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ABSTRACT

Presented herein is an Annual Report of the U.S. NRC's Degraded Piping Program
- Phase II. Th u is the sixth program report on this program. Prior reports
were semiannual reports. The intent of this program is to experimentally
validate and enhance available analytical methods for evaluating the mechanical
behavior of nuclear power plant piping containing circumferential1y oriented
defects.

Fifty-seven pipe experiments have been conducted to date. These and
approximately fif ty additional pipe experiments from other programs have been
analyzed.

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

Supporting research ef forts involve investigating geometry effects on J-R
curves, as well as characterizing the material properties for each pipe tested.
The significance of all of the efforts in date relative to pipe fracture
analyses and flaw assessment criteria are discussed.

l

|

|

|

iii

|

I

I



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

CONTENTS

Page

LIST OF FIGURES ix............................

LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Xix
_

ACRONYMS AND ABBREVIATIONS . . . . . . . . . . . . . . . . . . . . . . . xxiii

ACKNOWLEDGMENTS ............................ xxv

EXECUTIVE SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . xxvii
1. PROGRAM OBJECTIVES, RATIONALE, AND APPROACH . . . . . . . . . . . . 1-1

2. PIPE FRACTURE EVALUATIONS . . . . . . . . . . . . . . . . . . . . . 2-1

2.1 Circumferentially Through-Wall-Cracked
Pipe in Pure Bending . . . . . . . . . . . . . . . . . . . . . 2-10

2.1.1 Sumary of Results 2-10..................

2.1.2 Discussion of Circumferential Through-Wall-Cracked b
Pipe Bending Efforts 2-16 {.................

2.2 Finite-Length, Internal Circumferentially
Surface-Cracked Pipe in Pure Bending . . . . . . . . . . . . . 2-19

2.2.1 Sumary of Surface-Cracked Pipe Evaluations 2-19.....

2.2.2 Discussion of Finite Surface-Cracked Pipe Efforts . . . 2-42

2.3 Circumferentially Complex-Cracked
Pipe in Bending ....................... 2-45

2.3.1 Sumary of Resul'.s to Date 2-45..............

2.3.2 Status of Instability Experiments . . . . . . . . . . . 2-46

2.3.3 Discussion and Future Plans . . . . . . . . . . . . . . 2-56
2.4 Circumferentially Cracked Pipe

Under Axial Membrane Stress ................. 2-59

2.4.1 Sumary of Results to Date .............. 2-59

2.4.2 Discussion and Future Plans . . . . . . . . . . . . . . 2-60
2.5 Fracture Behavior of Weld-Overlay Repaired Pipe 2-65.......

2.5.1 Review of Topical Report on Weld-Overlay Repairs 2-65...

v

..

,



P.nM

2-702.6 Stainless Steel TIG Welds ..................

2.6.1 Sumary of Results Reported in Past Semiannuals 2-70....

2.7 Stainless Steel Flux Welds . . . . . . . . . . . . . . . . . . 2-80
2-802.7.1 Summary of Results ..................

2.8 Circumferentially Through-Wall-Cracked
and Surface-Cracked Pipe Subjected to

2-98Combined Pressure and Bending ................

2.8.1 Summary of Results from Past Semiannual Reports . . . . 2-98

2.8.2 Future Plans . . . . . . . . . . . . . . . . . . . . 2-106

2.9 Instability of Surface-Cracked Pipe
in compli ant Bending . . . . . . . . . . . . . . . . . . . . 2-107

2.9.1 Initial Development of Instability
Analysis Using an Energy Balance Method . . . . . . . 2-107

2.9.2 Verification of the Energy Balance Approach for .

Surface Cracked Pipe . . . . . . . . . . . . . . . . 2-128
1

| 2.10 Carbon Steel Flux Welds . . . . . . . . . . . . . . . . . . 2-141

2.10.1 Sumary of Results Reported in Past
Semiannual Reports . . . . . . . . . . . . . . . . . 2-141

2.10.2 Progress Since Last Report . . . . . . . . . . . . . 2-144

2.10.3 Future Plans . . . . . . . . . . . . . . . . . . . . 2-148

2.11 Centrifugally Cast Stainless Steel . . . . . . . . . . . . . 2-149

2.11.1 Initial Efforts . . . . . . . . . . . . . . . . . . . 2-149

2.11.2 Future Plans . . . . . . . . . . . . . . . . . . . . 2-151

3. SUPPORTING RESEARCH ACTIVITIES 3-1..................

3.1 Characterization of Material Properties
for Pipe Used in Pipe Fracture Experiments . . . . . . . . . . 3-2

3.1.1 Sumary of Material Charactairization Tests
Conducted in Support of Pipit Fracture Experiments . . . 3-2

3.1.2 Data Transfer to MEA 3-5.................

vi



___

. - -

Page
,

3.1.3 Observations of Dynamic Strain Aging in
Carbon-Steel Pipe . . . . . 3-5.............

3.1.4 Anisotropy Effects in Carbon Steel Pipes 3-19.......

3.1.5 Future Material Characterization Efforts 3-25.......

3.2 Progress on the Effect of Laboratory Specimen
Geomet ry on J-R Cu rves . . . . . . . . . . . . . . . . . . . . 3-29

3.2.1 Development of the FWFN(T) Test . . . . 3-29........

3.2.2 Sumary of Specimen Size Effect and
__

Geometry Effect Study . . . . . . . . . . . . . . . . . 3-30

3.2.3 Study of Size, Geometry, and Orientation Effects in
Cold-Leg Pipe . . . . . . . . . . . . . . . . . . . . . 3-31

-

3.2.4 Transfer oi Data to DTRC for Jg Versus J D Study . . . . 3-34

3.2.5 J-Resistance Curves Using FWFN(T) Specimens . . . . . . 3-34

3.3 Assessment of Large Crack Growth
Using Planform Size Compact Specimens 3-51............

3.3.1 Review of Planform C(T) Specimen Test Results . . . . . 3-51

3.3.2 Discussion of Planform C(T) Specimen Results 3-75.....

3.4 NRCPIPE - A J-estimation Scheme
Computer Code for Circumferentially Cracked Pipe . . . . . . . 3-79

3.4.1 Objectives of the NRCPIPE Code 3-79............

3.4.2 NRCPIPE Analysis Capabilities . . . . . . . . . . . . . 3-79

3.5 Round-Robin Activities . . . . . . . . . . . . . . . . . . . . 3-82
3.5.1 Tensile-Test Round-Robin ............... 3-82

3.5.2 J-Calculation Round-Robin . . . . . . . . . . . . . . . 3-85
3.5.3 Electric Potential Round-Robin 3-87............

3.5.4 Finite Element Round-Robin of a 10T C(T) and
Circumferential Through-Wall-Cracked Pipe . . . . . . . 3-88

3.5.5 Finite Element and J-Estimation Scheme Round-Robin
of an FWFN(T) Specimen and a Surface-Cracked Pipe . . 3-101

vii

, _ _ _ _



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

Page

4. SIGNIFICANCE OF RESULTS TO DATE 4-1..................

| 4.1 Application of Circumferentially Cracked Pipe
Results to LBB Analyses 4-3...................

4.1.1 Significance to Current LBB Analyses 4-3.........

4.1.2 Possible Future Applications of LBB . . . . . . . . . . 4-6

4.2 Significance of Results on In-Service
Flaw Acceptance Criteria . . . . . . . . . . . . . . . . . . . 4-10

4.2.1 Significance of Results on ASME IWB-3640
Acceptance Criteria for Flaws in Austenitic Piping 4-10..

4.2.2 Significance of Results on Acceptance Criteria
for Flaws in Ferritic Piping 4-18.............

4.3 Potential Impact of Material Characterization Evaluations
and Unusual Fracture Modes Observed in Nuclear Piping
Materials on Pipe Fracture Analyses and Pipe
Flaw Evaluation Procedures . . . . . . . . . . . . . . . . . . 4-22

4.3.1 Material Characterization and Database Efforts 4-22....

4.3.2 Extrapolation of J-Resistance Curves to
Larger Amounts of Crack Growth 4-24............

4.3.3 Determining J-R Curves for Weld Metal Specimens . . . . 4-24

4.3.4 Possible Role of Dynamic Strain Aging in Causing
Metallurgically Induced Instabilities in
Carbon Steels at 550 F (288 C) 4-25............

