'Ociently accurate
for larger-diameter pipes under combined bending, internal pressure, and torsional loads,

A prudent overall _ approach is to first assess the ramifications of toughness anisotropy on the bel avior
of pipes under a sulficiently broad range of service loading conditions. This astessment will be
accomplished using parametric analyses (Subtask 5.1). *lhe analyses will be performed using the
Unite element metlal on a pipe involving bending, internal pressure, torsion, and combined loadings.
The crack driving force will be cornputed under each loading type as a function of angle from the

4 - crack plane. Using existing data and engineering judgment, the results will be used to identify
realistic service loading conditions, which may raquire modifications to existing analysis methods to
avoid nonconservative predictions. So that the assessment is realistic, Subtask 5.2 is focusing on
determining the realistic magnitude of anisotropy in representative ferritic piping materials. This
determiaation will be made mostly by using available data. A minimum number _of la' 'ratory-
specimens are being tested to generate quantitative information for analysis. In Subtask 5.2 we are ,

also 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 5.3) using the findings in Subtasks 5.1 and 5.2. The
report will provide the technical bases for a decision I > the NRC as to the subsequent course of
action. For example, the Undings may indicate that there is no practical need for modifying existing
analysis methods. But assuming that, for certain realistic situations, modiGeations in analysis methods
are called for, our approach contains Optional Suhtasks 5.4 and 5.5. These activities are aimed at
providing the NRC with a validated analysis procedure for predicting crack growth behavior in
nuclear power plant piping of materials with significant material anisotropy.

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

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

The general objective of this subtask is to conduct a parametric analysis to determine if there is
signi6 cant nonconservatism in current LBB analyses for service loading conditions of

,

circumferentially through-wall cracked pipe with anisotropic fracture toughness. Dere are six
activities within this subtask.

Activity 5.1.1 Determine driving force for angled stationary crack '
Activity 5.1.2 Conduct tensile tests at different orientations, and on additional skewed

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

Activity 5.1.3 Determine driving force for angled growing crack
Activity 5.1.4 Determine angled crack principal stresses
Activity 5,1.5 Formulate approximate corrections
Activity 5.1.6 Assess if optional efforts are necessary.

,

NUREG/CPA599 6-2
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Sution 6 TASK 5 FRACTURE EV ALUATIONS OF PIPE ANISOTROPY

Analysis methods that are cutternly used to assess crack growth and fracture in nuclear piping asst:me
Mode 1 (opening mode) conditions. Mode I crack growth requires symmetry of the Geld variables
about a plane through the crack. However, load conditions exist h nu: lear pipir:g systems that may
violate the Mode i symmetry 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-plane (angled) crack growth, and

(2) mixed-mode loadmg (bending and torsion).

Most ferritic nuclear piping exhibits out-of-plane ductile crack growth from a circumferential through-
wall crack. J-estimation scheme analyses of experiments from the Degraded Piping Program m which
the crack grew at an angle assumed straight crack growth but gave reasonable 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 angle-crack problem are addressed in this task:

'

(1) initiation under bending only and combined pressure and bending - a Mode I 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 considered. This effort also includes finding the proper characterizations of
both angled crack growth and crack growth perpendicular to the pipe axis under mixed-mode loading
caused by bending and torsion. If significantly lower failure loads are predicted for loading of
anisotropic toughness pipe (including combined loa. ling) relative to analyses considering only
longitudinal stresses, then optional activities, also provided here, are suggested to enable the
development of a simplified procedure for mixed mode, ductile fracture.

Work within Activity 5.1.2 was completed during the previous reporting period and the results were
reported in Reference 6.3. The other activities were inactive during the current reporting period.

6.3.3 Subtask 5.2 Determine Magnitude of Toughness Anisotropy 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. Ideally, such a criterion will 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 activit is much smaller than the other
activities, but it has a high signincance. We have divided this subtask into three activities.

6-3 NUREG/CR.4599 ,
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*1 ASK 5 FRACTURE EVALUATIONS OF PIPE ANISOTROPY Section 6

Activity 5.2.1 Document inclusion size, shape, distribution, and orien'ation in enbon-steel
tiipes

Activity 5.2.2 Examine the literature and conduct tests to determine tougi ness anisotropy

as a function of inclusion characteristics
Actisity 5.2.3 Assess usefulness of screening tests to predict out-of-plane crack growth

Progress dur'.ng *he past fix-month period has been confined primarily to examination of the literature
pertainir.g to toughness anisotropy within Activity 5.2.2. Attention was also given to assessing the -
us: fulness of screening tests to predict out-of-plane crack growth in Activity 5.2.3.

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

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

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

i

The limited review of the literature conducted within this activity has led to no new information on
skewed crack growth in carbon-steel pipes containing circumferential flaws, or on the explanation for
the skewed growth. It has b en assumed by Battelle investigators that the skewed crack growth arises
trom anisotropy of the toughness properties; that h, the crack-growth resistance is much lower in the
axial direction than in the circumferential direction. Thus, a crack that originally is growing :
circumferentially will have a tendency to deviate from that direction if the toughness in the axial
direction is substantially lower. On a microscopic scale, it may be that the crack is extending by a
combination of circumferential and axial growth, and that the crack-growth angle depends on the
relative amount of the axial growth component which, in turn, depends on the degree of anisotropy.
In addition to the anticipated effect of toughness anisotropy on crack-growth angle, it might be
anticipated also that the method of loading would have an effect. For example, bending, which'

produces axial tensile stresses, might be expected to favor circumferential growth while internal
pressure, for which hoop tensile stresses predominate, might be expected to favor axial growth. Each -
of these possibilities is considered in Section 6.3.3.2 of this report.- The remainder of this section
reviews information from the technical literature which deals .with sources of toughness anisotropy in

carbon steels.

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

the minimum toughness direction to that in the maximum-toughness direction (termed the anisotropy
coefricient in Reference 6.4) can reach values as low as approximately 0.25 to 0.35 (Refcrences 6.3,

-6.5411).

Several methods have been advanced for minimizing or overcoming the toughness anisotropy due to
- the manganese sulfide inclusions. An obvious method would be to reduce the sulfur content of the
steel. Howner, according to Matrosov and Polyakov (Ref. 6.4), significant reductions in toughness ,

anisotropy occur only when the sulfur content is be'ow approximately 0,01 percent. Reducing the
sulfur from 0.04 to 0.02 percent has relatively little effect. Sharp improvements can be realized when
the sulfur level is maintained at 0.004 percent or below. Nonetheless, two of the references examined i

(References 6.10 and 6.12), in which steels contalaing 0.005 percent sulfur were tested, indicated that
even low-sulfur steels can exhibit significant toughness anisotropy. For example, in Reference 6.10, .
the anisotropy coefficient was 0.50 as determined from Charpy tests on a heat treated, low-alloy steel

- plate. In Reference 6.12, the anisotropv coefficient for A533, Grade B, Class I steel plate was 0.63
to 0,74, as detrrmined from compact specimen tests. Although at one time the attalmnent oflow
sulfur levels was difficult and expensive. economical industrial methods are currently available for -
accomplishing this result.

- Similarly, anisotropy due to manganese sulfide inclusions could be minimized by reducing the
manganese content. However, because of its many useful alloying characterietics in carbon stects,
elimination of manganese is not recommended (Ref. 6.4).

,

A second way to minimize anisotropy due to manganese sulfide inclusions is to employ cross rolling
in the fabrication of plate and sheet. Hodge, Frazier, and Boulger (Ref. 6.10) demonstrated that
planar anisotropy could be eliminated in a steel that contained as much as 0.06 percent sulfur by cross

|.
rolling it 46 percent. However, cross rolling is not always practical; in any event, it cannot be
employed in the manufacture of seamless pipes.

:

. A third method for minimizing toughneos anisotropy is to reduce the ductility of the sulfur-bearing.
inclusions and, therefore, their ability to form highly e'ongated s6ngers. As pointed out by
-Matrosov and Iblyakov (Ref 6.4), the most effective way to form low-plasticity sulfides is to ad 1 .

; titanium, zirconium, calcium, or rare-earth metals, especially cerium. Each of these elements has a
higher affinity for sulfur thaa does manganese. Those authors cited an investigation in which the
anisotropy coef0cient was approximately 0.4 when the cerium / sulfur ratio in the steel was zero.
However, when cerium was added to bring the cerium / sulfur ratio to 1.5 to 2.0, the anisotropy
coefficient was raised to a value of approximately 0,85. Park and others (Ref. 6.13) also reported
benefits, albeit smaller than those in'Ref, 6.4, of adding an unspecified rare earth to steels containing
approximately 0.02 percent sulfur. Such means for achieving sulfide-shape control have been
adequately investigated and developed for use in tonnage production of weldable stmetural steels.

' For steels tested at Battelle within Activity 5.2.2 (Ref. 6.3), the shape of the sulfur-bearing inclusions
was found, as expected, to have an important effect on the anisotropy coefficient. For two pipes that -
contained stringer-type inclusions (Pipe DP2-F11 (A333 Grade 6) and Pipe DP2-F30 (A106 Grade

: B)],- the anisotropy coefficient was approximately 0.3, whereas for two other pipes that contained
elliptical inclusions [ Pipe DP2-F26 (A515 Grade 60 and Pipe DP2-F29 (A106 Grade B)], the

.
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anisotropy coefHelent was 0.51 to 0.55. In the examples cited, it is interesting to note that the
inclusion snape was much more important than the volume fraction of :nclusions present - the two
steels which exhibited the lowest coefficients (greatest anisotropy) had sulfur contents from 0.014 to
0.015 percent, while those showing the highest coef0cients (least anisotropy) had sulfur contents from
0.023 to 0.027 percent.

The reasona for the different shapes of the inclusions in the steels discussed in the preceding
paragraphs are uncertain, based on the chemical compositions reported in Table 6.2 of Reference 6.3.
The two steels whi;h contained stronger-type inclusions had higher aluminum contents (0.01 and
0.03 percent; than did the two which contained elliptical inclusions (0.000 and 0.003 percent),
indicating that they may have been killed, or semi-killed steels, thereby improving the plasticity of the
sulfides, as is discussed more fully in the next paragraph. Here is no indication from the chemical
composition that there was a deliberate attempt to control inclusion shape in the two steels which had
elliptical inclusions; both fitanium and zirconium were absent and the chemical analysis did not
attempt to determine rare eartn or calcium levels.

Matrosov and Polyakov (Ref 6.4) also discussed the role of oxygen in controlling the shape of sulfur-
bearing inclusions. Although the role of oxygen is relatively modest, the authors state that, in
balanced or rimmed steels, the sul0 des contain significant amounts of oxygen, which considerably _
reduces their plasticity and their ability to form stringers, therefore, rimmed steels are likely to
show less toughness anisotropy than fully Hiled steels, in which most of the oxygen is present in the
form of oxide inclusions and the sulfides are nearly pure manganese sul0de,

In addition to elongated inclusions, a second contributor to toughness anisottopy is banded
microstructures resulting from chemical inhomogeneities. For example, in a steel made up of ferrite
and pearlite, a banded microstructure would appear in the microscope as alternating bands of ferrite
(light etching) and pearlite (dark etching), aligned in the principal working direction. According to
Matrosov and Polyakov (Ref. 6.4) banding alone can produce an anisotropy coefficient as low as
approximately 0.8. Several references were reviewed in which elevated-temperature homogenization
treatments were employed to reduce the degree of banding, In Reference 6.12,- hot-rolled carbon-
manganese steel plates containing approximately 0.02 percent sulfur were homogenized at unspecified
temperatures for unspecified times. For a steel that had been rare-earth treated to control sulfide
shape, homogenization increased the anisotropy coefficient from 0.67 to 0.85. The effect of
homogenization was much less pronounced for a steel without rare earth additions; the anisotropy
coefficient increased only from 0.54 to 0.58. In Reference 6.8, a ferrit!c steel plate of unspec'fiedi

type and unspecified sulfur content showed an increase in anisotropy coefficient from 0.35 to 0.45
after a homogenization treatment. However, in Reference 6.10, relatively little effect on the
anisotropy coef0cient was noted, regardless of sulfur con;ent from 0.005 to 0,179 percent, from a
homogenization treatment of 10 hours at 1290 C (2350 F), even though Charpy value; were
increased.

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

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

To summarize briefly, the major contributor to toughness anisotropy is highly elongated, stringer-
type, sulfur-bearing inclusions. When they are present, anisotropy coefficients as low as 0.25 to 0.35
are commonly observed. Reducing sulfur lev'els below approximately 0.005 percent and achieving
sulfide shape control by addition of elements that reduce the plasticity of the inclusions are effective
in achieving greatly improved anisotropy coefticients. Nonetheless, significant anisotropy may remain
even after those procedures are adopted. The most certain way to achieve an anisotropy coefficient of
1.0 is to employ cross rolling. Unfortunately, that procedure is not always practical and can be
employed only in the manufacture of seam welded pipe but not seamless pipe. Much less is known
about two other sources of toughness anisotropy-banded microstructures and crystallographic
texture-but each is believed to be much less imponant than inclusion shape. Some researchers
report that modest reductions in anisotropy due to banding can be achieved by thermal
homogenization treatments.

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

The objective of this activity is to assess the usefulness of screening tests, namely, microscopi:
examination of nonmetallic inclusions or Charpy V notch tests at several different orientations, to

_ predict the occurrence and severity of out-of-plane crack growth in pipe experiments.

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

'

are the toughness anisotropy coef0cients that were determined from Charpy tests or C(T) tests in
several orientations.

Figure 6.1 is a graph of crack-growth angle versus the anisotropy coefficient of the pipe, in which the
data have been differentiated according to the type of crack and the type of loading. Clearly, the data
shown do not reveal a distinct relation between crack growth angle and anisotropy ccef0cient. A
high degree of scatter in crack growth angle is evident over the entire range of anisotropy _ coef0clents
examined. Notice particularly the data for through-wall-cracked pipes tested in four-point bending at
an anisotropy coef0cient of 0.35; one pipe displayed a crack-growth angle as great as 59 degrees,
while in another pipe, both the crack tips grew at zero degrees. Although it may be possible that
pipes free of anisotropy (coef0cient of 1.0) would consistently display circumferential crack growth
(zero degrees), that result is not suggested by the data in Figure 6.1.

In addition to the unexpected lack of correlation between crack-growth angle and anisotropy
coefficient in Figure 6,1, two other puzzling features are evident. First, the addition of internal
pressure loading to the four-point bend loading, depicted by Olled circles and filled squares in Figure
6.1, did not signincantly change the crack growth angle at a given value of anisotropy coefficient,
even though an increase in angle might have been anticipated. Second, the lone test in which loading
was accomplished entirely by internal pressure (no bending) and in which it might have been expected
that an unusually large crack-growth angle would occur, exhildted circumferential crack growth.

The results shown in Figure 6.1 suggest that development of a simple screening criterion, involving
microstructural examination of inclusions or Charpy testing in several directions, to predtet the>

tendency for skewed crack growth in pipe tests is not feasible at this time. Other factors, as yet
unknown, apparently have a greater effect on skewed crack growth than does the anisotropy
coefHelent.

6.4 Plans for Next Year of the Program

During the next year the following efforts are scheduled.

6.4.1 Subtask 5.1 Assess 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 Gnite element .

analyses will be completed for stationary cracks of different orientations.

,

NUREG/CR-4599 6-8

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



. - - .. . ... .

- Section 6 TASK 5 FRACTURE EVALUATIONS OF PIPE ANISOTROPY

Table 6.1 Skewed crack growth in circtanferentially cracked carbon sttti pipes tested at flattelle

Approx. Crack
Pipe Ident. Type of Type of Growth Angle, Anisotropy

No. Steel Type Pipe Test No. Ciar k* LoadingM degree Coefficient *

DP2 Fi A106 Gr B 4112 5 SC (int) 4 pt. bend 17; 24 K D.(*)

DP2 F2 A106 Gr B 4112 4 SC (int) 4 pt. bend 47, 72;48,48 N.D.

DP2-F9 A333 Gr 6 4115 1 SC (int) 4 pt, bend $2; 35 0.40(0
4121 6 SC (est) le only f); O 0.40
4131 3 TWC 4 pt. bend + IP 45;19 0.40 ,

4131-4 SC (int) 4 pt. bend + P 28; 35 0.40
4131 7 TWC 4 pt. bend 18; 15 0.40
4131-8 aC (int) 4 pt bend 31; 32 0.40

DP2 Fil A333 Gr 6 4111 1 TWC 4 pt. bend 59; 37 0.35W

DP2 F13 A106 Gr B 4112-9 SC (int) 4 pt bend 25, 31, 39, 25, 25; N.D.
40,48,36,27,18,27

DP2-F26 A515 Gr to 4112 TWC 4 pt, bend 15, 34; 27, 32 0.51(0

DP2 F29 A106 Gr B 4112 8 SC (int) 4 pt. bend 29; 38 0.55 @

DP2-F29W SAW in A106 Gr B 4141 9 TWC 4 pt. Lend + IP 30,13; $2N 0.55

DP2 F30 A106 Gr B 4112-6 SC (int) 4 pt, bend 30; 42 0.28(0
IPIRO I.2-2 TWC 4 pt, bendm .63;63 0 28
IPIRG 1,2-4 TWC 4 pt, bend @ $7; $6 0.28

N 27;29 0.28IPIRO l.2 6 TWC 4 pt, bend
MIP!RG 1.2 6A TWC 4 pt, bend 36; ' ,8 0.28

IPIRO 1.2 7 TWC 4 pt, bend 51; 34 0.28
IPIRO l.2-8 TWC 4 pt. bendm 12; 32 0.28
IPIRO 1.210 TWC 4 pt. bend (*9 27; 28 0.28

M 29; 30 0.28IPIRO 1.211 TWC 4 pt, bend

DP2-F32 APISLX65 4111 4 TWC 4 pt. bend 0; O 0.35m

(a) SC (int) = internal surface crack.
SC (ext) = caternal surface crack.
TWC = through-wall crack.

(b) IP = internd pressure-
(c) Where more than two angles are listed, the cred changed directioi.; sometimes the new growth angle returned the crsck toward

the plane of the original circumferential crack. For SC pipe, the angle is after the crack grows beyond the initial noreh.
(d) Ratio of minimum to maximum toughness.
(c) Not determined-
(f) Determined from Charpy V-notch impact tests la two, or more, directions.
(g) Determined from compact specimen testa in two directions. Note that the minimum-toughness direction was at angle

of approximately 66 degrees to the circumferential direction in this scam! css pipe.
(h) Cracks grew out of weld metal into base metal.
(i) Cyclic loading; R ratio (i.e., min, load / max. load) = 0.
(j) Cyclic loading; R = 1,
(k) Cyclic loading at high rate; R = si.
(1) Monotonic loading at high loading rate.
(m) Cyclic loading at high rate; R = 0.
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Figure 6.1 Crack-growth angle versus anisotrupy coefficient for circumferentially
cachd carbon steel pipes tested at Battelle (see Table 6.1 for key
to abbreviations)

SC-SA 5/92 F6.1

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

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

Activity 5.1,4-Determine Angled Crack Principal Stresses, No effons are planned for next
year.

Activity 5.1.5-Formulate Approximate Corrections. No effons are planned for next year.

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

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

.nere are three activities in this subtask. The plans for each of these are given below.
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~ Activity 5.2.1-Document inclusian Size, Shape, Distribution, and Orientation in Carbon-Steel
Pipes. Thue efforts have been completed.

\ctivity 5.2.2-Examine Literature and Conduct Tests to Determine Toughness Anisotropy as
a Function ofInclusion Characteristics. These efforts have been completed.

Activity 5.2.3-Assess Usefulness of Screening Tests to Predict Out-of-Plane Crack Growth.
These efforts were initiated during the current reporting period and will be cortpleted during
the next year.

6.4.3 Subta.sk 5.3 Prepare Interim and Topical Reports -

on Anisotropy and Mixed-Alode Studies

No efforts are planned for this subtask next year.

6.4.4 Optional Subtask 5.4 Establish Ductile Crack Growth
Resistance Under Mixed-Mode Loading

No efforts are planned for this optional subtask next year.
,

6.4.5 Optional Subtask 5.5 Refine J-Estimation Scheme ;

Analyses for Pipes

No efforts are planned for this optional subtask next year.
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7. TASK 6 CRACK-OPENING AREA EVALUATIONS

7.1 Task Objective

The ot:jective of this subtask is to make improvements in the crack opening area predictions for
circumferentially cracked pipe, with particular attention to cracks in welds, The crack-opening area
(COAG) analyses will be incorporated into the SQUIRT code.

7.2 Task Rationale

From past efforts in the Degraded Piping Program, IPIRG, and ASMC 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 more scatter in the intermediate to
higher bending load levels. For the ease of a crack in the base metal, but with .he pipe m combined
hending and tension, the scatter in the results was signilicantly greater, if the crack had been in a
weld under combined loading, the scatter probahly would have increased even more. De accuracy of
the solutions for a crack in a weld and for cracked pipe under combined loading needs verification
and improvement for LDl3 analysis.

73 Task Approach

The tive 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 6A Modify SQUIRT Code -

Subtask 6.5 Prepare topical report on crackmpening area improvements
; Subtaak 6.6 Leak rate quantification.

| Work was conduettd only in Subtask 6.6 during this reporting period.

7.3.1 Subtask 6.6 leak Rate Quantification

This is a new subtask created during the course of this program. Its objective, rationale, and
approach are given below.

73.1.1 Objective

ne objective of this effon is to perform analyses to support changes to the NRC's current Regulatory
Guide I A5, "Reaetor Coolant Pressure Boundary Leakage Detedion Systems "

~1 NUREG!CR-4590-
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7.3.1.2 Rationale

. Regulatory Guide L45 was published in May 1973 and is now considered outdated. The NRC.

currently wants to update this procedure, taking into account the current Icak detection
imtrumentation capabilities, experience from the accuracy of leak deteetion systems in the put, and
current analysis ruethods to assess the significance of detectable leakage restive to the structural'
hitegrity of the plant. Leak <ktection capabihties at normal operating conditions are used in current
leak before-break (LBB) analyses. The consistency of the LBB procedures needs to he considernt in
any changes to Regulatory Guide 1.45, and the impact of such changes on structural integrity of
piping not approval for LHD needs to be considered.

7.3.1.3 Approach

De analysts to be performal 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 Davelop the technical background information for verification of analyses
to be used

Activhy 6.6.2 Develop SQUIRT 4 and SQUIRTS Codes
Activity 6.6.3 Evaluate the proposed changes in leak detection requirements in terms of

the potential impact on LUD analyses
Activity 6.6.4 Evaluation of the pioposed changes on leak rate for 'non-LBir piping

systema
Activity 6.6.5 Coordination with NRC-RES and NRC NRR staff
Activity 6.6.6 NUREG repon. 1

Detailed approaches for some of the above activities (Activities 6.6.1,6.6.3, and 6.6.4) are described
in the second semiannual report (Ref. 7.1) and will not be repeated here. Activity 6.6.2 is a new
activity created since the last semiannual repoit. The effort under this activity involves mod 10 cation
of a computer code SQUIRT, which was previously developed at Battelle in conjunction with the
IPIRG program (Ref. 7.2). The modi 0ed versions (SQUIRT 4 wl SQUIRTS) will allow the
detennination of circumferential crack site for a specified leak rate and load condi!!on with known
geometric and material properties of the pipe.

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

Activity 6.6.1 Develop the Technical Background Information . -

for Verification of Analyses'

The efforts involved in this activity include:
;

(1) Obtaining typical syytem normal plus safe shut-down earthquake (SSE) stresses. This shall be
done by reviewing information in technical reports and through guldance from NRC-NRR

,.
' staff.

:

'
NUREG/CR-4599 7-2
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Section 7 TASK 6 CRACK-OPENING AREA EVALUATIONS

hlaterial property da'a to be used shall come from the NRC's P! FRAC database (Ref. 7.3), the
Degraded Piping Program (Ref. 7.4), and the IP!RG program (Ref. 7.2) as applicable.

(2) VeriDeation analyses shall be conducted to define the areas of uncertainty in the analyses prior
to conducting the necessary sensitivity studies. Such verific-tion analyses shall include:

('a) Comparisons of predicticas and experimental data for center-crack-opening displacement
and faih.re 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-rate analyses.

(c) Evaluation of the effect of restraint of induced benoing for pressure / tension loads for
'

TWC pipe. The effect could be to lower the crnk opening displacement from that
ca.lculated in typical LBB amJyses.

(3) To establish confidence in the analysis procedures, benchmark leak-rate and failure load
predictions shall be conducted for cracks that have been found by leakage in service.

Progress to date is limited to items 2(a) and 2(c).

Activity 6.6.l(2a) Comparisons of predictions and experimentr. data
for centerwack-opening displacement and failure load for
c9mplex-cracked pipe

The effort on Activity 6.6.1(2a) involves background and veri 6 cation calculations for various
complex-cracked pipes. The study focuses on the calculation of maximum loads and crack-opening
displacements (COD) by estimation methods for various complex-cracked pipes subjected to remote
bending loads. These theoretical predictions are then compared with existing experimental data from _

the Degraded Piping Program (DPP) (Ref 7.4).

Elastic-Plastic Fracture

A complex crack is a very long, internal surface crack in a pipe, which may penetree the wall
thickness, thereby ceating a short through-wall crack in the same plane as the surface crack. Figures
7.l(a) and 7.1(b) show an idealized through-wall crack and internal surface crack. When the surface
crack encompasses the entire pipe circumference, under external load it may penetrate the pipe
thickness and hence may become a complex crack as exhibited in Figure 7.l(c). When subjected to
further loading, the likelihood of pipe instability andlar arrest then requires understanding the
structural behavior of complex-cracked pipe. Understanding the behavior of complex cracks,
therefore, aids in performing leak-before-break analysis.

For accurately predicting the load-carrying capacity of complex-cracked pipes, an analysis based on
fracture mechanics methodologies is necessary. Since nuclear power-plant piping materials are

7-3 NUREG/CR-4599
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<

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

h f
V

/

(c) Complex Crack

Figure 7.1 Typical crack geometries in piping 9nd piping welels

SC-SA R92-P7.1

generally tough and ductile, the fracture mechanics approach should include elastic-plastic
considerations. licwever, elastic-plastic fracture mechanics analysis of a complex-cracked pipe in
bending poses a fonnidable problem even with three-dimensional finite element analysis. The main
dif6culty is in determining the crack driving force, since attention raust be given to both radial and
circumferential crack-growth directions. Another complicating factor is that the surface crack may
close in the compressively stressed region of the pipe. This would necessitate the use of special
techniques to model the ret,ulting load transfer across the cracked surfaces.

A detailed numerical investigation of the complex-cracked pipe problem using three-dimensional finite
element nonlinear analysis would be prohibitively expensive and is considered beyond the scope of the
current effort. Instead, simple engineering estimation techniques will be used. In general, the
estimation schemes may be classified as either predictive or generative. Predictive schemes usually
require knowledge of the crack-growth resistance and plastic-flow behavior of the material. This
information is used to predict the load-displacement behavior of the structure, including loads and

' displacements at crack initiation and at crack-growth instabi!!ty. Generative schemes require
knowledge of the experimentally applied load (or displacement) versus crack-growth data, and are
used to calculate crack-growth resistance as a function of crack extension.

I

NUREG/CR-4599 7-4
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i

In the engineering clastic-plastic fracture mechanics approach, the crack driving force is commonly
expressed in terms of1, which represents the energy release rate of a cracted hody. The
corresponding crack growth resntance is the J resistance ci ne of the material. Typically, a
generative J estimation metWJ is used in analyzing small sea!e bend or compact tension (C(T))
specimen data to calculate the J resistance curve. Rese data comist of load and load line
lisplacement as functions of crack extemion. Next, a predictive J-estimation method is used to
determine the loads and displacements at crack initiation, during stable growth, had at crack growth
instability in pipes. Part of the input to the predictive analysis is the J resittance curve. Typically, a
lower bound J resistance curve is used in the interest of conservative prediction.