4.3.5 Anisotropy Effects on Crack Growth
Behavior in Carbon Steel Piping Materials . . . . . . . 4-25

4.4 Closure ........................... 4-27

viii

- ______ __.



_ . . . . . . .

LIST OF FIGURES

Page

Figure 2.1.1 Ratio of load at crack initiation to predicted
net-section-collapse load as a function of a
dimensionless plastic-zone size parameter . . . . . . . 2-13

Figure 2.2.1 Ratio of the maximum experimental stress to
the net-section-collapse stress as a function of
the ratio of the mean pipe radius to the pipe
wall thickness. . . . . . . . . . . . . . . . . . . . . 2-23

Figure 2.2.2 Ratio of crack initiation stress to net-section-collapse
stress for surface-cracked pipe experiments as a
function of the dimensionless plastic-zone size . . . . 2-25

Figure 2.2.3 Ratio of crack initiation stress to net-section-collapse
stress for surface-cracked pipe experiments as a {function of the dimensionless plastic-zone
parameter . . . . . . . . . . . . . . . . . . . . . . . 2-26

Figure 2.2.4 Compiled data using simplified dimensionless plastic-
zone parameter and flow stress = (oy + a )/2 2-27u .....

Figure 2.2.5 Geometry and loading of a pipe with an internal 3
<

circumferential surface crack . . . . . . . . . . . . . 2-30 m

Figure 2.2.6 Comparison of experimental failure stresses with
net-section-collapse predictions for pipe pressurized
to failure (Ref. 2.2.8) . . . . . . . . . . . . . . . . 2-41

Figure 2.2.7 Comparison of SC.TKP predictions with net-section-
collapse predictions for 16-inch- (406-m-) diameter,
1-inch- (25.4-m-) thick A106 Grade B pipe in
pure bending ..................... 2-43

Figure 2.3.1 Ratio of J of the complex crack to J of the
simple through-wall crack as a function of d/t
for various experiments . . . . . . . . . . . . . . . . 2-47

Figure 2.3.2 Schematic of high-compliance loading frame for
Experiment 4114-4 . . . . 2-51........ .......

Figure 2.3.3 Illustration for determining the instcbility
point based on load-displacement data . . . . . . . . . 2-52

Figure 2.3.4 View of Belleville disc spring assembly
incorporated into the load frame for
complex-cracked pipe Experiment 4114-4 2-53........

ix

_ _ _ _ _ _ _ _ _ _ _



i

|

.

Page

Figure 2.3.5 Average load versus displacement response
for Belleville disc spring assemblies to be
used in complex-cracked pipe Experiment 4114-4 2-54....

Figure 2.3.6 Heasured load versus load-line displacement data
from 16-inch- (406-m-) diameter stainless steel
complex-cracked pipe (Experiment 4114-3) 2-55.......

Figure 2.3.7 Determination of crack instability point for 16-inch-
(406-mm-) diameter stainless steel complex-cracked
pipe Experiment 4114-4 ................ 2-58

Figure 2.4.1 Ratio of maximum experimental stress for surface
cracks subjected to axial membrane loading to
net-section-collapse stress as a function of
dimensionless parameter relating to the plastic .

zone size . . . . . . . . . . . . . . . . . . . . . . . 2-63
Figure 2.6.1 Path independence for the integral parameters at

incipient crack growth in the TIG-welded
C(T) specimen . . . . . . . . . . . . . . . . . . . . . 2-71

Figure 2.6.2 Integral parameter crack growth resistance curves
for a 3T C(T) TIG-welded (A46-1) specimen tested
at 550 F (288 C) . . . . . . . . . . . . . . . . . . . 2-73

Figure 2.6.3 Comparison of CTOA resistance curves for TIG-welded
and unwelded C(T) specimens and a TIG-welded DTRC pipe
specimen at 550 F (288 C) . . . . . . . . . . . . . . . 2-74

Figure 2.6.4 Load versus load-line displacement for OTRC-welced
Type 304 stainless steel pipe Experiment No. 2 with a
circumferential through-wall crack in the center of
the 308L TIG weld. Tested at 550 F (288 C) . . . . . . 2-75

Figure 2.6.5
J-R curves for cracks in the TIG weld of stainlesssteel DTRC pi Tested at550 F (288 C)pe Experiment No. 2.

..................... 2-76
Figure 2.6.6 Predicted load versus load-line displacement for

TIG-welded pipe by J-estimation schemes using i

TIG-welded 1.5T C(T) J-R curve ............ 2-78
Figure 2.6.7 Effect of the ratio of weld size to specimen size on

initiation toughness ................. 2-79
Figure 2.7.1 J -resistance curves for Type 304 stainlessg

steel at 550 F
with SAW metal (288 C) comparing base metal

.................... 2-82

x



i
'

|

I

Page

| Figure 2.7.2 Comparison of engineering stress-strain curves for i

Type 304 stainless steel base metal, as-welded
,|SAW, and solution-annealed SAW 2-83............

Effect of solution-annealing)on J -R and Jg-R curvesFigure 2.7.3 D ;

from stainless steel SAW C(T specimens . . . . . . . . 2-84
I

$ Figure 2.7.4 Comparison of total applied load as a function ;

of load-line displacement for the 6-inch (152-mm) i

nominal diameter Type 304 stainless steel SAW ,

through-wall-cracked pipe experiments with as-welded i
j

: and solution-annealed stainless steel SAWS 2-86......
i

! Figure 2.7.5 Comparison of total applied load as a function of (
load-line displacement for the 16-inch (406-m)
nominal diameter Type 304 stainless steel SAW
surface-cracked pipe experiments with as-welded '

and solution-annealed stainless steel SAWS 2-87 ;......
;

i

Figure 2.7.6 Ratio of experimental to predicted net-section-collapse f
load as a function of the dimensionless plastic-zone |
parameter . . . . . . . . . . . . . . . . . . . . . . . 2-89

Figure 2.7.7 Ratio of experimental to predicted net-section-collapse
load as a function of the dimensionless plastic-zone '

parameter for surface-cracked pipe 2-90..........
1

Figure 2.7.8 Compiled data using exact dimensionless plastic-zone
parameter and flow stress = (ay + a )/2 . . . . . . . . 2-91u,

1

Figure 2.7.9 Predicted load versus load-line displacements compared i

with results from Experiment 4141-3 on 16-inch-
(406-mm-) diameter Type 304 stainless steel
as-welded SAW pipe 2-93..................

;

f Figure 2.7.10 Comparison of as-welded SAW J-R curves from various
j sized C(T) specimens and pipe experiments . . . . . . . 2-94

Figure 2.7.11 Predicted load versus load-line displacement record<

(using base metal properties and Jg-R curve) for
estimation schemes compared with finite element '

analysis results and Experiment 4141-3 data . . . . . . 2-95
|

| Figure 2.7.12 Comparison of three J -R curves from different C(T)
D

1 sample sizes with the J-R curves derived from a finite |

| element prediction using the virtual crack extension |
methoa and a Jn-R curve n-factor pipe analyst: M '

Experiment 414I-3 . . . . . . . . . . . . . . . . . . . 2-96 |,

i .I
a

! i

i

i

l

! .

i

l
I f

!
'

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



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

.l
)
1

P.agg

Figure 2.8.1 Comparison of stainless steel through-wall-cracked
pipe data with maximum load predictions by
net-section-collapse analysis . . . . . . . . . . . . 2-104

Figure 2.8.2 Total applied load versus load-line displacement
for the 6-inch (152-mm) nominal diameter, combined
pressure and bending, through-wall-cracked pipe
experiment . . . . . . . . . . . . . . . . . . . . . 2-105

Figure 2.9.1 J/T plot frecuently used in making EPFH instability
predictions . . . . . . . . . . . . . . . . . . . . . 2-109

Figure 2.9.2 Schematic load versus displacement relationship for a
typical specimen during ductile fracture . . . . . . 2-111