Strictly speakig, precise formulas to calculate J for a complex-craned pipe in bending h .ve not yet
been developed, primarily because the problem is too complicated to allow using the usuai
strength +f material analyses employed in estimating J for simpler problems liere, it is astumed that
the available generative and predictive J-estimation formulas for simple threugh wall circumferentially
cracked pipes in bending can be applied to anals complex cracked pipes. His is done by adjusting
the pipe radius and the thickness in the crack plane to account for the presence of t!.e surface crack,
Rus, an3 raJial crack-driving force contribution is ignored. Only growth of the through wall crack
in the circumferential direction is considered. A' n, possible closure of the surface crack in the
compressively stressed region of the crack plato < treguently not included in the analysis, which is
believed to cause the loads to be underpredicted and the crack opening to be overpredicted.

qfactor Analpis of Complex-Cracial Pipe

J re.istance curves for the complex-cracked pipes are obtained using what is known as an pfactor
approach (Ref. 7.5). In essence, this involves calculating the elastic component J, and the plastic
component J of the total energy release rate J. Consider a through-wall-cracked (nVC) pipe withp
adjusted mean radius R', adjustod thickness t*, and an mitial crack angle 20 which is subjected to a
remote bending moment M. He elt.stic ard plastic components of the total energy release rate are
given by

r s' 2

J, = { c/nR 0 F (7'I)
3 ,

F'(0) r P d4 (7 2)J -
-

## 2 R't *F (0)

in which a = nUxR"t' is the far field uniaxial tensile stress, F(6) = cos(%0) - % sin (0), E is the
modulus of elasticity, P is the concentrated load in the four point bending, and ,i is the plastic partp
of the load-point displacement, and Fu is a dimensionless geometry function of 0/2 and R'/t* which is
tabulated in Reference 7.6. He prime in Equation 7-2 denotes the symbol for ordinary differentiation
with respect to the argument. Also in Equation 7-2, the plastic compo nt of the J-resistance curve is
based on Ernst's Ju (modined J) parameter (Ref. 7.7) for analyzing data beyond J-controlled growth.
No correction was made to account for crack growth as required in obtaining JD (deformation J). In

7-5 NUREG/CR-4599
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,

this study, the J resistance curve will be represented by the Ju resistance curve denned above. On
the basis of Equations 71 and 7 2, the J rtesistance curves can be determined from a single pipeh

| experiment once the simultaneous measurement of load, load point displaecment, and crack extension
are provided.

J Resistance Curves

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

In Reference 7.8, a detailed study comparing the J;.. eesistance curves from the C(T) specimens and
pipe test data was carried out. For example, Figur, /.2 shows a plot of Ju versus crack extension ,ia
obtained from both efactor analysis (generative J estimation) and C(T) specimen data for two Type
304 stainless steel complex cracked pipe experiments (Experiment 41131 and 4113 2) conducted in

; Reference 7.8. Results frorr these experiments along with others performed in the same reference
; and elsewhere consistently show that the complex cracked pipe resistance curves are signincantly

lower than the si6 prooved C(T) wcimen resistance curves. The quantitative aspects of the study in
Reference 7.8 also indicate that the atio of Ju resistance obtained from complex. cracked pipe tests,

| and C(T) specimens is strongly correlated with the pipe geometric parameter d/t, where d and t
| represent the depth of the surface crack and the thickness of the pipe, respectively. This ratio is alu,

found to be invariarit with respect to crack length increment Aa at which it is evaluated. I

i

I

crett (,tgrayA 60, #L

"' I $

- -
| _ _

n/t *03s
- nixe

xxe -

e/*063 ,u ,
,,,,

um - k

'y| .? eon-

exm -

- csa

!, --.-
_.g,;7

- n=

, , , , ,
o ,

L o ao ao 60 so ao ao >

c==to = n,aa,em

| Figure 7.2 Comparium of Ju-resistance cunes from pipe esperiments
| .md C(T) spwimen data
|- SC SA-5/9217.2
|

|
|.

| NUREG/CR-8599 7-6
|
i

i

f

. - - . - - , - - , , . . _ , ,-.n,.,-,,--~ - ,,,---,n ,.-n,n,,- ---~~-,-,.-,v~-.., , , - , - , . - - - . , - - - --,w,..,.,.-~,,- -,,-,,-n~,n-



-

Snuon 7 TASK 6 CRACK OPENING AREA LYALUATIONS

The above observations on Jgr esistance curves from the experiments pertprmed in References 7.8,r

7.9, and 7.10 suggest that it may be useful to establish a constraint factor C as a function of d/t.
Consequently, simple through-wall cracked pipe resistance curves which are adequately represented
by compact tension specimen data may then be used to predict compleveracked pipe resistance
curves. For example, osing the currently available data, one can find the points on a complex-crack
J r esistance curve (JyCC) knowing the points on the cottesponding through wall : rack Jy resistanceAr
(JyN) by using the following relation:

J"*DJ M M)n n

where the vah!c of C as a function of d/t can be found fror,n an available data base generated from
available pipe eiperiments. Figure 7.3 shows the plot of C versus d/t created from various pipe tests
performed by DTRC (Ref.1.10) and Battelle (Refs. 7.8 and 7.11).

to

9 EPOl (NP-2347)
C' a CTNsRDC (PIREG/CR-45%).,

/ A bettent tst - *T6 TP s04)

/
07 -

c6

d. 3 3 OS ~ . .a

Ot ~

' ! f t ! f ! f i
O

0 01 02 05 04 05 06 07 C6 09 to
d/t

figure 7.3 Cpmpleuracked pipe constraint factor as a function of dit
(C values from upper bound curve)

SC-SA-5/9247.3

Predictive J. Estimation Af:thod

As discussed earlier, the two different types of J-estima' ion schemes are the generative and the
predictive. While generative schemes are used for determining the fracture resistance of the material,
the predictive schemet are needal to obtain predictions of loads and displacements at crack initiation,

7-7 NUREG/CR-4599
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during stable crack growth, and at instability, providal the fracture ruistance of the material is-

known. Currently, available predictive J-estimation schemes applicable to cracked-pipe geometries
include the G|I/EpRI method (Ref. 7.12), the Paris method (Ref. 7.13), the LBD.NRC technique
(Ref. 7.14), the LilD.ENGl and LHD.ENO2 methods (Refs. 7.15 and 7.16), among others. These

I estimation schemes are, however, mainly developed for simple TWC pipes. To date, no estirnation
~

method exists for evaluating the performance of complex-cracked pipes subjected to external loads.

In this study, the LDB.ENG2 method will be used to determine various fracture parameters of
interest. Details of this method can be obtained from the original references (Refs. 7.15 and 7.16)
In performing analytical calculations, i is assumed that the J estimation formulas (LBB.ENO2) fort

simple through. wall-cracked pipes can be applied to analyre complex-crackal pipes. This is
accomplished by adjusting the pipe radius and the thickness in the cracked plane to account for the
presence of the !nternal surface crack. Thus, any radial crack-driving force contribution is ignored.
Only growth of the through wall crack in the circumferential direction is cor,sidered. In addition,
possible closure of the surface crack in the compressive region of the crack plane is not included in
the analysis.

Numerical Results

in order to meet the objectives of this study, results of ten compleceracked pipe experiments
condacted under the Degraded piping program (Dpp) (Ref. 7.4) are considered. Dese are

,

; Experiments 4113 1, 4113-2, 4113-3, 4113-4, 4113 5, 4113-6, and 4114-1, 4114-2, 4114 3, 4114-4.
Table 7.1 shows the test matrix of complex-cracked pipe tests considered in this study. Background

'

and verincation calculations are car &d out by (!) analytically (theoretically) predicting maximum
loads and center-crack-opening disple ments of various complex cracked pipes from these tests, and
(2) comparing the theoretical results we those obtained from the aforementioned experimental data,
in the predictive estimation method, two cases based on the selection of Ju resistance curves are
investigated. One corresponds to using a constraint factor of 1, implying the use of the Ju resistance ;

curve for C(T) specimen data without any reduction (Junc). De other is based on a Ju resistance ;

,
curve of C(T) specimens multiplied by the tokvant red,uction factor C < 1 as a function of d/t

'

(Jucc). Table 7.2 shows the numerical values of the C factors corresponding to each of the
' '

experiments considered in this study. The C values are obtained from the upper curve in liigro 7,

in conducting the predictive calculations, various analytic idealizations are considered. For example,
it is assumed that the constitutive law characterizing a material's stress-stram response can be

represented by the Ramberg-Osgood model

1. ? + a (74)
C 0 0

I D 0 g 0j

in which o is a reference stress, E is the modulus of elasticity, eo == o /E is the reference strain, and
o o

j a and n are model parameters usually chosen from a best 6t of laboratory data.. Also, the Ju-

.
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ifTable 7.1 Tet matrix of complex-cracked pipe esperiments E. |
5 t

4
?-

Battelle !

l
Pipe Outside Pipe Wa!! Test

Expt.' Material Diameter, Thickness. Temp., I
,

'

No. Number Pipe Material mm (inches) mm (inches) 2alz D '*I 2c/zD[ d/t'd C (F) i
!

4113- DP2-A23 SA-376 TP304 168 (6.625) 14.5 (0370) 037 1.0 031 288 (550)
.

Stainless Steel '

t'

\. 4113-2 DP2-A23 SA-376 TP3M 168 (6.625) 14.5 (0.370) 037 1.0 0 63 288 (550) i
.

Stainless Steel '

;

4113-3 DP2-Il Inconel600 168 (6.625) 11.0 (0.435) 0.37 1.0 034 288 (550) f
L

! '411.s 4 - DP2-1I In:onel600 168 (6.625) I1.0 10.435) 037 1.0 0.61 288 (550)y

4>'
;;

--s i
4113-5 DP2-F30 A106 Grade B 168 (6.625) 14.2(0360) 037 1.0 031 288 (550) ?; I

n t
ie

!- 4113-6 DP2-F30 A106 Grade B 168 (6.625) 14.2 (0.560) 037 1.0 0.64 288(550) |n
i x

>
| 4114-1 DP2-F31 A A106 Grade B 165 (6.50) 12.7 (0.50l) 037 1.0 0.47 288 (550) p [
j b !
| 4114-2 DP2-A23G SA-376 TP304 167 (6.56) 13.5(0330) 037 1.0 032 288 (550) 5 '

4

]<
3
7.

4114-3 DP2-A8 SA-358 TP344 414 (163) 26.2 (1.03) 037 1.0 033 288 (550) o ,

h:

4114-4' DP2-A8 SA-358 TP304 414 (16.3) 26.2 (1.03) 037 1.0 033 288 (550) y .{
! E 'E !

E (a) 2a is length of thmugh-waII crack. h !
2

9' (b) 2c is length ofirdemal surface crack. C ;

Q -(c) d is deph of intemal surface crack; t is thickness of ppe. $ j
k @s -.

1'

|

4
!

F !
!
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resistance from the C(T) specimen is deemed to be adequately characterized by a linear equation of
the form

+mAa (75)4J3

in which Aa = R A0 is the crack length extension (independent variable), J is the resistance thresholdi

of crack initiation, and m = d1 /d(Aa) = dJy da is the slope of the Ju tesistance curve. Table 7.3l9
provides the numerical values of various input parameters rnentioned earlier that are required to
completely drune Equations 7 4 and 7 5. 'lhese are obtained following an analysis of available test
data from the Degraded Piping Program (Refs. 7.4 and 7.8).

Marimwn lead Predictions

Table 7.2 gives the maximum loads for the atmve complex-cracked pipes subject to four-point
bending that are obtained from both predictive cstimation formulas and esperimental data, in the
estimation method, the maximum load is obtained based on J-tearing theory. Results suggest that:

(1) The predicted maximum loads for the pipes in Test Series 4113, with shallow surface crack
(d/t = 03), compare well with those obtained from experimental observations. 'lhey also
indicate that the use of June for the Experiments 41131 and 4113 3 resulted in better

ccpredictions than those based on the use of Jy while the reverse is true for Experiment
4113 5.

(2) 'the predicted maximum loads for the pipes in Test Series 4114, estimated with reduced Ju-
resistance curve (JyCC), are closer to experimentally observed values for the smaher pipe
diameters (e.g., Experiment 4114-1 and 4114-2). They also indicate, however, that the use
ofJune for the larger pipe diameters (e.g., Experiments 4114-3 and 4114-4) resulted in

cebetter predictions than those based on the use of Ju

Results from Table 7.2 also indicate that the estimation method underpreJict maximum loads for the
pipes with deeper surface cracks (d/t = 0.6). Irrespective of the use of any Ju resistance curves, with
the exception of Experiment 41134 with Junc. One plausible cason for the general loss of
accuracy in the case of deeper surface cracks may be attributed to the oversimplification in the J-
estimation formulas for thtough wall-eracked pipes.

Center-CracbOpening Displacement

Figures 7.4 through 7.12 show the plots of applied load versus center-crack-opening displacement up
to masimum load for various complex-cracked pipes from Experiments 41131,4113 2,4113-3,
4113-4,4113-5,41134 and 4114-1,4114 2,4114-3,4114-4, all under four-point bending. They are
obtained from both predictive estimation formulas (LUB.ENG2) and experimental data mentioned
previously. Results suggest that in most cases, the exceptions being Experiments 4113-5 and 4114-1
and 4114-2, the predictive estimation model, with either case of Ju-resistance curves, overeulmates
the COD at all load levels. This can be qualitatively explained by noting that for complex-cracked

7 11 NUREG/CR 4599
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Table 7.3 Parameters of Ramberg-Osgood model and fy-resistance [C(T) spe imm) {curves for the materials in various pipe experimmts =*

[
a ,. J;, m, ~f

2 CExpt. MPa (ksi) MN/m (kib/in) MN/m2 (kiblin )
No. Material n a e, $

c'

4113-1 SA-376 TP3M 3.8 43.6 0.00160 294.4 (42.7) 1.21 (6.90) 32S.2 ('47.00)
$

Stainless Steel <

4113-2 S A-376 TP3M 3.8 43.6 O D3160 294.4 (42.7) 1.2I (6.90) 328.2 (47.9]) K

Stainless Steel
-

g
a

4113-3 It :onel 600 3.9 42.5 0.00182 402.6 (58.4) 1.82 (10.39) 505.3 (73.29) 5
z
*

4113-4 Inconel600 3.9 42.5 0.00182 402.6 (58.4) 1.82 (10.39) 505.3 (73.29/
y

4I13-5 A106 Grade B 5.9 7.9 0.00237 470.2 (68.2) 0.10 (0.588) 107.2 (15.55)
"

Carbon

4II3-6 AI06 Grade B 5.9 7.9 0.00237 470.2 (68.2) O.10 (0.558) 107.2 (l5.55)

Carixm

4114-1 A106 Grade B 5.9 7.9 0.00237 470.2 (68.2) 0.10 (0.588) 107.2 (15.55)

4114-2 S A-376 TP3M 3.8 43.6 0.00160 294.4 (42.7) 1.21 (6.90) 328.2 (47.60)

4I14-3 SA-358 TP304 5.5 34.1 0 D)1SO 323.3 (46.9) 0.3 I (I .78) 166.9 (24.2I)

' 4II44 SA-358 TP304 5.5 34.1 0.00180 323.3 (46.9) 0.3I (I.78) 1((>.9 (24.2I)
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pipes, an effective through-wall cracked pipe thickness t' = t d is uwd in the .l estimation formulas
for through-wall cracked pipes. Consequently, the ' equivalent" TWC pipe assumed in estimation
models will have lower stiffness than actual complex-cracked pipe and, hence, the predicted COD
becomes larger when compared with experimental results. Obviously, when the surface crack
becomes deeper (e.g., Experiments 4113 2,4113 4, and 4113-6), the magnitudes of these over-
estimates of the COD will also become larger and can be significantly different from the experimental
results, as exhibited in Figures 7.5,7.7, and 7.9. Again, this general !oss of accuracy can be
attributed to the over-simplification in the J-estimation formulas for 'IWC pipes used for predicting
COD of complex-cracked pipes.

l'igures 7.8,7.10, and 7.11 also indicate that the predicted COD for pipes in Experiments 4113 5,
41141, and 4114 2 obtained from both cases of J rtesistance curves compare reasonably well withh

the experimentally observed COD values. Ilowever, the analytical prediction becomes superior when
Juce is used as the Jsrresistance curve instead of JyN.

l'inally, Figure 7.14 exhibits several plots of COD at maximum load for various experiments
considered in this study. As before, results of both predictive estimation model and experimental data
are compared. They all consistently show that the use of the Ju-Jesistance curve from C(T)
specimens multiplied by a relevant correction (constraint) factor C < l (i.e., Jucc) in Table 7.2
results in better prediction than that based on the use of JuN.

|
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Artisity 6.6.l(2c) Esaluation of the effnt of restraint of induced
bending for pressure /temion loads for TWC pipe

| De ef fort on the Activity 6.6.l(2c) involves evaluation of the effect of induced bending restraint for
axial tension loads for circumferential through-wall cracked (TWC) pipe. A linear-elastic finite
element analysis is carried out to determine these etfects.