Figure 2.9.3 Load displacement record of a compact specimen from
the computer compliance test system showing the
instability and arrest points in comparison with a
line of slope, -Kg . . . . . . . . . . . . . . . . . 2-112

Figure 2.9.4 Load versus load-line displacement records from low-
compliance complex-cracked pipe bending experiments at
550 F (288 C) . . . . . . . . . . . . . . . . . . . . 2-113

Figure 2.9.5 Typical load versus displacement records from surface-
and through-wall-cracked pipe experiments . . . . . . 2-115

Figure 2.9.6 Schematic showing system compliance effects on
instabilhy of pipe with short

circumferential cracks . . . . . . . . . . . . . . . 2-116

.| Figure 2.9.7 Schematic showing system compliance effect on
instability of pipe with a long circumferential
surface crack . . . . . . . . . . . . . . . . . . . . 2-117

Figure 2.9.8 Schematic showing system compliance effects on
instability of pipe with an intermediate lensurface crack . . . . . . . . . . . . . . . gth

. . . . . 2-119

Figure 2.9.9 Energy balance method to predict crack growth after a
compliant instability . . . . . . . . . . . . . . . . 2-120

Figure 2.9.10 Load-controlled and compliant stress interactions
on instability . . . . . . . . . . . . . . . . . . . 2-122

Figure 2.9.11 Tension versus bending load interactions for pipe with
identically sized flaws . . . . . . . . . . . . . . . 2-123

Figure 2.9.12 Modeling pipe deformation . . . . . . . . . . . . . . 2-125

x11



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

|-

)

i

:
!

P_ag j
.

Figure 2.9.13 Schematic of generalized load (P) versus displacement
(6) for energy balance instability predictions . . . 2-127

,

| Figure 2.9.14 Load-displacement relationship of an internally 3

. surface-cracked carbon steel pipe ,

! (Experiment 4115-1) . . . . . . . . . . . . . . . . . 2-131 |
|
! Figure 2.9.15 Load-line displacement from Experiment 4115-2 for an :

'internal 180-degree surface crack on 10-inch-I

| (254-na-) diameter A333 Grade 6 pipe . . . . . . . . 2-133 |
;

2

; Figure 2.9.16 Load-displacement relationship of an internally
j surface-cracked stainless steel pipe
j (Experiment 4115-5) . . . . . . . . . . . . . . . . . 2-134

Figure 2.9.17 Photograph of the results of a 360-degree surface-
! cracked instability experiment on relatively low- |' compliance SA-376 TP304 stainless steel pipe tested

,

at 550 F (288 C) . . . . . . . . . . . . . . . . . . 2-136
'

Figure 2.9.18 Load versus load-line displacement from Experiment i
4115-9 for an internal 360-degree surface crack in a ;

) 6-inch- (152-mm-) diameter Type 304 stainless steel '

) pipe with intermediate compliance . . . . . . . . . . 2-137 ;

i

I Figure 2.9.19 Examples of total system stiffness calculations showing )i that a maximum stiffness (minimum compliance) exists for
various machine compliances . . . . . . . . . . . . . 2-138<

,

! l

) Figure 2.9.20 Total load versus load-line displacement for a
; 360-degree internal surface-cracked Type 304 stainless !

j steel pipe with low compliance (Experiment 4115-8). . 2-139 j
<

1

| Figure 2.10.1 Comparison of 550 F (288 C) A516 Grade 70 base metal
! and Linde 44 SAW FWFN(T) specimen data . . . . . . . 2-142

) Figure 2.10.2 J -R curves for ferritic SAW compact specimens of
dYfferentplanformsizes . . . . . . . . . . . . . . 2-143t

a 37 graph of a cross section of a pipe-to-elbow SAW in
Figure 2.10.3 Photo

inch- (940-mm-) diameter ferritic steel
cold-leg pipe . . . . . . . . . . . . . . . . . . . . 2-145

i Figure 2.10.4 Jg-R curves illustrating the differences between inside
and outside regions of a submerged-ere girth weld in a

j cold-leg pipe . . . . . . . . . . . . . . . . . . . . 2-146
)
: Figure 2.10.5 J-R curves for 4T planfom C(T) specimens removed
| from a shop-fabricated pipe-to-elbow weld of

]
cold-leg pipe . . . . . . . . . . . . . . . . . . . . 2-147

I x111
!

- _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ ____ ________ _____ - ______________ - _______________ _ ___ - _ - _ _ _



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

i

? i
4 1

1
'

: P.eM
,

i Figure 3.1.1 Instruction sheet for machining test specimens
! from pipe . . . . . . . . . . . . . . . . . . . . . . . 3-4
|
| Figure 3.1.2 Static strain aging in a tensile specimen . . . . . . . 3-6
a

| Figure 3.1.3 Load-elongation curves of a 0.35 percent C steel
i strained in tension at crosshead speed of
i 0.0025 in/ min . . . . . . . . . . . . . . . . . . . . . 3-16
I

| Figure 3.1.4 Dependence of stress-strain curve serrations on
j temperature and strain rate for 0.03 percent carbon

steel, quenched from 480 F (250 C) 3-17< . . . . . . . .-. .
1 ,

l Figure 3.1.5 Load-displacement record for a carbon steel compact
l specimen that displayed several bursts of unstable crack

growth at 550 F (288 C) . . . . . . . . . . . . . . . . 3-18 i
'

. 1

j Figure 3.1.6 Schematic illustration showing cross sections of :

; pipe OP2-F11 that were examined metallographically 3-20 i..
; -

,

Figure 3.1.7 Photomicrographs of nonmetallic inclusions in <

j Pipe DP2-F11 as viewed on the z-y plane . . . . . . . . 3-22 !
; :

! Figure 3.1.8 Photograph of tuted compact specimens to illustrate |tendency of crack to grow along a plane oriented at 30 t,

degrees to the pipe axis 3-23 i
, ...............
) ,

1 Figure 3.1.9 Schematic illustration of crack growth in L
1 carbon steel pipe . . . . . . . . . . . . . . . . . . . 3-26

: Figure 3.1.10 Surfaco crack fomation in specimens that 1

} develop shear lips .................. 3-27 !
1

i figure 3.1.11 Double shear versus single shear fractures observed !
in carbon steel compact specimens . . . . . . . . . . . 3-27 [

j Figure 3.2.1 Schematic illustration of FWFN(T) specimens showing [
3 wedge grips and attachments for measurement

;
, of displacements ................... 3-36 ;

l iFigure 3.2.2 Schematic drawing of the FVFN(T) specimen
!

,

] wi th side-g rooves . . . . . . . . . . . . . . . . . . . 3-38 .

1

Figure 3.2.3 Finite element models for FWFN(T) specimens . . . . . . 3-43
|
;

$
Figure 3.2.4 True stress-true strain for Pi !carbonsteelat550F(288C) pef 29,A106GradeB............. 3-44 |

i
4

,
.

I xiv i

|
I

1

|
1

!
' . . _ . . - _ .. - - . . - . . - - - ,, - ._ - - _ - . - - . ,- .- . -.



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

| \

) I

i
!

!

Pace :

Figure 3.2.5 J-R curve for specimen OP2-F29-25b (FWFN(T)) . . . . . 3-48 |

| Figure 3.2.6 J versus load-line displacement up to crack initiation !
; for specimen DP2-F6-31 (FWFN(T)) . . . . . . . . . . . 3-49 |

1
,

j Figure 3.2.7 J-resistance curve for nonside-grooved 1T Type 304 |

i stainless steel compact (tension) specimen . . . . . . 3-50 '

J'

j Figure 3.3.1 Effect of specimen width and side grooves on J at ;

j crack inttiation in 1-inch- (25.4-m)-thick compact '

|
(tension) specimens tested'at 550 F (288 C) 3-54 |.....

J

I Figure 1.3.2 Jn versus Aa for 17, 31, and 10T,1-inch- (2.54-m)-thick |

I STde-grooved compact (ter.sion) specimens of A516 t
'

] Grade 70 carbon steel tested at 530 F (288 C) 3-56.

|"

Figure 3.3.3 Jg versus Aa for IT, 3T, and 10T planform-sizs -

side-grooved compact (tension) specimens of At
4

.

; Grade 70 steel tested at 550 F (288 C) . . . . 3-57...

i ,

JD versus Aa for IT, 3T, and 10T |nonside-grooved compact (tension)planfom-sized
j Figure 3.3.4

specimens of Type 304 i

: stainless steel tested at 550 F (288 C) 3-58 ;.......

1 |

j Figure 3.3.5 Jg versus Aa for various planfom-sized Type 304 i

|
stainless steel compact (tension) specimens 3-59.....

| Figure 3.3.6 Comparison of far-field J-resistance curves from !
'

; finite element analysis J-R curves, JFE, to n-factor
'

analysis, JD and Jg 3-60. . . . . . . ..........

Figure 3.3.7 Jn versus Aa for IT, 3T, and 10T, 1-inch- (2.54-mm)-thick, |
! sTde-grooved compact (tension) specimens of Type 304 |
| stainless steel specimens tested at 550 F (288 C) 3-62 ;..

. t

i Figure 3.3.8 Jg versus Aa for various planfom-sized Type 304 ,

i stainless steel congact (tension) specimens 3-63.....

| t

! Figure 3.3.9 Jo versus crack extension for TP 304 stainless steel i

j base metal . . . . . . . . . . . . . . . . . . . . . .. 3-64

) Fi.gure 3.3,10 Jg versus crack extension for TP 304 stainless steel !
| base metal . . . . . . . . . . . . . . . . . . . . . . 3-66 r

i
| Figure 3.3.11 Jn versus crack extension for a stainless steel '

f TIG weld . . . . . . . . . . . . . . . . . . . . . . . 3-67

) Figure 3.3.12 Jw versus crack extension for a stainless steel.

j TIG weld . . . . . . . . . . . . . . . . . . . . . . . 3-68

i
1 XV

,

i ;

i

i

j .

1

I



!
;

:

!
!

N
,

Figure 3.3.13 J-R curves for crack in TIG weld of stainless steel pipe !tested at 550 F (288 C) (Experiment No. 2 3-69 ;. . . ...

!

Figure 3.3.14 Jo-R curves for austenitic submerged are weld metal !

compact specimens of different planform sizes 3-71, ...

Figure 3.3.15 Jg-R curves for austenitic submerged arc weld compact ;
specimens of different planfom sizes 3-72 i. . . . . ...

i

Figure 3.3.16 Comparison of as-welded SAW J-R curves from various !
site C(T) specimens and pipe experiments . . . . . . . 3-73 i

Figure 3.3.17 J -R curves for ferritic submerged are weld compact0 -

specimens of different planfom sizes 3-74 |. . . . . ...

Figure 3.3.18 J -R curves for ferritic submerged arc weld compact !M
specimens of different planform sizes 3-76 ). . . . . ...

Figure 3.3.19 Graph of nomalized tearing modulus (using Modified J) [versus normaliaed planfom C(T) specimen size 3-78 |. ...

|

Figure 3.5.1 Stress-strain curves obtained from round-robin for room !
temperature tests 3-84. . . . . . . . . . . . . . . ...

Figure 3.5.2 Logarithmic plot of entire stress-strain curve !
round-robin data . . . . . . . . . . . . . . . . . . . 3-86 !

Figure 3.5.3 Geometry of the 1.0-inch- (25-m) thick 10T C(T)
}specimen . . . . . . . . . . . . . . . . . . . . . . . 3-90 i,.

Figure 3.5.4 Comparison of the finite element analysis results
i
I

for the C(T) specimen (Problem A) with
!experimental data 3-92 t. . . . . . . . . . . . . . . ...

iFigure 3.5.5 Comparison of the J (far field) versus crack growth curves
computed by finite element analysis with the Jo and Jg ;

,

resistance curves (Problem A) 3-93. . . . . . . . . ...

Figure 3.5.6 The apparatus and e, racked pipe geometry for 16-inch
;

(406.4-mm) outside diameter pipe bending experiment 3-95 |.

,
,

Figure 3.5.7 Comparison of the finite element analysis results for !Problem B with experimental. data . . . . . . . . . . . 3-97 j
Figure 3.5.8 J versus load-line displacement computed by finite element

analysis and by J-estimation scheme for circumferential
.through-wall-cracked pipe problem 3-98
|

. . . . . . . ...

Figure 3.5.9 Load versus J computed by finite element anal
by J-estimatica scheme . . . . . . . . . . . ysis and ,'r|

3-99. . ...
i

xVi
i

i
!
;

!
;

!
- - _ _ _ _ - - _ _ - - - _ - - _ _ - _ _ _ _ _ __. . _ _ _ _ _ _ _ _ _ ~ - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ - _ _ _ _ _ _ - - _ _ _ _ _ _ _ - _ _ _ - _ - _ >



__

P_ age

Figure 3.5.10 The J versus crack growth computed by finite element
analysis, and by a J-estimation scheme (Problem B) . 3-100

Figure 3.5.11 Geometry of the FWFN(T) specimen . . . . . . . . . . 3-104

Figure 3.5.12 Comparison of load and displacement predictions for the
finite element ar.alyses . . . . . . . . . . . . . . . 3-106

Figure 3.5.13 Finite element method analysis results for J-resistance
curve for FWFN(T) specimen . . . . . . . . . . . . . 3-107

Figure 3.5.14 Comparison of FWFN(T) estimation scheme calculations
to FEM values . . . . . . . . . . . . . . . . . . . . 3-110

Figure 3.5.15 Surface-cracked pipe test dimensions . . . . . . . . 3-111

F'gure 3.5.16 Total applied load versus load-line displacement for
surface-cracked pipe Experiment 4112-8 . . . . . . . 3-112

Figure 3.5.17 Comparison of finite element method results to surface-
cracked pipe experimental load-displacement data . . 3-114

,

Figure 3.5.18 Comparison of J versus load-line displacement from |

finite element analysis of surface-cracked pipe . . . 3-115 j
|

Figure 3.5.19 Comparison of J at initiation versus number of nodes in
ligament from finite element method analysis of
surface-cracked pipe . . . . . . . . . . . . . . . . 3-117

Figure 3.5.20 Comparison of J-R curves calculated from J-estimation
schemes for the surface-cracked pipe problen . . . . 3-119

|
|

|
l xvii

.- , ..



. . .

I

LIST OF TABLES

Page

Table 2.1 First-year pipe fracture test matrix 2-3..........

Table 2.2 Second-year pipe fracture test matrix . . . . . . . . . . 2-5

Table 2.3 Third-year pipe fracture test matrix 2-7..........

i

Table 2.4 Fourth-year pipe fracture test matrix . . . . . . . . . . 2-9

Table 2.1.1 Comparison of crack initiation loads and maximum loads
from experimental results for through-wall-cracked pipe'

experiments with maximum loads predicted by net-section-
collapse analysis . . . . . . . . . . . . . . . . . . . . 2-12

Table 2.2.1 Summary of test parameters and key experimental results
for surface-cracked pipe experiments 2-21..........

Table 2.2.2 Comparison of experimental results with IWB-3640
predictions fcr stainles's steel surface-cracked
pipe experiments 2-28....................

Table 2.2.3 Ramberg-Osgood constants for the pipe materials . . . . . 2-35

Table 2.2.4 Summary of fracture mechanics analysis results using
the SC.TNP method . . . . . . . . . . . . . . . . . . . . 2-37

Table 2.2.5 S~ ary of fracture mechanics analysis results using
. SC.TKP method . . . . . . . . . . . . . . . . . . . . 2-39

Table 2.3.1 Test matrix of complex-cracked pipe experiments under,

compliant bending . . . . . . . . . . . . . . . . . . . . 2-48

Table 2.3.2 Summary of data from compliant bend experiments on
complex-cracked pipe 2-49..................

Table 2.4.1 Test matrix for axial membrane stress
pipe experiments 2-61....................

i

Table 2.4.2 Comparison of pipe fracture data under axial
i

membrane stress . . . . . . . . . . . . . . . . . . . . . 2-62
|

Table 2.7.1 Summary of stainless steel, flux weld, and pipe bend '
2

tests at 550 F (288 C) 2-85.................