Overview

Current structural analyses of TWC pipes subjected to axial tension loads (generally pressure induced)
assume that the pipe is free to rotate. The restraint of the rotation increases the failure stresses (Ref.
7.17), 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 that calculated by the current analyses methods for the .

same leak rate. Since normal operating stresses have the pressure stress as a large component of the
total stress, this can have a significant effect on Lilil analyses. Figure 7.15 shows a TWC pipe with
mean radius R,n, thickt:ess t, and initial crack angle 20 which is subjected to an axial tension load
with complete restraint of bending at a distance Lg from the crack- pbne.

Analysis Procedure

1.inear elastic analyses by the finite element method (FEM) have been performed to examine the
effects of re.,traint due to induced bending in a piping system when the pressure load is applied.
Figure 7.16 shows a typical mesh representing the finite element discretization. Results of crack-
opening displacements as a function of " restraint length" are investigated. The restraint length (Lg)
referred to here is simply the location of the restrained pipe cross sections relative to the crack plane
and is shown in Figure 7.15.

The following are the procedural steps which are undertaken in this study to determine effects of ~

restraint on induced I,ending:

Step 1: Pick a structural model (tinite element model) of a cracked pipe with pipe thickness t,
mean pipe diameter D,n, initial crack angle 29, and total length 2La where La is the
restraint length discussed previously.

Step 2: Apply an arbitrary positive (tensile) displacement loading, a, to all the nodes in the
cross sections located at a distance L from the cracked plane (i.e., the pipe ends in thisg

case) in the longitudinal direction of the pipe, in this way the complete restraint of
induced bending is simulated.

Step 3: Conduct the FEM analysis and obtain the COD and the corresponding tension and
bending stresses at the cross sections La distance away from the .acked plane. Note,
the above stresses are determined following additive decomposition of computed

7 19 NUREG/CR-4599

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



TASK 6 CRACK-OPENING AREA EVALUATIONS b"li"" 7

20 vkI

_

,

26

R| Y
m ,

i
/on/

Restrained y Crocked ig Restrained
sectionsection --% section g

i , i

I, ,
. =

| p- 1

P j

| ! ! L(
: , .

La i '; =', LRc
i i

Figure 7.15 Scheinatics of through wall-cracked pipe under pure temion
(Rntrained location prevents rotation and ovalization)

SC-SA 5/9247.15

- NUREGICR-4599 7-20

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



_ - - _ _ - - _ - _ _ _ - - - - _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ - _ - - - _ _ _ _ _ _ _ _ _ _ _ _ - _ - - ___ _ . _ _- _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ - _ _ _ _ _

Sectmn 7 TASK 6 CR ACK OPLNING AREA liVALUATIONS

NNj

d$61$bs
'

'

%Ch'$47Pg
%

'

N's \,.s _s
1 w.y' ~h

,

N
4 %

Ql i
,

b

figure 7,16 1. ite thsnent inesh for lincur elastic restraint of track-
opening dkplacennent

SCht 5/91 f5

i

remiva stresses at these cross sections. Denote the unsealed COD and the tension
stress by 3,n, and aan, respectively.

Step 4: Compute the scaled COD,6, = 6,n, x (onr/%nh where o t s any arbitrarily dennedin
reference tensile stress. 6, now represents the COD due to the reactive tensile stress
o f with complete restraint of bending at cross sections a distance I.g away from they

cracked plane. This scaling is permissible since the analysis is linear clastic.

Step 5: Pick again a structural model (finite element model) and apply a tension stress loading
of magnitude oyr (any value will do) but allowing free rotation. Denote the resultant
COD by 6. which now represents the reference crack +pening displacement due to
axial tensile stress o when there are no external bending restraints present in the pipe,ur
i.e., when the restraint length I-g approaches infinity.

Stcp 6: Divide the scaled COD,5,, by the reference COD,6., to get the normalized COD,
5,m, = 6,/6. 6,,, now represents the restrained COD normalized by the unrestrained
COD.

7-21 NUREG/CR-4599
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|

Step 7: For a given crack goometry, repeat Steps 16 for several values of Lg. Hence, i
determine the effects of testraint length La or normalized restrair t length Lg/D,, on the ,

crack-opening displacement. {

Numerical Resuhs |

t
;

As a numerical example, consider a TWC pipe with R,, = 355.6 mm (14 inches), t = 35.56 mm
(1.4 inch), R,,/t = 10, and two distinct cases of initial crack angle 20 with 0/r = 1/8 and 6/r = 1/4
("small" and "large" cracks). For material properties, it is assumed that the modulus of elasticity E
= 200 GPa (29,000 ksi) and the Poisson's ratio e = 0 3. The pipe is subjectal to remote pressure '

with the resultant force applied at the centroid of the uneracLal pipe cross section. Linear clastle
analyses using the finite element method (FEM) were performal using the code ABAQUS (Ref.
7.18). Three-dimensional solid brick elements were used in the FEM. ,

!

Tables 7.4 and 7.5 show the calculated values of various crack-opening displacements for both
*small" (0/w = 1/8) and "large* (Ola = 1/4) cracks, nese are obtained following the steps -
described earlier. Several values of restraint length La are considered and are also tabulated. It is 3

assumed here that the arbitrary applied displacement a = 2.54 mm (0.1 iner.i(Step 2), and Lp/D,y =
10 for both crack angles (Step 5), ne arbitrary reference tensile stresses 6,,, are assumed to be
650.97 MPa and 849.12 MPa (94.4 ksi and 123 ksi) for Ohr = 1/8 and 0/r = 1/4, respectively :

(Steps 4 and 5). Following the FEM analysis, the corresponding values of reference COD,5,,, are
computed to be 2.569 mm and 8.692 mm (0.101 inch and 0.342 inch), respectively (Step 5).

.

Figure 7.17 presents the results of normalized crack opening displacement ($m,,) e a function of
,

i normallred restraint length Lg/D,,in which D,, = 2k,, represents the mean pipe dureter. As
mentioned before, the COD values are normalized with reference to the crack-opening displacement
when there are no external constraints present in the pipe (i.e., when the restraint length becomes |
Infinity), allowing free rotation and ovali7ation. Results suggest that when the crack angle is small

_

Table 7,4 Elastic track-opening displacements for TWC Pipe (#/r = 1/8)

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

| Lg/D mm (b ,3) MPa (a ,) mm (6,) m m (6nor)y g

1 2.460 849.12 2.460 0.9573

i 5 - 0.547 182.47 2.546- 0,9909

10 0.290 95.83 2.569 1.000
.

- . -

|<

l
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Table 7.5 l-:lastic crutbywning displartments for 'IWC l'igw (f/s = 1/4)

.

U.nrated COD, Teralle Stress, Scaled COD, Norinalised COD,
I ,/D mm (6,,n,) Mi'a (a,,,,) mm (6,) mm (6,y,7)

1 4.873 650.97 4.873 0.5606

5 1.624 174.35 6.065 0.6977

10 0.870 75.84 7.469 0.8593

20 0.474 36.54 8,445 0.9716

1 --

|p
h C

* 0.95- ( 6/n = 1/0
.

T 0.9 -
11

d 0,85- 7"'
'

'

O
g 0.8-I

Y |
b
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Figure 7.17 Efftet of fully ristrained twnding conditions from crack kwation
on COD normallied by unnstrained COD
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(6/re l/8), the restraint ef fects are also small and inay be neglected. Ilowever, for larger crack
angles (0/x = 1/4), the restraine41 COD can be significantly different from the unrestrained COD, and
hence, cannot be ignored in the cr sek-opening area analysis for leak rate quantification. It 15
interesting to note that a significant input parameter like the *1 :straint length" is not considered in
either of the thermohydraulle codes SQUIRT (Ref. 7.19) or l'ICEP (Ref. 7.20) or in any other leak-
rate analyses.

Attliity 6.6.2 Deselop SQUIRT 4 and SQUIRTS Codes

An initial modified version of the original SQUlRT code was developed. This version pcrforms an
iterative calewlation to obtain a cra:k $17e for a given load and alhwable leak rate for a piping *

system. His version is given an acionym SQUIRT 4.

-

7,4 Plans for Next Year of die 1*rogram

The plans for ef forts in the next year are summarized below.

7.4.1 Suhtask 6.1 Creale Coinbined leading linproteinents

Dere are three activities in this subtask. Activities 6.1.1 and 6.1.3 have been completed. He
remaining Activity 6.1.2 (Account for Pressure on the Crack Face) will be started in the next year of
the program.

7.4.2 Subtask 6,2 Inipleinent Sho 1 TWC Crack Opening linproteinents

Dere are two activities in this subtask. No work we scheduled for this year. The activities will be
started in the next year of the program.

7.4,3 Subtask 6.3 Improve Weld Crack Evaluations
_

nere are two activities in this subtask. Activity 63.1 was completed. Activity 6.3.2 (Compare with
Recent DpP and Task 1 Data) has started and will continue as data become available. It will be
completed in the next year of the program.

7.4.4 Suhtask 6.4 Modify SQUIRT Code

This subtask was not scheduled to start in this year. Work will begin in the next year of the
progiam.

Y
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i

7.4.5 Suhtask 6.5 Prepare Topical lleport on Crack Opening.
Area improvements .

'1hix subtask was not scheduled to start in this year. Work w3. . gin in the next year of the
program. |

3

7.4.6 Suhtask 6.6 I eak flate Quantification

There are six activities in this subtask. Items 2(a) and 2(b) of Activity 6.6.1 have been completed.
The future plan for the activities are given below.

Activity 6.6.1 l' ems I,2(c), and 3 under this activity will be completed in the next year. [
Activity 6.6.2 'the development of the SQUIRT 4 program will be completed, in order to

facilitate large number of repeated calculations to be made in the Activity
_

6.6.3, another version named SQUIRTS will also be developed to automate |
the calculations. '

Activity 6.6.3 Novel probabilistic methods will be developed to obtain a conditional
failure probability based on Lilil criteria. This will allow an evaluation of
proposed changes in leak detection requirements in terms of potential
impact on LBil analyses. Following development of SQUIRT 4 and
SQUIRTS from Activity 6.6.2, calculations will be started to determine;

conditional probability of failure for various PWR and BWR nuclear piping
'

systems. All these efforts will be completed in the next year of the
program.

,

Activity 6.6.4 Evaluation of the proposed changes on leak rate for "non LDIP piping *

systems will b . started and completed during the next year.

Activity 6.6.5 Coordination with NRC RES and NRC NRR will be initiated for guidance
on the selection of typical piping systems for the calculations to be made in
the Activities 6.6.3 and 6.6.4

Activity 6.6.6 Following completion of the technical work on the previous activitie , a
topical report will be prepared. This will be completed in the next year of
the program. '
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i
'

8. TASK 7 NRCPIPE IMPROVEMENTS

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 ease of implementation of the activities described below. ,

8.2 Task Rationale .

In the Degraded Piping Program, the computer code NRCPIPE was developed for circumferential '

through wall-cracked pipe fracture analyses. A VAX version of the code also contained the
circumferential internal surface-wall cracked pipe algorithms 'Ihe PC version was made specifically
for the through-wall cracked analyses. Numerous bestimation schemes were developed or modified.
The improvements developed in the current program need to t)e incorporated into this code to take
advantage of technology developments, as well as to facilitate comparisons with the experimental

'

'

results.
,

8.3 Task Approach

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

Subtask 7.1 Improve efficiency of cuirent version of NRCPIPF.

Subtask 7.2 Incorporate TWC improvements in NRCPIPE '

Subtask 7.3 Make surface crack version of NRCPIPE
I Subtask 7.4 Provide new user's manual.

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

;

Defore and after each of the changes described in the following activitics, quality assurance
,

calculations will be made. These will involve cases for which experimental data exist or' data are
. being generated in Tasks I and 2 and hypothetical cases that check critical parameters of interest.

Although some progress was made, u. results are not significant yet. These will be reported in the
next program report.

8.3.1 Subtask 7.1 Improve Efficiency of Current Version of NRCPIPE

Efforts to improve the efficiency of the current version of NRCPIPE continued during this reporting -

period. Minor bugs relating to the COD values and output parameters in the LBD.ENG2 method ,

were fixed and incorporated into Version 1,4e.