Table 2.8.1 Test matrix for evaluating the fracture behavior of
circumferentially through-wall-cracked and surface-cracked |

pipes subjected to pressure and bending . . . . . . . . . 2-99

!

! xix
|

l

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



Page

Table 2.8.2 Summary of test cond'ws and results of pipe fracture
experiments associaled with the combined pressure and
bending evaluation . . . . . . . . . . . . . . . . . 2-100

Table 2.8.3 Comparison of maximum experimental stress with predicted
net-section-collapse stress for the sir. surface-cracked
pipe experiments . . . . . . . . . . . . . . . . . . . 2-101

Table 2.8.4 Comparison of maximum experimental stress with predicted
net-section-collapse stress for the four
through-wall-cracked pipe experiments conducted
to date . . . . . . . . . . . . . . . . . . . . . . . . 2-102

Table 2.9.1 Test matrix for instability experiments on
surface-cracked pipe . . . . . . . . . . . . . . . . . 2-129

Table 2.9.2 Results of surface-cracked pipe
instability experiments . . . . . . . . . . . . . . . . 2-130

Table 2.11.1 Material property data for thermally aged case
stainless steel . . . . . . . . . . . . . . . . . . . . 2-150

Table 2.11.2 Chemical analysis for thermally aged SA-351 CF-8m cast
stainless steel pipe and elbow . . . . . . . . . . . . 2-152

Table 2.11.3 Test matrix for cast stainless steel pipe
fracture experiments . . . . . . . . . . . . . . . . . 2-153

Table 3.1.1 Material characterization data for austenitic
pipe materials ..................... 3-7

Table 3.1.2 Material characterization data for ferritic pipe
materials . . . . . . . . . . . . . . . . . . . . . . . . 3-11

Table 3.1.3 Effect of specimen orientation on Jj values for
pipe DP2-F11 ...................... 3-24

Table 3.2.1 Comparison of J results from compact specimens of
different sizes machined from a large diameter,
thick-walled cold-leg pipe DP2-F34 3-33...........

Table 3.2.2 Compact specimen test data provided to DTRC for its
Jg versus JD study ................... 3-35

Table 3.2.3 FWFN(T) specimen dimensions . . . . . . . . . . . . . . . 3-42

Table 3.2.4 Experimental data for conducting finite element method
analysis ........................ 3-45

xx

. , _ _ _ - .- - --



_ _ _ _ _

_Pagea

Table 3.2.5 Experimental data for conducting finite element method
analysis 3-46........................

Compact specimen test data provided to DTRC for its JTable 3.3.1
O study . . . . . . . . . . . . . . . . . . .M 3-53versus J ..

Table 3.4.1 Estimation scheme methods currently in NCRPIPE 3-80.....

Table 3.5.1 List of participants and affiliations . . . . . . . . . . 3-89
,

Table 3.5.2 Variables used in the round-robin finite element
analyses of the 10T compact specimen (Problem A) 3-91....

Table 3.5.3 Variables used in the round-robin finite element
analysis of the 16-inen (406 mm) pipe (Problem B) . . . . 3-96

Table 3.5.4 Second analytical round-robin participants . . . . . . 3-103

Table 3.5.5 Variables in finite element analyses of
FWFN(T) specimen . . . . . . . . . . . . . . . . . . . 3-105

Table 3.5.6 Summary of estimation methods for FWFN(T) problem . . . 3-108

Table 3.5.7 Summary of variables in finite element analyses of
surface-cracked pipe specimens . . . . . . . . . . . . 3-113

Table 3.5.8 Summary of estimation methods for surface-cracked
pipe problem . . . . . . . . . . . . . . . . . . . . . 3-118

Table 4.2.1 Summary of circumferentially cracked pipe experiments . . 4-11

Table 4.2.2 Summary of axially cracked pipe experiments . . . . . . . 4-15

.

!

1
!

l

|
|

|
xxi ;

, ,

l

1 \
'

l

. . _ _ .-

|



.

ACRONYMS AND ABBREVIATIO:iS

ACRS Advisory Committee on Reactor Safeguards

AEC U.S. Atomic Energy Commission

ASME American Society of Mechanical Engineers
ASTM American Society for Testing and Materials
BMI Battelle Memorial Institute
BWR boiling-water reactor
CFR U.S. Code of Federal Regulations
CSNI Committee on the Safety of Nuclear Installations
CT0A crack tip opening area, angle
C(T) compact (tension)
DSA dynamic strain aging
DTRC David Taylor Research Center,. formerly David Taylor Naval Research

and Development Center (DTNRDC)

DEGB double-ended guillotine break |

EDM electric-discharge machine, machining
EPFM elastic-plastic fracture mechanics
EPRI Electric Power Research Institute
FWFN(T) full-width-face-notch [ed] (tension)
GDC G?neral Design Criterion,

GE General Electric
GTAW gas-tungsten arc weld, welding
GMAW gas-metal arc weld, welding
HAZ heat-affected zone i

IGSCC intergranular stress corrosion crack, cracking |

J/T J-integral / tearing modulus
KWU Kraftwerk Union
LBB leak-before-break
LWR light-water reactor
MEA Materials Engineering Associates
NRC U.S. Nuclear Regulatory Commission
NRR Office of Nuclear Reactor Regulation
ORNL Oak Ridge National Laboratory
PVP Pressure Vessel and Piping division of ASME

| xxiii

I

, . - _ _ . _ - _ -- .~.c



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

ACRONYMS AND ABBREVIATIONS
(CONTINUED)

PWR pressurized-water reactor
PZSC plastic-zone screening criterion
SAW submerged arc weld, welding

SMAW shielded-metal arc weld, welding
SSE safe shutdown earthquake

TIG tungsten-inert-gas
UT ultrasonic testing
UTS ultimate tensile strength
VCE virtual crack extension
WOR weld-overlay repair

,

f

*
a

xxiv

,

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



ACKNOWLEDGMENTS

This work is supported by the U.S. Nuclear Regulatory Commission through the
Materials Engineering Branch of the Office of Nuclear Regulatory Research
under Contract No. NRC-04-84-103. M. Mayfield was the NRC program manager
during this period. J. Strosnider, the initial program manager, oversaw the

i program from March 15, 1984 to September 1984. Subsequently, until October
1985, M. Vagins was the NRC program manager. We would like to express thanks
to the David Taylor Naval Ship Research and Development Center (R. Hayes and
J. Gudas), Materials Engineering Associates (B. Menke, A. Hiser, and Dr. F.
Loss), Battelle Pacific Northwest Division (Dr. S. Doctor), Oak Ridge National
Laboratories (Dr. R. Bass), and Argonne National Laboratories (Dr. W. Shack)
for their cooperation during the course of this program. R. Hayes (DTNSRDC)
and B. Menke and A. Hiser (MEA) have been especially cooperative. We would
also like to thank Dr. D. Norris of the Electric Power Research Institute for
the donation of stainless steel submerged-arc welds to this program. Finally,
we would like to acknowledge M. Steve's effort in coordinating this report.

l

!

l

xxv

f
i

_ - . _ _ _ _ _ _ _ . _ _ . . _ _ _ __. , .___ _ .._. _ . _ _ _ _ . - - -



,

EXECUTIVE SUMMARY

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

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

Technical Issues Addressed

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

Verified the ASME IWB-3640 (limit-load) analysis for cracks in+

austenitic piping

Evaluated the complex crack geometry both experimentally and.

analytically

Provided for the writing and evaluation of an IBM PC code for*

performing automated pipe fracture analyses
i

Found that detailed finite element analyses consistently under-*

predict the experimental maximum load for through-wall cracked pipe

Evaluated the ASME IWB-3640 flux weld analysis through seven full-*

scale pipe fracture experiments

Tested cracked pipe with weld-overlay repairs, showing that at.

light-water reactor (LWR) conditions, large deformations developed
in the unwelded pipe adjacent to the weld overlay prior to fracture.

The ASME IWB-3640 (limit-load) analysis for cracks in austenitic piping has
been verified. Experimental results have shown that the analysis procedure !