81 NUREO/CR-4519 I
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TASK 7 NRCPIPE IMPROVEMEN'IS Section 8

8.3.2 Suhtask 7.2 lucorporate TWC Imprmements in NRCPIPE

There are fot.t activities in this subiask. 'Bese are:

Activity 7.2.1 Incorporate F . V . and hcfunction improvements3

Activity 7.2.2 incorporate ovalization for short cracks
' Activity 7.2.3 Incorporate bending and tensior. improvements

Activity 7.2.4 incorporate improved analyses for weld and fusion line cracks,

in Activity 7.2.4 preliminary implementation of the cracked pipe weldments algorithm that is being
developed in Subtask 1403 for inclusion into NRCPIPE was begun. These are to be in Wrsion 2.0.
1here was no effort in the other activities in t' b subtask.

8.3.3 Subtask 7.3 Make Surface Crack Veision of NRCPIPE

iThere are sit activities in this subtask, lhese are:

Activity 7.3.1 Make circumferentially surface-cracked pipe PC code of NRCPIPE
Activity 7.3.2 Incorporate ASME Section XI criteria in NRCPIPE (SC version)
Activity 7.3 3 Add J, to Sr.TNP and SC.TKP
Activity 7.3.4 Add ovalization
Activity 7.3.5 incorporate new Lim.ENG surface < racked pipe solution
Activhy 7.3.6 Add pressure and bending solutions
Activity 7.3.7 Add surface-cracked pipe weld criteria,

in Activity 7.3.1 a PC based vcision of NRCPIPE (internal surface crack version) was developed
from the VAX source code, 'lhis program was developed along the same lines as the TWC version
discusseJ above and uses the SC.TNP and SC.TKP algorithms developed previously for the case of
pure bending. The acronym for this program is NRCPIPES.

In Activity 7.3.6 improved algorithms for the case of combined pressure and bending k> ads developed -

in Subtask 2.4 were reviewed and evaluated for implementing into NRCPIPES.

8.3.4 Subtask 7.4 Provide New User's Manual

A User's Manual for the NRCPIPES code was written.

8.4 l'lans for Ne.st Year of the l'rogram

Efforts scheduled for the next year are discussed below.

NU REG /CR-4599 8-2
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5

8.4.1 Suhlask 7.1 linprove Efficiency of Current Version

Ef 0cie. cy improvements to the existing NRCPIPE code continue on an ongoing basis. A revised
version >f this code will be delivered to the NRC.

8.4.2 S ibtask 7.2 Incorporate TWC Improvernents in NRCI'IPE

Once all c 'the GE/EPRI functions are computed they will be itnplemented into NRCPIPE in Activity
7.2.1. Ett irts will also involve incorporating bending and tension improvements. The development
and impien entation of the weld and fusion line cracks algorithm will continue in Activity 7.2.4

8.4.3 Suldask 7.3 Make Surface Crack Version of NRCPIPE

Version 1.0 of the PC code NRCPIPES will be completed and sent to the NRC for review.
Development and implementatii". of combined bending and pressure algorithm will continue in the
next reporting period.

8.4.4 Subtask 7.4 Provide New User's Manual
.

A user's manual for the Version 1.0 of the surface crack code NRCPIPES will also be sen* to the
NRC aking with the code.

- ,

I
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Sotuon 9 TASK 8 J R JURVE VALID!TY LIMITS
:
>

i

9. TASK 8 ADDITIONAL EFFORTS |

Dis task was not active this fiscal year; hence there is no progress to report. An initial suhask on
assessment of J-R surve validity limits to be conJucted by Prof. F. Shih at !!rown University is -

scheduled to start during the next reporting period,

t

!

,

9

0

.
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Sntion 10 TASK 9 INTERPROGRAM COOP. A PROGRAM MANAGEMENT

10. TASK 9 INTEL (PROGRAh! COOPERATION AND
PROGRAh! h! ANAGEh!ENT

10.1 Task Oldec ive

The objective of this task is to develop and maintain national and international cooperation in sharing -

data and analysis procedures and to maintain prograrn administration.

10.2 Task Rationale

In the Degraded Piping Program, a series of ana!ytical round-robin efforts was organized. 'Ihese
efforts provided verification of procedures used in the Degraded Piping Program and helped develop a
consensus on how to handle difficult arnlytical problems. This effort will build on that tradition
thereby enhancing the quality of the work done in this program. The results of this program will be
presented to ASTM E 24 and the ASME Section XI Flaw Evaluation Working Group. This will help
implement the results into U.S. Codes and Standards.

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

10.3 Task Approach

There are two specific subtasks in this task:

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

Only the technical efforts that are in Subtask 9.1 will be reviewed.

10.3.1 Sublask 9.1 Technical Exchange and Infonnation Meetings

10.3.1.1 Objective

The nbjective of this subtask is to enhance the program's technical efforts by developing a Stum to
exchange technical information both nationally and internationally.

10.3.1.2 Rationale

The timely exchange of technical developments adds credil . ' d.s results of this program, may
result in cost savings to the NRC, and enh nces implenn don of the results into regulatory or code
criteria,

10-1 NUREG/CR-4599
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! 10.3.1.3 Approach

There are four activities within this subtask:
o

q Activity 9.1.1 ASME Section XI meetings
,

| Activity 9.1.2 ASTM meetings
Activity 9.1.3 Other technical meeting coordination

Activt 9.1.4 Coordination with Japanese Elastic-Plastic Fractur: 'n Inhomogeneous 3i

|
Materials program.

|
-' Reportable progress is given for Activities 9.1.1 and 9.1.4.

Activity 9.1.1 ASME Section XI Meetings
.-

Three different efforts were undertaken in this reporting period relative to the ASME Section XI pipe
flaw evaluation criteria.

iLxk| Haw EPF31-Charpy Criteria Development

The first effort involved weloping equations to allow for Charpy energy to be used in an elastic- 9'

plastic fracture mechanics analysis of an axial surface crack in ferritic pipe for fully ductile fracture.
This development involveel using the equations established by Maxey et P!. _ e Battelle, on ferritic
natural gas line-pipe steel, Ref.10.1, given in Equation 10-1 for U.S units used in the
Code.

e
2

[(12CVP!A )Er]/(8f a ) = In[sec[(w/2)(M o/a )]} (10-1)e r p r

4rCharpy V-notch plateau energy, ft-lbCVP =

2Cross-sectional area of Charpy specimen, inA =
c

2(0.124 in for a full-size specimen)
_

Elastic modulus, psiE =

(28 00,000 psi for carbon steel)
Half of the axial crack length, inchesf =

or riow stress, psi=

Bulging factor for surface crack, see Eq.10-2M =
p

Hoop stress at failure, psia =

''J = (t/d-1)/(t/d - 1/M,) (10-2)p

and where

Pipe thickness, incht =

depth of surface crack, inchd =

Folias through-wall flaw bulgmg factor, see Eq.10-3.M t
e
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M, = || + 1.61/(4R t)(2]O 5 (10-3)m

Mean radius, inch.R =
m

Figure 10.1 shows Maxey's results using his definition of flow stress: yield plus 68.95 MPa (10 ksi).
Included in this figure are data from the AEC pipe fracture program conducted at Battelle, Ref.10.2. s

*

In the work by Maxey, Ret.10.1, experiments were conducted on line-pipe steels that are not used in y
nuclear piping construction. To make this criterion applicable to nuclear steels, it was necessary to
assess the ASME flow stiess definition. The ASME Section XI Article IWB-3650 ferritic pipe flaw
evaluation criteria defines flow stress as 2.4 times the design stress, S,. There are no tabulated
values of S for line-pipe steel in Section til of the ASME Boiler and Pressure Vessel Code. Instead,m
the actual propenies were used with the general ASME criteria to define the S value as the lowest _m
of:

(1) One-third of actual room temperature ultimate tensile strength,

(2) One-third of avaal ultimate strength at the pipe test tempera % re,

(3) Two-thirds of actual yield at room temperature, or

(4) Two-thirds of actual yield strength at the pipe test temperature.

t
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Figure '.0.1 Axially cracked-pipe horst data and predictions using Maxey.

analysis with ag = ay + 10 ksi using actual properties
SC-S A4!92-F10.1
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Figure 10.2 Comparison of axially cracked-pipe burst data to
blaxey analysis with ag == 2.4 S,,,

SC SA 5/92-F10.2 j

Since all these pipe experiments were conducted near room temperature and the yield to ultimate
ratios are high, Criterion (1) dermed the S, values. For these values the term "S - Actual" wasm
used, whereas for the AEC experiments the ASME Section 111 values were available and the term "Sm

Code" was used. Defining flow stress as 2.4S, as per ASME Section XI IWB-3650, these data
were replotted as shown in Figure 10.2. This results in the simple modification of Equation 10-1 to
be.

((12CVP/A,)Er|I[8t(2.4S )2] = In{sec[(r/2)(M a/(2.4S ))l} (10 4) -_m p m

As can be seen in Figure 10.2, this Equation 10-4 gives a reasonable lower bound to the pipe fracture
data in that 'he data below this equation are one standard deviation below the average of the data.-

To be in a form consistent with Article IWB-3650, a Z factor can be established by rearranging the
terms in Equation 104, where

2
m )}}) 1 (10-5)Z = (2/r)(arcsec{exp(369.5*CVP/(IS

The Z-factor can be used as a stress multipils .n the cpplied stress. Additionally, if the Charpy
upper shelf energy is not known, then two options are available. The first is to use the Charpy
energy from the mill certitication, which is typically at room temperature or lower. This w;ould be -

NUREG/CR-4599 10-4
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i

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

CVP = (CVN * 100N(SA + 25) (10 4)
.

Here,

CVP Charpy V-notch energy,=

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

This correlation is a reasonable lower bound to Charpy data found foi line pipe (Ref.10.1) and
nuclear pipe steels tested in the Degraded Piping Program (Ref.10.3). Rese data aie shown in
Figure 10.3 with average and i standard deviation linear regression fits to the data. Table 10.1
shows a comparison of calculated Charpy plateau energy values, using Equation 104, to the actual
Charpy energy value for Charpy data from an A515 Grade 60 pipe. Note that at low shear area
percents, the calculated values are relatively low because the con 6dence in the data in that region is
not good; also see Figure 10.3. When the data are actually at 100 percent shear area, then Equation
10-6 is also inherently conservative.

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

Pipe Fracture Data Bases

The second effort in the ASME Code activities was the start of a database for the committee to use
j that contains past quasi-static pipe fracture data. This effort was started, but additions are needed
'

before a version is ready for release. This database will contain, at the least, data from:

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

2347),
the NRC's Degraded Piping Program (NUREG/CR-4082),*

some of the past DTRC pipe fracture data (NUREG/4538 and NUREG/PR-3740),*

the IPIRG program, ande

results from this program.*

Evaluation of ASME Section 111 Redefinition of the Design Stress Equation

As part of this effort, Dr. Wilkowski served on a snecial panel to evaluate the potential effect of
changes proposed in Section Ill to eliminate inertial stresses from the design equations. Although the
panelists had different reasons for reaching a consensus, the panel agreed that ifinertial stresses are -
eliminated in the design stress, then in the Saw evaluation criteria they should be explicitly included.

. Battelle's assessment included technical justi6 cation from the NRC's International Piping Integrity

10-5 NUREG/CR-4599
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Table 10.1 Sample calculatiom of Charpy upper plateau energy using
Equation 10-6 for an ASIS Gr 60 pipe (Pipe nwnber DP2426)

Calculated Cale./ Actual
Charpy Charpy

Temperature, Charpy Shear Area, Plateau Plateau
F Energy, ft-Ib percent Energy, ft lb Energy (*)

_

15 5 2 19 0.15

15 8 10 23 0.18

32 32 20 71 0,56

32 70 40 108 0.85

54 76 40 117 0.92

55 90 55 113 0.89
,

75 100 60 118 0.93

115 116 85 105 0.83

150 127 100 102 0.80

212 126 100 101 0.80

(a) 126.5 ft lb used as actual Charpy plateau energy value.
~

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

1- loading, Ref.10.4

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

As part of this effort, we are conducting some research investigations that are compatible with the
Japanese Elastic-Plastic Fracture of Inhomogeneous Materials program. One of these is an analysis -

that is being conducted by Professor Jwo Pan at the University of Michigan. This involves a
numerical evaluation of weld residual stresses on the crack driving force. The ASME Section XI pipe
flaw evaluation criteria say to consider the residual stresses, but there are no guidelines. The
numerical analysis from this program will involve thermal plastic analysis to numerically create _ the
residual stress field, then create the crack by node release and evaluate the J values as the welded
structure is loaded. These results will be compared with simple approximate metimds to assess
potential Code techniques.

10-7 NUREG/CR-4599
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i

10.4 Plans for Next Year of the Program |

10.4.1 Subtask 9.1 Technical Exchange and Infonnation Meetings

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

Continuing to work on implementing the axial crack EPFM analysis into the ASME*

Section XI code for ferritic pipe.
Continuing to develop the quasi. static pipe fracture data base for use in the ASME

,a

Section XI Code committees. '

Relating the results in this program, such as the effects of R /t ratio on the applicability*
m

of the Net-Section-Collapse analysis. -

Presenting the IPIRG program results, and drawing implications of that work on the*

ASME pipe flaw evaluation criteria.

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

. Additionally, Dr. C. Marschall will attend the ASTM E24 fracture mechanics meetings to keep
abreast of any changes and to share relevant results from this program if they may affect the >

toughness testing standards.
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11. SUMMARY

The major accomplishments of the program during this reporting period are summarized by Task.

11.1 Task 1 Through-Wall-Cracked Pipe Evaluations

. Several material characterization efforts were undertaken in this task. The first involved evaluation of
the properties of a French wrought TP316 stainless steel pipe. His pipe was found to have
anisotropic material properties. He clastic modulus was very low in the axial direction,140 GPa
(20,000,000 psi), and the fracture surface of the longitudinal tensile specimen was elliptical in shape,
showing signincant anisotropic strain hardening. This is the first time we have seen significant
anisotropy in a wrought austenitic steel base metal. _

A metallographic investigation was conducted on a pipe test that had a through-wall crack in the
center of a girth weld in a 28 inch-diameter TP316 stainless steel pipe. The crack grew along the
fusion line in one growth direction and in the base metal in the other. He amount of crack growth
along the fusion line was signincantly greater than in the base metal. Crack growth along the fusion
line of stainless steel submerged arc welds is consistent with past observations made in the Degraded
Piping Program, Ref.11.1, it appears that the toughness of the fusion line may be lower than the
toughness of the submerged arc weld. This lower toughness region can affect the NRC LBB
procedures and the ASME IWB 3640 analysis for cases where cracked pipe evaluations have typically a

considered the SAW metal as having the lowest toughness; the fusion line toughness has not been
considered. This sur'ests that the toughness of weld fusion lines with the initial crack tip in the
fusion line would be worthwhile investigating. This crack-tip location would be representative of an
intergranular stress corrosion crack or a lack-of-side-wall-fusion weld defect.