,

provides a better than average value for the advertised safety factor rather
than a minimum safety margin. The results have also shown that a correction
factor may be needed for the pipe radius-to-thickness ratio for surface-
cracked pipe. Surface-cracked pipe with a thinner wall fails at lower I

stresses, probably due to ovalization effects.

The definition of the "flow stress of the material" has been an issue in flaw I|

l assessment and pipe fracture analyses. The concept of flow stress provides an
approximate means of accounting for the strain-hardening of the material. A |

xxvii
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large pipe-fracture database was developed and used to statistically evaluate
methods of defining flow stress for limit-load analyses, as applied to in-
service flaw inspection and pipe fracture analyses. This statistical analysis
showed that an average value of the flow stress was 1.15 (yield and ultimate)/2
for both stainless and carbon steel pipes. A 95 percent reliability level
relation (that is, two standard deviations below the average of the failure
stresses) was close to the average of the yield plus ultimate strength. A
simple screening criterion was developed to show when limit-load analyses can
be used in pipe fracture and in-service flaw assessments.

For low-toughness, large-diameter pipe with a through-wall crack, a large
safety margin between the load at crack initiation and maximum load was
experimentally demonstrated. Hence, current LBB analysis procedures, which are '

|

primarily concerned with the load at crack initiation, could incorporate crack
growth considerations to take advantage of this margin.

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

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

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

Conversely, recent evaluations of round-robin finite element analyses of a
surface-cracked pipe showed that if the mesh were properly refined, and if the
finite element analyses were used with an appropriate material J-R curve, then
the predicted loads would be higher than the actual loads. The analysis on
this one experiment indicates a trend of nonconservative predictions of failur
loads for the finite element analysis of a circumferentially surface-cracked
pipe.

xxviii
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The ASME IWB-3640 flux weld analysis was compared to the results of seven full-
scale pipe fracture experiments with through-wall or surface cracks. This flux
weld criterion was developed from a through-wall cracked pipe analysis. Exper-
imental data generated as part of this program showed that the through-wall
cracked pipe analysis is inherently conservative with respect to the surface-
cracked pipe analysis. As such, the flux weld criterion was found to have
inherent safety margins. However, in this program it was recently found that
the material property data used in this criterion were higher than typical
values for the flux welds. The experimental data indicate that the additional
margins seem to compensate for the higher than actual toughness values used in
developing the criterion. This result has been reported to the ASME Section XI
Flaw Evaluation Task Group.

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

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

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

Procedures for calculating material crack growth resistance curves were found
to be consistent among NRC contractors, adding support to the data used for
analysis of the experiments, and to the data provided to the NRC pipe material
property database.

Technical Issues Requiring Further Consideration
^

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

Prototypical evaluations of cracks in carbon steel welds and thermally*

aged pipe

Through-wall-cracked pipe behavior under combined pressure and bending*
;

at LWR temperatures

materials at 550 F (288 C)y nuclear grade carbon steel pipingCrack instabilities in man*

Theoretical finite-length surface-cracked pipe analysis*

More data are needed for prototypical evaluations of cracks in carbon steel
welds and thermally aged pipe. These data are needed for verification of

.

tentative ASME carbon steel pipe flaw evaluations and plant life extension
| evaluations. Several tests are being conducted as part of the extension to

this program. Additional ferritic shielded metal arc weld (SMAW) data are also
needed, but are not being evaluated in this program.

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

For pipe fracture analyses, the presence of allowable shallow surface flaws
; (such as those allowed by ASME IWB-3514.3) could contribute to lowering the

apparent toughness of the pipe. The current complex-cracked pipe results showI

that such a shallow flaw could lower the apparent fracture resistance by 25 to
50 percent. Further data are needed to assess this margin and evaluate its
significance for pipe fracture analyses.

Crack instabilities have been observed in many nucitar grade carbon steel
piping materials at 550 F (288 C) during the course of this program. These
instabilities have occurred in both laboratory and full-scale pipe experiments.
By contrast, only stable tearing was observed in 300 F (149 C) laboratory '

! specimen tests. Although the cause of the instabilities is not well
I understood, it is believed to be related to dynamic strain aging that occurs in
, many carbon steels. The net result is a significant reduction in the crack
| propagation resistance. In addition, one particular carbon steel submerged arc
| weld that had been stress-relieved exhibited crack instability immediately

after crack initiation in a laboratory specimen tested at 550 F (288 C). This
I specimen simulated surface-crack growth in a girth weld. This dynamic strain

aging phenomenon needs further evaluation to:

| (1) understand why some of the carbon steels are susceptible to unstable
cracking while others are not,

XXX
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(2) predict its effect on pipes using laboratory specimen data,

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

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

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

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

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

,

tentative in-service flaw acceptance criteria. ;
.

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

| larger specimen (of the same thickness) gave a lower tearing resistance.
| Results to date show that the larger specimen should have a planform size that
' is four times larger than the standard specimen used for that thickness.
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The Modified J-integral fracture parameter was extensively investigated during
the course of this program. One concern is that to apply it to piping pre-
dictions, similar crack growth modifications, as employed in the Modified J-
integral parameter for specimen testing, should be incorporated into the piping
analyses. Another more fundamental concern is that the Modified J-integral
values continually increase with crack growth, whereas experimental measure-
ments show that the crack tip opening angle (and hence the associated crack tip
strain field) reaches a steady-state value. Incremental plasticity versions of
the J-integral fracture parameter, like the CT0A, also predict a steady-state .

toughness. These analyses need to be developed into simple estimation schemes I

rather than time-consuming and expensive finite element analyses. Such a
revision would improve pipe fracture analyses by simplifying the procedures to
extrapolate a crack growth resistance curve. An approach based on incremental
plasticity would also eliminate difficulties in evaluating crack growth into a
bimetallic weld, as well as evaluating possible history dependence from cyclic
loading during a seismic event.

,

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

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

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

The technical accomplishments of this program, and the issues and implications
raised, have provided a significant advance in the fundamental and practical
understanding of piping fracture mechanics.
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1. PROGRAM OBJECTIVES, RATIONALE, AND APPROACH

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

The approach being taken by Battelle to provide state-of-the-art analysis
methods consists of reviewing existing analytical methodology, enhancing it
where feasible and appropriate, and validating it by means of full-scale pipe
fracture experiments. The analytical methodology includes simple limit-load
analyses, elastic-plastic fracture mech ~anics (EPFM) techniques, and finite
element analyses. The behaviors of simple crack geometries and loading
systems were considered first. The work has progressed to the consideration
of more realistic crack geometries and loading systems. Because of the nature
of the operational loads and stresses imposed on nuclear plant piping, axial

'

;

crack propagation in such piping is generally thought to be of minor signi-
ficance. The main concern in this program is with circumferentially oriented
crack propagation: that is, whether a circumferentially oriented crack will
merely grow through the pipe thickness and become a leak or whether it will
become a double-ended rupture. As such, this work is confined to circumferen- !

tially oriented flaws and the effects of longitudinal loads and stresses.

Progress on this project during the period from October 1986 through September
1987 is presented herein. Additionally, we have summarized significant
results from our five previous semiannual reports and appropriate topical
reports in the beginning of each section. Some of these sections now repre- i

sent work that is completed. Recently the program was extended for one year, ;

until September 1988. The new work concentrates on more prototypical pipe '

fracture experiments or materials, including thermally aged, centrifugally
cast stainless steel, carbon steel submerged-arc welds, and pipe under
combined pressure and bending.

|

'

|

|

|
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2. PIPE FRACTURE EVALUATIONS
(G.Wilkowski)

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

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

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

Section 2.3 Circumferentially Complex-Cracked Pipe in Bending

Section 2.4 Circumferential1y Cracked Pipe Under Axial Membrane Stress

Section 2.5 Fracture Behavior of Weld-Overlay Repaired Pipe

Section 2.6 Stainless Steel TIG Welds

Section 2.7 Stainless Steel Flux Welds

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

Section 2.9 Instability of Surface-Cracked Pipe in Compliant Bending
j

Section 2.10 Carbon Steel Flux Welds

Section 2.11 Centrifugally Cast Stainless Steel

Each work package consists of subtasks involving analytical efforts, material
characterizations of laboratory specimens, and full-scale pipe fracture ,

experiments. Tables 2.1, 2.2, 2.3, and 2.4 summarize the full-scale pipe |
fracture experiments that were generally conducted on surplus pipe purchased !

from cancelled nuclear power plants. Table 2.4 summarizes the new experiments
planned during the last year of the program. Characterizations of these pipe
materials include chemical analyses, Charpy V-notch impact tests, true stress-
true strain tensile tests, standard laboratory specimen J-R curve tests, and

,'
nonstandard specimen J-R curve evaluations (when necessary). Tensile testing
is conducted at room temperature, 300 F (149 C), and 550 F (288 C). These
material characterizations are discussed in Section 3.1. Full-sca?e pipe ,

fracture experiments are conducted at 550 F (288 C). Analytical eiforts :

involve assessment of limit-load analyses, finite element analyses (in some 4

cases), and the verification and improvement of engineering EPFM techniques |

(thatis,J-estimationschemes).

| 2-1
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In a carefully planned series of pipe fracture experiments, critical analytic
assumptions were evaluated one at a time. Consequently, initial efforts
involved developing the necessary simple cracked pipe analyses (see Sections
2.1through2.4). Studies on prototypically cracked pioe are continuing (see
Sections 2.5 through 2.11). The significance of the results to date is dis-
cussed in Section 4. By conducting the program in the manner described, the
sensitivity of analyses to different variables can be realistically assessed.
Ultimately, this will result in analysis methodolotjies with a known and

|uniform degree of conservatism. Reduced margins of safety could then be
tolerated without a loss of safety. Added confidence in the analysis methodo-

ilogies would also facilitate licensing decisions. -
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Table 2.1 First-year pipc acture test matrix (u}

Subtask and Wall
Experiment Diameter, Thickness,

Number inches Schedule (b) inches Material Type (0)

Diameter Effects on 4111-0 4 30 0.337 SA 333 GRd6 No Fla
Through Wall Cracks -1 4 80 0.337 SA 333 GR?6 Circum
Under Sending -2 23 NA 0.375 A 155-CK70-CL1 Circum

-3 42 NA 0.25 SA 353 304 SS Circum
-4 42 NA 0.625 API SLX65 Circum

Thicxness Effects 4112-1 16 405 0.375 SA 376 316 SS Intern
on Surface Cracks -2 6 40 0.230 SA 376 304 SS Intern
Under Sending -3 6 120 0.562 SA 376 304 SS Intern

-4 6 XXS 0.864 SA 376 304 SS Intern
-5 6 40 0.280 A 106 B Intern
-6 6 120 0.562 A 106 B Ittern

-7 6 XXS 0.864 A 106 B 'ntern

Cemalex Cracks 4113-1 6 120 0.562 SA 376 304 SS Intern
Under Sending -2 6 120 0.562 SA 376 304 53 Intern

-3 6 80 0.432 Inconel 600 Intern
-4 6 80 0.432 Incenel 500 Intern
-5 6 120 0.562 A 106 B Intern
-6 6 120 0.562 A 106 S Intern

Instability of 4114-1 6 120 0.562 A 106 8 Intern
Ccmolex Cracks -2 6 120 0.562 SA 376 304 SS Intern
Under Sending -3 16 100 1.031 SA 353 304 SS Intern

-4 16 100 1.031 SA 353 304 SS Intern

various Crack 4121-1 6 120 0.562 SA 376 304 SS Circum
Gecretries Under -2 6 120 0.562 SA 376 304 SS Extern
Axial Tension -3 6 120 0.562 SA 376 304 SS Extern

-4 10 100 0.719 SA 333 GE#6 Circum
-6 10 100 0.719 SA 333 GRi6 Extern

Prototypical 4142-1 6 120 0.562 SA 376 304 SS Intern
Cracked Pipe -2 6 120 0.562 SA 376 304 SS Intern
Weld Overlay -3 6 120 0.562 SA 376 304 SS Intern
Repair

(a) March 1, 1984, to February 23, 1935.
(D) "XXS" designates "extra extra strong" pioe. Typically greater than schedule 160.
(c) ASTM standards are designated "A". ASME standards are designated SA.
(d) TWC = Through-Wall crack.

SC = Surface crack.
(e) SMN = Sharo machine notch (approx. 0.003-inch radius); F = fatigue.

-
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|Initial (e) Test
Crack Crack (d) Crack Temperature, Loading Crack Length, Crack Depth,

,

Orientation Geometry Condition F Method : circumference % wall

r - - 550 Bending - -

Tuc SMN 550 Bending 37 100
TWu SMN 550 Bending 37 100
TWC SMN AMB Bending 37 100
TWC SMN AMB Bending 37 100

11 Circum SC SMN 550 Bending 50 66l

l Circum SC SMN 550 Bending 50 661 Circum SC SMN 550 Bending 50 66 l1 Circum SC SMN 550 Bending 50 661 Circum SC SMN 550 Bending 50 661 Circum SC SMN 550 Bending 50 661 Circum SC SMN 550 Bending 50 66

il Circam TWC/SC SMN 550 Bending 37 33Li Circum TWC/SC SMN 550 Bending 37 66,1 Cir:um TWC/SC SMN 550 Bending 37 331 Circum TWC/SC SMN 550 Bending 37 66,1 Circum TWC/SC SMN 550 Bending 37 3331 Cir:Jm TWC/SC SMN 550 Bending 37 66

1 Circum TWC/SC SMN 550 Compliant Bend 37 50.1 Circum TWC/SC SMN 550 Compliant Bend 37 661 Circum TWC/SC SMN 550 Compliant Bend 37 33.1 Circum TWC/SC SMN 550 Compliant Bend 37 33

TWC SMN $50 Pressure (oil) 37 1001 Circum TWC/SC SMN 550 Pressure (oil) 37 100/66i Circum SC SMN 550 Pressure (oil) 50 66
TWC SMN 550 Pressure (oil) 17 1001 Circum SC SMN 550 Pressure (oil) 50 66

1 Circum SC F 550 Bending & Press. 50 661 Circum SC F 550 (water) 50 66L1 Circum SC F 550 Bending & Press. 50 66
(water)

1
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APERTURE
CARD

Aho Aullable on
2-3 iperture Card

esD5&oD305- @

.

. . , ..

P



-- --o

second-year pipe fracture test matrix (a)Table 2.2

.__

'

Subtask and 'all

Experiment Diameter, Thickness,

Numcer inches Schedule inches Material Type (D)

Diamete- Effects 4111-5 23 N/A 0.875 SA376 31655 Circum
en Thrcagh-Wall SMAW

Cracks Under Bending
|

Thic< ness Effects 3112-3 16 100 1.031 AICS Gr. B Intern
on Surface Cracks 3112-9 16 40 0.500 A106 Gr. B Intern
Under Ser. ding

Instabilitj of 4115-1 10 100 0.719 SA333 Gr. 6 Intern
Surface Cracks 4115-2 10 100 0.719 SA333 Gr. 6 Intern
Under Bending 4115-4 6 120 0.562 SA376 30455 Intern

4115-5 6 120 0.562 SA276 30455 Intern
4115-7 6 120 0.562 SA376 304SS Intern
4115-8 6 120 0.562 SA376 3C4SS Intern
4115-9 6 120 0.562 SA376 304S5 Intern

Ccmbined Pressure 4131-1 6 120 0.562 SA376 304SS Circum
and 3ending 4131-2 6 120 0.562 SA376 3045S Intern

4131-3 10 100 0.719 SA333 Gr. 6 Circum
4131-4 10 100 0.719 SA333 Gr. 6 Intern

Supplementary to 4131-5 6 120 0.562 SA376 30455 Circum
Ccmbinej Pressure 4131-6 6 120 0.562 SA376 304SS Intern
and Bend 4131-7 10 100 0.719 SA333 GR. 6 Circum

4131-3 10 100 0.719 SA333 Gr. 6 Intern

Prototypical Cracks 4141-1 6 120 0.562 SA376 3CASS/SAW Circum
in Weld Metal 4141-2 6 120 0.562 SA376 304SS/SAW Intern

4141-3 16 100 1.031 SA353 304SS/SAW Circum
4141-4 16 100 1.031 SA353 304SS/SA'4 Intern

Prototypical Cracked 4142-4 16 100 1.031 SA358 30455 Intern
Pipe Weld
Overlay Repair

(a) March 1, 1935, to February 23, 1936.
(b) SS = Stainless Steel.
(c) SC = Surface Crack

TWC = Through-Wall Crack
TWC/SC = Ccmplex Crack.