As part of Task 1, FEM analyses were conducted to evaluate the GE/EPRI J-estimation functions for
short circumferential through-wall cracks in pipes subjected to bending loads. A few cases involving
pure tension load were also evaluated. ABAQUS 3D 20-node brick elements were used in the
analysis. These elements provide more accurate results than the shell elements used in the original
GE/EPRI solutions, Ref. I1.2. De new functions (V and h ) signi6cantly improved the predicted3 4
rotation for the cracked pipe section. The predicted crack-opening displacement and crack driving
force (J) was in better agreement with the experimental data than those from the GE/EPRI analysis.
These new functions will be included in a future release of the NRCPIPE code.

11,2 Task 2 Surface-Cracked Pipe Evaluations

in this task, two large-diameter surface-cracked pipe experiments were conducted in which the pipes
were loaded by internal pressure and four-point bending. The two pipes, an A515 Grade 60 Schedule
60 steam-line pipe and a TP316 stainless steel Schedule 80 main-recirculation-line pipe, had a
diameter of 28 inches. The crack was in the base metal of the carbon steel pipe and in the center of a
submerged are weld in the stainless steel pipe . Both had machined surface cracks that extended 50

11-1 NUREG/CR-4599
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pe: cent of the thickness and 25 percent of the circumference. The test data are presented in this +

report, but comparisons of the results with existing analyses are not completed yet.

An analpis of the earlier small diameter surface-cracked pipe experiments on stainless steel pipe ,

showed that there is a general correction factor on the net section-collapse analysis as a function of
the ratio R /t for the pipe From these data and data from the Degraded Piping Program, thism
correction appears to be independent of the crack size. He trend is that as R /t increases, them
maximum load decreases below the net-section-collapse analysis predictions, nis result may be due
to ovalization effects, wherein the net-section-collapse analysis assumes die pipe remains circular.
This work points out some limitations of the ASME P.aw evaluation solutions.

A fmal effort in this task was to extend the surface-cracked pipe J-estimation schemes to external
cracks. This was to be used by Brookhaven National Laboratories (Ref. I1.3) to analyze low-cycle .
fatigue crack growth for a circumferential sorface crack in Japanese pipe system experiments
conducted at Tadatsu. As part of this effort, we reviewed how this analysis should be used in the -
Brookhaven ana ysis together with the fatigue crack growth data developed at DTRC (Ref.11.4) for
the Brookhaven effort. The pipe experiments and DTRC tests involved low-cycle fatigue under
reversed loading. To make the low and high-cycle laboratory specimen fatigue crack growth data
consistent, the Dowling operational definition of J was used. This definition accounts for some of the -
compressive loads contributing to AJ. The difficulty is that when applying this lab specimen data to a
structure, the deformation J analysis for the structure is not consistent with the Dowling 3 for negative
R ratio loading. To overcome the differences, the Dowling definition of J must be used for the
analysis of the structure (pipe) in order to be consistent with the laboratory specimen approach.
Procedures for this methodology are discussed in this report and may be needed for evaluating fatigue
crack growth under normal-plus-SSE loading.

11.3 Task 3 Bimetallic Weld Evaluations i

This task is not scheduled to start until October 1992.

11.4 Task 4 Dynamic Strain Aging Effects on Toughness

Work on this task included consideration of several new experiments and tests that gave further
insight into the phenomenon of dynamic strain aging (DSA). One experiment involved evaluation of
a carbon steel B&W submerged arc weld, his weld behaved differently from all the base metals we
tested in the past; based on strength and hardness data, the dynamic strain aging range appeared to be
at a much higher temperature. This weld also had a higher toughness at seismic loading rates than at
quasi-static rates, unlike base metals, which showed reduced toughness or no change in toughness at
seismic rates. Because the weld metal exhibited DSA at a higher temperature than did the base
metals, it is thought that the different effects of service loading rates in the weld and base rr.etals may
have retlected their different DSA behaviors. The reasons for the different DSA behavicc., of the
weld remain uncertain but may be due to higher silicon and/or molybdenum levels than in the base
metal. It is not known if other welds would behave similarly.
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In this task, we also measured for the first time the velocity of an unstable crack jump, believed to be
associated with dynamic strain aging. This test was conducted at 288 C. He velocity was
approximately 0.5 meters per second, which is much slower than a cleavage crack, but is 40,000
times fatter than the stable crack growth measured during the same C(Tl test.

Additional effons involved examination of the fracture surfaces of areas where there was stable and
unstable crack growth in a C(T) specimen test at 288 C. De results showed similarities in fracture
pronte, microstructure, and failure mode (ductile dimple rupture) and differences in dimple size
(larger in the unstable fracture regions) and coloration (distinct color difference on the oxidized stable
and unstable crack surfaces).

Finally, we conducted an examinatic.n of the number of crack jumps that occurred in laboratory
specimens and pipe tests on the same material. From a microstrueneal or local viewpoint, the results

-

to date suggest that the precise location of the start of crack jumps appears to be probabilistic, hom
a global viewpoint, if crack jumps occurred in a laboratory specimen, then they occurred at some
time during a pipe experiment, especially during through-wall-cracked pipe experiments. However,
in 3 of 4 cases where there were no crack Jamps in the laboratory specimens, there were crack jumps
in the pipe experiments. Hence, unstable crack jumps at LWR temperatures are more likely to occur
in a cracked carbon steel pipe than in laboratory specimen fracture tests. This is somewhat
discouraging, in that the laboratory fracture specimen tests are not necessarily reproducing full-scale
fracture behavior, anj th: full-scale behavior is worse than the laboratory specimen behavior.

11.5 Task 5 Effects of Anisotropy on Fracture of Piping

in this task data from this program and results from the literature were examined to see if a screening
-

crierion could be developed to determine anisotropic fracture behavior. Anisotropic fracture
properties are believed to be the cause of cracks turning away from the circumferential direction, even
under pure axial membrane loading. This crack turning can be signincant for LBB analyses where
there are combined longitudinal, hoop, and torsional stresses. Frequently, only the longitudinal
stresses are considered for circumferential cracks. However, if the low toughness direction and

principal stresses are at an angle to the circumferential direction, the concern is whether the failure
stresses could be lower than calculated in current LBB procedures.

The results of the literature review and assessment of our dua showed that toughness anisotropy is

more dependent on the shape of the nonmetallic inclusions content than any other manufacturing or
metallurgical aspect. Anisotropy can best be minimized with sul6de shape control (i.e., titarium,
zirconium, or rare earth additions such as cerium), although cross-roiling of plate for pipe fabricated
from plate is another good option. The shape of the inclusions is more important than their volume
fraction. Banded microstructures and crystallographic texture are less important sources of
anisotropy. Hence, other than toughness testing, metallographic examination may be the best
screening criterion to determine anisotropic fracture toughness. However, examination of chemical
composition may give some good indications if the material has been modined by sulfide shape
control practice.

Il-3 NUREG/CR-1599
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Additionally, past pipe fracture test results were examined to correlate angular crack growth to
anisotropy. Although there is a slight general trend toward less-angular crack growth with decreasing
anisotropy, the results to date show a great deal of scatter. A closer evaluation of these data are
planned.

11.6 Task 6 Crack-Opening-Area Analysis Improvements

ne results in this reporting period are on a subtask to provide a technical basis for changes to NRC
Regulatory Guide 1.45 on leakage detection systems. A probabilistic analysis is being conducted to
assess safety margins that should be applied when using NRC LBB procedures such as in SRP 3.6.3.
Changes to leakage detection system capabilities will be assessed relative to conditional failure
probabilities.

_

Initial efforts involved examination of some deterministic aspects. The first was to assess the
accuracy of current J-estimation schemes to predict the maximum load and crack opening of complex-
cracked pipe. A complex crack is a long surface crack diat penetrates the thickness only over a short
part of its length, Ref. I1.5. Since leak <!etection capabilities are used for pipe systems not approved
for LDB, these systems may be susceptible to mechanisms that produce long surface cracks and hence
a complex crack. De results showed that to make consistently conservative predictions of maximum
load, a constraint factor on the toughness is needed when analyzing a complex-cracked pipe using the
existing simple through-wall-cracked pipe analyses. Crack-opening displacement predictions were
much better using the constraint factor on toughness, but still overpredicted the crack opening
signincantly. This result is a nonconservative aspect for LBB evaluations of such cracks.

.

Another effort in the crack-opening-area analysis was to assess the potential for restraint of crack
opening when the crack is close to a fixed terminal end. He fixed terminal end prevents the induced
rotation of the pipe due to the eccentricity of the crack and axial membrane stresses (i.e., pressure
loading). This assessment showed that if the crack is far (about 20 pipe diameters) from the Oxed end
or short in length (less than 1/8th of the pipe circumference), then there is no restraint of the axial
membrane stress (pressure) component of the crack opening. In these cases, the existing crack-

- opening-area analyses can be used, llowever, for longer cracks that are close to a fixed end, the
crack ope >.;; due to the pressure loading can be reduced signincantly (up to a factor of 2), it may
be advisable to account for this crack-opening restraint in an LBB analysis. This is the Hrst time such
an effect has been considered, ne assessment consisted of a series of elastic finite element scoping
analyses. No additional analyses are planned to develop a generalized correction factor for restraint
at this time.

11.7 Task 7 NRCPIPE Code

Task 7 is the effort to formalize the fracture analyses into a computer code called NRCPIPE. The
current NRCPIPE code was created during the Degraded Piping Program and contains only analyses
for circumferential through-wall-cracked pipe. Some correcticns to that code were made and released
in Version 1.4e. An initial surface crack version called NRCPIPES has been created. It contains the
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| SC.TNP and SC.TKP J-estimation ar.alyses for finite-length circumferential surface cracks. These
analyses were developed in the Degraded Piping Program.l

11.8 Task 8 Other EITorts

To date, the only effort that has been staned in this task is being conducted by Professor Fong Shih
on " Validation Limits in J-Resistance Curve Determination." The specific objective is to assess the
use of the modified version of J proposed by Dr. H. Ernst versus the deformation theory J. This
effon started on September 24, 1991 and will continue for two years.

11.9 Task 9 Interprogram Cooperation and Program Management
_

Several technical efforts are contained in this task. One of these is an analysis that is being conducted
by Professor Jwo Pan at the University of hiichigan. It involves a numerical evaluation of weld
residual stresses on the crack driving force. The ash 1E Section XI pipe flaw evaluation criteria st~'e
that residual stresses should be considered, but contain no guidelines. The numerical analysis from
this task will involve thermal plastic analysis to numerically create the residual stress field, then create
the crack by node release and evaluate the J values as the welded structure is loaded. These results
will be compared with simple approximate methods to assess potential Code techniques.

Another objective of this task is cooperation with the ASME Section XI pipe flaw evaluation criteria.
Several different efforts were undertaken in this reporting period. The first involved deve!oping
equations to allow Charpy energy values to be used in an elast:c-plastic fracture mechanics analysis of
an axial surface crack in ferritic pipe. The second t .,k is to develop a data base of past quasi-static
pipe fracture data. This effort has been started and will be released when ready. Finally, Dr.
Wilkowski was part of a special panel to evaluate the potential effect of changes proposed in Section
ill to eliminate inenial stresses from the design equations. Although the panelists had different
reasons, the panel agreed that if it.crtial stresses are eliminated in the design stress, then in the flaw
evaluation criteria they should be explicitly included. The Battelle assessment included technical .

justification from the NRC's international Piping Integrity Research Group (IPIRG) program, where
DEGB fracture occurred in pipes tested under inertial loading, Ref.11.6.
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Appendis B. TOUGilNESS ANISOTROPY AB5 TRACT

APPENDIX 11 TOUGIINESS ANISOTROPY AllSTRACT

11.1 Notnenclature Used in Abstracts

in the extended abstracts which follow, a two letter abbreviation is used to describa the orientation of .
fracture toughness specimens. The first letter indicates the direction of the principal tensile stress and
the second letter indicates the direction of crack growth. For example, in specimens machined from a
pipe, the designation C-L would denote a specimen oriented such that it was being stressed in the
circumferential (C) direction and the crack would be growing in the longitudinal (L) direction.-

For pipes and round bars, the letters R, C, and L indicate radial, circumferential, and Ic.ngitudinal
direction, respectively. For plates, the letters T, S, and L indicate transverse, Pmt transverm. and
longitudinal direction, respectively.

The term anisotropy coeft- 'ent as used in these abstracts refers to the following toughness ratios:

For pipes and round bars-

E(C-L)/E(L-C) or E(R-L)lE(L-R)

For plates-

E(T L)/E(L-T) or E(S-L)/E(L-S) ,

where E is a quantitative measure of toughness and the letters within the parentheses indicate the
speimen orientation. A value of LO for the anisotropy coefficient means that the toughness is not
orientation dependent, whereas low values indicate a high degree of toughness anisotropy.

B.2 Extended Abstracts

B.2.1 [Ref. 6.4] Matrosov, Yu. I. and Polyakov, I. E., " Improving Toughness and
Ductility and Reducing Property Anisotropy in Low Alloy Steels,"
BISI Translation 14384, S.td',1976 (2), pp.162-167. - [Ref, 6.4}

This document is a review paper that examines veious factors determinitg the anisotropy of ductile
and impact properties of caroon steels and low-alloys steels.

The effect of carbon on toughness anisotropy arises primarily through the develorment of banded -

microstructures. Decreasing the carbon content reduces the degree of banding and thereby, improves
the anisotropy coefficient, defined as the ratio of transverse to longitudinal toughness. A steel which ,

displayed no anisotropy would have a coefficient of 1.0. The authors state that banding alone :an
produce an anisotropy coefficient as low as approximately 0.8. In order for the effect of Imver
carbon to be significant in reducing anisotropy due to bandir4g, it is necessary to go to
reduced pearlite steels (up to 0.08 percent carbon) or even to pearlite-free steels (up to 0.03 percent
carbon). Reducing the carbon to these levels causes a substantial loss of strength, which can be

B-l NUREG/CR-4599
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10 UGLINESS ANISOTROPY ABSTRACT Appendix B

overcome by microalloying with efernent such as niebium, vanad;um, and vitaniam. The authors
state that, even at the time of preparation of their revieve (1976), the l'eneiicial effect of a reduction in
carbon was being widely utilized in the development of a group of to uced-pearlite and pearlite-free
precipitation hardening steelt

Sulhir has long been known to be, one of the principal ulprits in causing toughness anisotropy in
plate because it combines with manganese to form Mn3 inclusions, whi:h elongate during hot rolling
of the steel to form long stringers within the microstru:ture. Fracture can occur much more readilyi-

- along those inclusions than across them. Tbus, these MnS z.tringers are the principal source of low-
anisotropy coefficients %ere are a numbe'. of different ways to dess with the sulfur problem. These
includa reducing the sulfur content, reducing, the mangane.e content, and making the sulfur-containing
inchisions more brittle so that they do not elongata during deformation processing.

According to the authors, reducing the sulfur content produces a signi icant reduction in toughness
anisotropy only when the sulfur content is below approximately 0.010 percent. Reducing the sulfur
from 0.tM percent to 0.02 percent has relatively litt e effect. Sharp improvements are realized whenl

sulfur is maimained at levels of 0.004 percent or below. Alsough the attainment of low sulfur levels
was at ene time difficult and expensive, the authors point mt that, even in 1976, economical
industrial methods were available for accon plishing this result.

With respect to manganese content, the amhors note that reducing the manganese / sulfur ratio below a
certain level (while adding silicon to maintain strength) can cause a significant reduction in the degree
of anisottopy in rolled plate. For example, the anisotropy coefficient reached a value of 0.85 in a
manganese-free steel which contained 0.028,ercent su' fur. Nonetheless, the authors do not
recommend the elimination of manganese fn m carbon steels because of its many useful characteristics

as an alloying element.

IThe third method cited by the authors as being effective in lowering the degree of toughness
anisotropy is to reduce the ductility of the sulfur-be+ ring inclusions. The role of oxygen in this -
regald is relatively modest bv . is worth noting prior to discussing the role ef other elements. He
authorc state ' hat, in balanceu or rimmed steels, the sulfides contain significant amounts of oxygen
which considerably reduces thair plasticity and their ability to form stringers. Therefore, the authors

I state that rimmed . teels are likely to show less toughness anisotropy than killed steels, in which most
of the oaygen is present in the form of oxide inclusions and the sulfides are nearly pure MnS.

A more effective way to form low-plasticity sunides, according to the authors, is to add titanium,
zirconium, or rare-earth metals, especially cerium. Each of these elements F is a higher affinity for
sulfur than does manganese. The authors cite an investigation in which the cerium / sulfur ratio was

|
varied from 0 to more than 3. _When the ratio was zero, the anisotropy coefficient was approximately.

| OA. ' The coefficient increased markedly as cerium was added, reaching a value of approximately
0.E5 ht a cerium / sulfur ratio of 1.5 to 2.0. Greater amounts of cerium led to a graduni reduction in

the coefficient.

He authors conclude that a reduction of toughness anisotropy can be achieved "by reducing the sulfur
content using thorough desulfurization outside the blast furnace or synthetic slag treatment of the steel
and also by alloying the steel with elements which form low-plasticity sulfides _ At the present time,

.
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p
; both these methods have been adequately investigated and Jeseloped for introduction into tonnage

production of weldable structural steels."

B.2.2 [Ref. 6.5] Ilurnos, V, i.., Vaschilo, T. P., and 11alandina, L. E., " Evaluation
i of the Quality of the Metal of Pipes According to Impact Toughness'

| with Anisotropy Taktn into Account," hulmtrinLlahonamn
(USSR); Englislt translation of Zaoihna.Lahonhrira, Volume
54, No. 5, May 1988, pp. 548-550.

The authort conducted impact bend tests on specimens machined from twe different heats of steel
pipe. He pipe was of unsprified composition and had a diameter of 122 mm (4.3 Whes) and a wall
thickness of ti mm (0.24 inch). Dree different conditions were examined: (1) as cold formed, (2) 4

_

after subsequent heat treatment at 250 C (482 F) for I hour, and (3) aher subsequent heat treatment at
,

350 C (602 F) for I hour. ~

Bend specim ms were machined in three orientations: (1) longitudinal (L-C), (2) transverse (C-L),
and short tra tsverse (C R;. The specimens were 5 x 10 x 55 mm (0.197 x 0.394 x 2.17 inches)
(longitudinal) or 6 x 10 x 55 mm (0.236 x 0.394 x 2.17 inches)(transverse and short transverse
are-shaped specimens). The notch was U-shaped and of unspecified dimensio'a. The specimens were
tested in a pendulum impact tester at room temperr.ture and at -40 C ( 40 F). Three to five specimens
were tested at each tempuature, but only average values of toughness, expresul as energy per unit
area, were reported by the authors.

The results of this investigation confirm what many other investigators have reported, namely, that '

the transverse toughness of unidirectionally deformec, steel is umch 10wer than the longitudinal
toughness. At room temperature, the transverse toughness of both heats of steel was 26 to 30 percent
of the longitudinal toughness, regardless of the condition of the steel. At -40 C (-40 F), that ratio
dropped to only 15 to 20 percent.

The authors found also that the toughness in the short transverse orientation (with the crack growing
radially) was less, by approximately 15 to 20 percent, than in the longitudinal orientation (with the
crack growing circumferentially).

S
11.2.3 [Ref. 6.6] Ilarada, S., Endo, T., and Kaseda, M., " Effects of Forging Ratio

-

and Specimen Orientation on Elastic-Plastic Fracture Toughness of
Thick Forged Steel Plates," R ale of Frneture Mechanics in Moderrt
Technolon, G. C. Sih, H. Nisitani, and T. Ishihara, Eds., Elsevier
Science Publishers,1987, pp. 485-496.

i

While this reference contains much valuable information about the effects of forging ratio and
specimen orientation on the toughness of thick, forged A533B Class I r, teel, the crientations
investigated are of only limited interest relative to skewed fracture in pipe tests of steel. Only two
orientations were studied, one of which was T-S, equivalent to the C-R orientation in a pipe, and the
other was S-T, equivalent to the R-C orientation in a pipe. The orientations of principal interest in

.
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|

pipe tests relatise to the occurrence of skewed crack growth f, im circumferent al notched are L-C
and C-L. as well as orientatmns intermvdute to those two.

He authors founi that the uppet shelf toughness of the steel. Mt fo,ged to a thickness of 200 mm
(7.9 inches), was always lower in the S T orientation than in . T-S orientation, by approsimately 20

'

tests. De toughness difference between the twopercent in Charpy tests and 25 percent in 1 9
ori ntations was mcreased when additional hot forging was employed to reduce the thi:kness of the
plates to 100 ram a9 inches). After the additional forging, the toughness in the S-T orientation was
approximately 45 percent lower 'han that in the T-S orientation as determined from Charpy tests and
approximately 55 perecnt lower as determined from Ju tests.

*

11.2.4 [Ref. 6.7) Kramer, G. S., Wilkowski, G. 51., and Maxey, W. A., "8 law
Toler:mce of Spirtl-Welded I ine 1ipe," llattelle report to American
Gas Aswiation, NG-18 Report No.154, January 1987.

--

De authors investipted specimen-orientation effects in two different lengths of spiral welded pipe.
'

He pipe was API SLS.X52 having a diameter of 406 mm (16 inches) and a wall thielness of 7.9 mm
(0.312 inch). De spiral-welded seam was oriented at a 52-degree angle to the pipe axis. He r. teel
contained 0.025 percent itdfur but no other information was prosided regarding thermal mechanical
history or inclusion sire and thape.

Two types of specimens were used to investigate orientation effects: (1) flattened straps to determine
tensile properties, and (2) 20 size Charpy V-notch impact specimens to determine the upper-shelf
toughness.

The results showed that tire tensile pmperties, induding the yield strength, the ultimate tensile
strength, and the fracture eh nption, wete relatively independent of specimen orientation. Charpy
vahies, on the other hand. were strongly dependent on specimen orientation. A graph of Charpy
energy versus specimen angle was a sine wave whose maximum value was for specimens in the L-T
orientation of the plate used to make the pipe and whose minimum value was for specimens in the
T-L orientation. The ratio of minimum to matimum value was approximately 1/3, which is - %in
the range that has been reported for many other plates and pipes.

B.2.5 [Ref. 6.8) Rosenfield, A. R., llahn. G. T., and Markworth, A. J., "Effect of
Metallurgical Variables on the Maximum Charpy Impact Energy of
Structural Steels," Battelle report to the American Gas
Association, NG-18 Report No. 27, September 1971.

These investigators examined two ditferent contributors to toujhness anisotropy in carbon steel plates:
sultide inclusion length and the presence of a 1,anded microstructure. Upper-shelf Charpy energy
was used to characterize the toughness in both the longitudinal (L-T) and the transverse (T-L)
orientations. It was reponed that the ratio of transverse to longitudinal toughness was approximately
0.5 for sulfide indusion lengths of S pm. Ilowever, by extrapolating the data to shorter sulfide
lengths,the toughness difference between the two orientations was predicted to vanish at inclusion ,
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let pt!s of 3 to 4 pm. In aJ btion, it w as shown that the general les el of toughneu in both
<er,'r m inaeases as sulfide in luuon length decrease.t

it aho was shown m thb report that a reJuction of the degree of metallurgical banding present in
ferritie steel plate, accomplished by a homogeninng heat treatment, can both increase the Charpy
upptr shelf toughness and reduce the degree of anisotropy. The longitudin.d toughness was reported4

I
to be increased by 5 to 10 persent and the tranweise toughness by approximately 40 percent as a
resuh of the homogeniring treatment. The ratic ' transverse to longitudinal toughness was ircreased
from 0.35 in the banJed condition to 0.45 in the homogenited condition.

11.2.6 [ iter. 6.9) Willianis, D. N., " Metallurgical Factors " in 6th Spnposium on
Line Pipe Itesearch, American Gas Association Catalog No. IJ0175
October 29,1979.

Williams conducted Charpy V-notch irnpact tests on speelmens machined imm tee fittings fabricated
from carbon steel plates. Some of the specimens were oriented axially and the others

' circumferentially. In two ifferert ee fittings, it was found that the satio of energy values in the two

g directions was approximate 4y 3 to 1. That ratio is typical of values reported by nunterous other
investigators, llowever, in one of the tees, the highest toughness was in the circumferential direction
and in the other, the highest toughness was in the axial direction. The conclusion drawn from this
investigation was that it is not safe to assume that tee littings are always manufactured with a
specified plate orientation.

11.2.7 [ Iter. 6.101 llodge, J. M., Frazier, It.11,, and Iloulger, F. W., "The Ef fect of
Sulfur on the Notch Toughness of Ileat-Treated Steels "
Inllisttilm 'fJhdrialhunkaLSadetv of AIME, volume 215,
October 19; p. 745 753.

Thii paper reports an investigation desq :d tu furnish quantitative information on the etteet of sulfur
on notch impact toughness and the factors affecting the anisotropy of impact properties in wrought
heat treated low-alloy steels.

A total of 12 melts were prepared, each weighing 2670 N (600 pounds). Their nommal compositions
were: 0.30% C,0.80% Mn,0.25%Si,2.5% Ni,0.80% Cr, and 0.45% Mo. The sulfur contents
ranged from 0.0M% to 0.179%. The ingots, which were 203 mm (8 inches) square at the base and
229 mm (9 inches) square at the top, were hot rolled on a coinmercial mill to 48 mm (1.9 inch) slabs.
Sections of the slabs were then rolled to 12.7 mm (0.5 inch) thickness according to one of three
sche! les: (1) straightaway rolled, (2 .oss rolled 29 percent, or (3) cross rolled 46 percent. The
plates were then hardened by quenching and tempering to obtain Rockwell C hardness levels of 25,
30,35, or 40. Charpy V-notch specirnens were taken both transverse (T-L orientation) and
longitudinal (L-T orientation) to the mah rolling direction and tested at various temperatures
encompassing the ductilmo-brittle transition.

B5 NUREG/CR-4599
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Re authors concluded the following:

1. Increasing the sulfur content decteases Charpy V-notch impact resistance in a regular
manner for both straightaway and cross rolled conditions. When plotted on
logarithmic coordinates, the Charpy values versus sulfur content describe straight
lines.

2. Sulfur content did not markedly affect the ductile brittle transition temperature.

3. Directionality of toughness properties depends on rolling practice and not on sulfur
content. Cross rolling decreasca the spread in Charpy values between longitudinal
and transverse specimens propostional to its amount (46 percent cress rolling
eliminated directionality entirely) and inde'sendent of sulfur content. (Note added by
reviewer: It was not completely accurate for the authors to state tha, directionality is

-

independent of sulfur content. Their data showed that the anisotropy coefficient in
straightaway rolled plates was approximately 0.29 at 0.060% S,0.33 at 0.02% 5,
and 0.50 at 0.005% S, and it is likely that the coef0cient would increase even
further at sulfur contents below 0 005%. Nonetheless, it is striking to find such a
high degree of anisotropy at a su!!ur level of only 0.005%.)

4. The effect of sulfur on impact properties is similar in steels with pearlitic or
slack-quenched microstructures to that in steels with tempered manensitic
microstructures, for steels with sulfur contents of 0.060% or below.

5. Charpy values are improved by an horaogenirm.an treatment of 10 hours at 1290 C
(2350 F), independent of sulfur content, but directionality of properties is relatively
unaf fected. This treatment results in a rounding of sulnde inclusions, which is
believed to be the principal factor in the improved impact propenies.

H.2,8 [Ref. 6.11] Temita, Y., "Effect of Decreased llot Rolling Reduction Treatment
on Fracture Toughness of Low-Alloy Structural Steels,"
Mdalhtrzknl Transaction 1A, vol. 21 A, September 199'), pp.
2555-2563.

Tomita investigated the effect of decreasing the amount of hot-rolling reduction from 98 percent to 80
percent on the fracture toughness of quenched and highly tempered [650 C (1200 FJ for 2 hours)
low-alloy structural steels. The steels were AISI 1045, AISI 4140, and AISI 4340. Each steel
contained 0.018 to 0.020 percent sulfur and a volume fraction of MnS inclusions ranging from 0.14

to 0.18 percent.

Tomita found that reducing the amount of hot-rolling reduction from 98 to 80 percent produced a
number of effects: (1) the sulfide inclusions were modified from a stringer (aspect ratio of
approximately 17) to an ellipse (aspect ratio of approximately 4), (2) the tensile yield and tensile
uldmate strengths were not signincantly changed, (3) the upper-shelf Charpy toughness in the
transverse (T L) orientation, which originally was only about 30 percent of the toughness in the
longitudinal (L-T), was increased by a factor of approximately 2.3 to a level of approximately 70
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percent of the toughness in the longitudinal orientation, (4) upper shelf Jg values in the T L
orientation, which originally were less than 25 percent of the valtes in the L-T orientation, were
increased by a factor of approximately 3.0, and (5) the ductile-to * rittle tr.msition temperature was not
strongly influenced.

These results show clearly that inclusion shape is of paramount iruponance in controlling the degree
of toughness anisotropy.

11.2.9 [ Iter. 6.12) Garuood, S. J., "The Effect of Temperature, Orientation, and
Constraint on the Toughness of A533Il Class 1 Steel," Amtlkittjpg
pii rittllittahdiallk1J911attrMtamMIrmittrr3, MartInus
NijhofIl'ublishers,1984 pp. 939 950.

Garwood conducted precracktd, 3-point bend tests on snecimens machined from 90-mm (3.5-
inch)-thick A533B Class 1 plates. He investigated four different specimen orientations - L-T, L-S,
T L, and T-S - and determined four different fracture toughness parameters. Those parameters were
J (J at crack initiation), dj/da (the slope of the J-R curve),6,(the crack tip opening displacement ati
crack initiation), and db/da (the slope of the graph of crack tip-opening disnh.mement versus crack
extension). The sulfur content of the steel was stated to be less than 0.005 scent, but little
information was plovided about the thermal mechanical history or the shape of the nonmetallic
inclusions.

The two orientations in Garwood's study that are of major interest with regard to toughness
anisotropy in pipe tests are L T and T-L. Regardless of which toughness parameter was used,
Garwood found, as expected, that the T L orientation was consistently less tough than the L-T
orientation. However, the ditference between the two orientations was not as pronounal as has oeen
reponed by numerous investigatorr., if a value of 1.0 is assigned to each toughness parameter
measured in the L-T orientation, the corresponding values in the T-L orientation were found to be: J,
0.74 dj/da 0.51. 6,0.63, and db/da 0.66. These toughness reductions of approximately 25 to 50
percent are far less than reductiors in upper-shelf Charpy energy of 50 to 75 percent that are
commonly found in carbon and low-alloy steels. He reason for the smaller effect of specimen
orientation in Garwood's tests is not known because no infornation is available about the size and
shape of the inclusions.

D.2.10 litef. 6.13] l' ark, J. W., Kim, J. S., and Moon, I. G., "The Effect of llanded
Structure and Sullide Morphology en the Anisotropy of Tensile
Ductility and Impact Toughness," LournaLattheJorean Institute of
Mellah, Vol. 22, No. 7. July,1984, pp. 588-595.

It was not possible to do a thorough review of this paper because the text was in Korean. Only the
abstract, figures, and tables were in English,

The authors studied the effects of pearlite banding and sulfide morphology on the anisotropy of tensile
properties and impact toughness in three different hot-rolled C-Mn steels. Each of the steels
contained 0.17 to 0.19% carbon,1.25% manganese, and 0.02 to 0.022% sulfur. One of the steels
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was treated with a r.ue-canh adJaion ta moJity the shape of the sultide inclusions. Homogeniring
treatments lei ddtut ot luirths of tunt at a temperature which was not given in the F.nglish portion of
the referense w cre uted to thange the peathfe distobution, i.e. to reduce the degree of banding.
Tensile specimem were tested in the lonptudinal and in the transverse orientation Notched,3 point
impa-t bend specimens were inthined in 1 'ferent orientations: L-T. T L, l.-S, anJ T-S. ney

were tested at, picsurnably, twm tunpm -

The eff ect of the tare earth adihtum was u, wuce the degree of anisotropy in the aerolled condition.
He ratio of toughnm in the T L onentation to that in the L-T orientation was 0.67 when the rare
earth was added; w nhout the rate earth, the r atio was 0.54. llomogenitation treatments to reduce the
dyree of handmg of the pearkte imprmed that ratio for both steels. He rare-earth treated steel
improved to a ra'io of 0.85, while the unucated steel improved to a tatio of 0.58,

it is the authors' I clicf that the planar anisonopy of tensile ductility is due primarily to the elongated
-

sulfides rather than to pe:ulite banJing, based on the effects of homogenitation treatments, llowever,
they believe the anisonopy in toughness is associated with both the pearlite banding and sulfide
morphology. The pearlite banJHg is the cause of anisotropy associated only with notch orientation,
while the clonrated sulfiles are the cause of anisotropy associatC with both atch and specimen
orientation.

11. 2 , 1 1 [Her. 6.141 l'enredo, D. N1., l'aucher,11., and Shehata, St. T., " Influence of
loclusion Content, Texture and $11erostructure on the Toughnew
Anhotropy of Low Carbon Steels," 5.itengilL9thhlithjuhlAl19M,
Vohune 2, Pergamon Press, Ltd.,1985, pp.1127-1132.

The objective of these investigatois was to determine how the fracture toughness anisotropy of
low-carbon to.06 to Om percent) steels containing two levels of sulfur (0.007 and 0.02 percent), with
and without added rare-earth tiements (cerium and lanthanum) to modify the sulfides, is affected by
soaking and rolling temperatute. It is the authors' belief that low rolling temperatutes, particularlv
below Ag, produce the most ses ere toughness anisotropy due to a combination of pancaked
microstructures, crystallographic texture (preferred orientation of individual grains), and flattened and
elongated sulfide inclusians.

He authors studied steels that had been rolled to 67% reduction in thickness at six different soaking
temperatures, ranging f rom 680 to 13) C (1256 to 2192 F). Tney tested Wedge Opening Load
specimens at several temperatures, many of which thd not produce ductile fracture. Only two
orientations were examined - S L and T L lt is not clear why the two higher toughness orientations
- L-T and t<S - were not investigated.

The occunence of pancaked microstructures and several strong rolling plane textures was
demonstrated for the lower soaking temperatures. At the higher soaking temperatures, the ;; rains
became equiawd and the crystallographic texture was greatly reduced,

It is ditticult to interpret the authors' tesults, both because they did not include specimens in the
high toughness orientations and because the test temperatures of specimens rolled at different
temperatures and having ditferent orientations were not always the same. Nowtheless, the authors
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concluded that the main contributors to red iced toughness in the S L orientation, resulting from
rollmg at low temperatures, are pancaked microstructures and Hattened suludes. They state their
belief that pancaked microstructures probabij is the more damaging component; however, the two
contributors behavi .nugistically when both are present.

11. 2 . 1 2 121, M. O. nnd Ferguson, W. G., " Relationship lietween Fracture Topography
and Fracture Toughntss of a liigh Strength Steel," Jmtrinil of Materkb
SdrDCr, Vol. 20,1985, pp.19851992.

The main thrust of this investigation we, to study fracture topography as a function of tempering
temperature and specimen orientation. Only a limited study of property variations with specimen
orientation was reported.

The steel investigated was Comsteel En25, a high strength low alloy steel in the forrn of 125-mm
(4.9 inch)-diameter bar. It contained 0.31% carbon,0.26% silicon,0.58% mangarsese,0.025%
phosphorus,0.032% sulfur,2.22% nickel,0.59% chromium, and 0.53% molybdenum. No
information was provided on the reduction ratio of the bar or on the shape and size of the MnS
inclusions.

The only fracture toughness data that dealt with the anisotropy question were Kg values obtained
from the R L and L-R orientations in material that had been hardened and tempered at 500 C (932 F).
He fracture toughnest,in the L R orientation was reported to be 150.4 MPaj m (136.7 ksij in), while
that in the R L orientation was 83.7 MPaj m (76.1 ksij in), yielding an anisotropy coef0cient of
0.56.

With respect to fracture topography, the authors reported that terrace-type fracture prevai':d in the
R L orientation, but this frequently was observed to change to rigzag type fracture in the R C
orientation. Both of these fracture mechanisms were absent in the L R orientation.
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Pipe Ol'2 F29, A106 Grade II,16. inch diameter, Rhedule 100

-

Inside-surface crack - 1" --

2c/z0 * 0.54
d/t = 0.66

'' % 9 ,.
' '*

9,, , . _ ~ -
. , ,

+- Single Shear % < - Single Shear

(h) Esperiment 4112 9, four point tending
Pipe DP2 F13, A106 Grade 11,16 ituh diameter, Selwdule 40

-- la .

Inside-surface .

. crack '- A ~ B *~

'2c/sb = 0.39 ,

d/t = 0.70 ,,' s

,'B -*- A -> '--
- / <

- y s , ,, ,

.-

L ..../
b ~

SS to
*- S S +* 05 +'

(i) Esperiment 41154, four-point bending
Pipe Di'249, A333 Grade 6,10-inch diameter, Schedule 100

Figure C.I (Continued)
SC SA 5/92 FC.lg,h,i
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|
1

* *
Outside surface crack

- 2c/nD = 0.50
d/t = 0.68

z _ _ _ _. _ _r % ems.aza3

- - SS :-- -- S S -+

(j) Esperiment 4121-6, internal prtuure
l'ipe DP213, A333 Grade 6,10 inch diameter, Sthedule 100

Through-wall crack 1-+ ..

2c/zD = 0.37

\
'
.

' s , ,r ti

- SS + - S S .*

(k) Esperiment 41313, four point bending plus internal presure
l'ipe DP2 F9, A333 Grade 6,10-inch diameter, Schedule 100

-

Inside-surface crack
2c/r0 = 0.53

+ 1"d/t = 0.66 *

W N 0
05 SS+ -- +

(1) Esperiment 4131-4, four point lwnding plus internal pressure
Pipe DP219. A333 Grade 6,10-inch diameter, Schedule 100

Ilgure C.) (Continued)
SC SA 5/92 FC.lj,k,1

C4 NUREG/CR-4599

_ _ _ _ _ _ _ _ _ _ _ _ . . ... J



I RACit'Rr, l'ATilS IN CARilON S'il;l'.L l'll'F.'; Appendis C

- 1hrough. wall crack
2c/z0 0.35

la -.-

484~--

y
SS - *--

_ SS - -

(m) I'.y>criment 41317. four piini tiending
lipe DI'249, A333 Grade 6,10 inth diameter, Rhedule 100

Inside-surface crack . g ., ..

k2c/s0=0.48 A.%
L, d/t = 0,68 ,-,

s -,

' \
\ .- 4 '

.-

4. Single . Single .4.,

Shear Shear

(n) Eywriment 41314, four p> int bending
I'ipe Di'213, A333 Grade 6,10-in(h diameter, shedule 100

Through-wall crack
2c/wD = 0.37

Submerged-arc

w ,,g[
1 weld( --

.k.y/
_

centerlineWeld metal
i
' ~ ~ ~ - '

1"< -> --

- 05 -*SS :=

J

DS * - SS +-*

(o) Esperiment 41419, four-point bending plus internal pressure
l'ipe lil'2.F29W, SAW in 4106 Grade 11,16 inch diameter, Schedule 100

rigure C.1 (Continued)
SC-SA-5/92 FC.1m.a,o
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|

1...n ..

Through-wall crack
2c/50 = 0.36 |,

\ !
/'

,

s /

'. y ...'.

...

- ss. . ss -

(p) Esiwriment II'IRG 1.2 2, four point tending, quasi-static cylic (R=0)
Pipe DP2100, A106 Grade II,6-imh diameter. S(hedule 120

Through-wall crack
2c/r0 = 0.36

1" +-*-

/ \ '

/

% 7

/
'

F
v<s

+ SS --- SS *

(q) Experiment IPIRG l.2-4, fo.;r point twnding, quasi-static cyclic (R= 1)
Pipe DP2-l'30, A106 Grede II,6-inth diameter, S(hedule .520

Through-wall crack
2c/x0 = 0.36

+- 1" -

k*.,

%
'
- ,,s ,, ,

' .
.

,

---- S S - --- SS :

(r) Esperiment IPIRG 1,2-6, four point twnding, dynamic cylic (R= 1)
Pipe DP2 F30, A106 Grade 11,6-inch diameter, Schedule 120

Figure C.! (Continued)
SC SA 5/92 FC lp,q,r
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FRACTURE PATilS IN CARDON STEEL, PIPES Appendis C

Through-wall crack
2c/x0 = 0.37

la +-

A

+-B-++B+ A - *

h .

~ s .

;f .j.

- S S -- - SS - -

(s) Experiment IPIRG 1,2-6A, four point bending, dynamic monotonic
~

Pipe Di'2 DO, A106 Grade II,6-inch diameter, Schedule 120

Through-wall crack
{2c/z0=0.36

h 1" ++
" '

. , , , e--- S S --+
,

% % ,

,'
S S --*- ~ -~ --

DS
i

(t) Experiment IPIRG 1.2-7 four point bending, quasi static monotonic
Pipe DP2 DO, A106 Grade 11,6-inch diameter, Schedule 120

_,Through-wall crack
~

2c/xD = 0.37
LB ' .-. A +- - -

1" *+
I +AWeB+

l.
4 xs,,

* / p*
SS ~ n,.--

_

.

+ S S -~

(u) Experiment IPIRG 1.2 8, four-point bending, dynamic monotenic
Pipe DP2-DO, A106 Grade b,6-inch diameter, Schedule 120

Figure C.1 (Continued)
SC SA-5/92 FC.ls,t,u
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Through-wall crack
2c/x0 a 0.38

+ 1" +

s .. . ..

'a
~-

+55 - - ss *

(v) Experiment IPIRG 1,210, four-point bending, dynamic cyclic (R=0)
Pipe DP2 F30, A106 Grude B,6 inch diameter, Schedule 120

Through-wall crack
2c/xD = 0.37

-B+-- C +
+ I"- A -*+C+ "

% ,. . .

+
~

~ 5 3 -----
-- SS :

(w) Esperiment IPIRG 1,2-11, four point bending, dynamic monotonic
Pipe DP2 F30, A106 Gntde II,6-inch diameter, Schedule 120

Figure C.1 (Continued)
SC-SA 5/92-FC.lv,w
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