(d) SMN = Sharp Machine Netch (Radius of 0.005 inch or less)
FC = Fatigue Crack.

~
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Initial (d) Test
Crack Crack (c) Crack Temperature, leading Crack Le gth. Crack Depth,

Drientation Gecmetry Condition F Pethod % circumference 7, wall

,erential TWC SMfl 550 Bending 37 100

|
|

1 Circumferential SC SMN 550 Bending 50 66
1 Circumferential SC SMN 550 BenJing 50 66

)1 Circumferential SC SM?l 550 Ccmpliant Bending 37 66
il Circumferential SC SMN 550 Compliant Pending 37 66
:1 Circumferential SC SMN 550 Compliant Bending 37 66
:1 Circumferential SC SMN 550 Compliant Bendin5 37 66
:1 Circunferential SC SMN 50 Compliant Bending 100 66
il Circumferential SC SMN 550 Compliant Bending 100 C6
tl Circumferential SC SMN 550 Compliant Bending 100 66

'erential TWC SMN 550 Pressure and Bending 37 100
El Circumferential SC SMN 550 Pressure and Bending 50 72
'erential TWC SMN 550 Pressure and Bending 37 100
il Circumferential SC SMN 550 nressure and Bending 50 72

'erential TWC SMN 550 Bending 37 100
tl Circumferential SC SMN 550 Bending 50 72
erential TWC SMN 550 Bending 37 100

!1 Circumferential SC SMN 550 Bending 50 72

'erential TWC SMN 550 Bending 37 100
t1 Circumferential SC SMN 550 Pressure and Bending 50 66
erential TWC SMN 550 Bending 37 100
il Circumferential SC SMN 550 Pressure and Bending 50 66

il Circumferential SC FC 550 Pressure and Bending 50 66

,
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Table 2.3 Third-year pipe fracture test matrix (a)

Subtask and Wall
Experiment Diameter, Thickness,

Number inches Schedule inches Material Type,tb) Cr

Diameter Effects 4111-6 37 - 2.75 A516 Gr. 70 Circi
on Through Wall with TP304L
Cracks Uncer Sending SS Cladding

Prototypical Cracks 4141-5 6 120 0.562 SA376 304SS/SAW Circ'
in We!d Metal 4141-6 16 100 1.031 SA358 302SS/SAW Inte

4141-7 37 - 3.25 A516 Gr. 70 Circ
with TP304L
SS Cladding

Prototypical Cracks 4143-1 15.73 - 1.963 3165S CFSM Inte
in Thermally Aged
Centrifugally Cast 4143-2 12 160 1.312 SA351 CF8M Cir:
Stainless Steel

(a) March 1, 1986, to February 28, 1987.
(b) 55 = Stainless Steel.
(c) SC = Surface Crack

TWC = Through-Wall Crack
TWC/SC = Comolex Crack.

(d) SMN = Sharp Machine Notch (Radias of 0.005 inch or less)
FC = Fatigue Crack.

,
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Initial (d) Test
Crack (c) Crack Tecaerature, Crack Length, Crack Depth,

bck Orientation Geometry Condition F Loading Method : Circumference t wall

sferential TWC SMN 550 8er 'ing 37 100
i

!mferential TMC SMM 550 Bend ng 37 100
!nal Circumferential 50 Syn e Pre re and Bending 50
oferential TWC SMN g

,

|nal Circumferential s' FC 550 Compliant Bending 50 co* ~

i an essure
hfarent:al T;!C ~' y ccO Bending 37 399cu

--

|

l

!

!

!

,
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Table 2.4 Fourth-year pipe fracture test matrix (8)

Subtask and esall
Esperiment Olaneter. Ih t(k ness. Crack (C) Crack length, Crack Depth.
beber inc hes Schedule imhes Matertal Type (b) Crack Orientation Geometry 1 Circumference 1 Wall

Prototypt(al Cra(hs 4141-8 16 100 1.0 31 A106 Gr. 8 Internal Circumferential SC 50 67

in nield Metal 4141-9 16 100 1.031 A106 Gr. 8 Circumferential TWC 37 100

Combined Pressure 4131-9 6 170 0.562 5A376 30455 Circumferential TWC ?? 100

ond Bending

Prototypical Cra(6s 4143-I 15.7) -- 1.968 31655 CFHM Internal Circumf erential 5C (d) (d)
in thermally Aged 4143-2 I? 160 1.3t? SA351 Cf 8M Internal Circumf erential SC 50 67

Ceatrifugally Cast 4143-3 12 160 1.112 5A351 CF8M Internal Clrtumf erential SC 50 67

to 5talniess Steet 4143-4 !? 160 1.312 1A351 CfilM Internal Circumferential 5C 50 67
s

C
(a) lests conducted March I. 1987 to September 30. 1988. Instlet cra(6 condition a sharp ma(hine notch (radius of 0.005 inch or less); test

temperature a 550 F; loading orthot = pressure and bending.

(b) 55 - 5tainless Steel.

| (c) SC Surfact Cra<6; IWC . Through. Wall (rack.
1

f (d) Io be determined.

|

,
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2.1 Circumferentially Through-Wall-Cracked 1

Pipe in Pure Bending
(F. Brust,.M. Nakagaki, P. Scott,
R. Olson and G. Wilkowski)

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

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

"Approximate Methods for Fracture ' Analyses of Through-Wall-Cracked Pipes",
F. W. Brust, NUREG/CR-4853, February 1987.

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

"NRC Leak-Before-Break (L8B.NRC) Analysis Method for Circumferentially
Through-Wall Cracked Pipes Under Axial Plus Bending Loads", R. Klecker, F.
W. Brust, and G. M. Wilkowski, NUREG/CR-4572, May 1986.

"An Experimental and Analytical Assessment of Circumferential Through-
Wall-Cracked Pipes Under Pure Bending", P. M. Scott and F. W. Brust,
NUREG/CR-4574, September 1986.

2.1.1' Summary of Results

The analysis of circumferential1y through-wall-cracked pipe is an essential
part of the overall understanding of the behavior of circumferential cracks in
general. Whether or not such a crack is stable or propagates to a double- *

d

ended rupture under a given loading system is essential to predicting whether a
,

defect will leak before it breaks. Two analysis methods have been found useful !
for analyzing through-wall cracks: limit-load analyses and EPFM methods based i

on the J-integral. The progress in validating these methods for through-wall-,

cracked pipe is summarized in this section of the report.'

One objective of this effort is to evaluate available limit-load analyses for
circumferentially through-wall-cracked pipes subjected to pure bending. One
useful limit-load analysis technique is the net-section-collapse analysis. The
net-section-collapse analysis was originally developed as part of Electric

' Power Research Institute (EPRI) project RP-585 (Ref. 2.1.1). It is a simple,
,

,
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straightforward analysis procedu frequently used to assess the load-carrying I

capacity of cracked nuclear piping. The net-section-collapse analysis is of !

particular interest as a means of evaluating postulated cracks in nuclear
piping systems. For example, NUREG-0313 Revision 2 (Ref. 2.1.2) and IWB-3640
of the ASME Code (Ref. 2.1.3) use this analysis procedure to assess circum-
ferential cracks in stainless steel base metals and nonflux stainless steel
weld metals. The use of this method is predicated on the assumption that
nuclear piping materials are tough enough to assure that gross yielding of the
net section occurs prior to failure, regardless of pipe size, pipe strength, or

!

crack size.

Pipe Fracture Experiments and Limit-Load Analyses

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

To separate the cases in which net-section-collapse conditions are met (fully
plastic) from those in which they are not (contained plasticity), a relatively
simple screening criterion has been developed and applied (Refs. 2.1.4, 2.1.5,
2.1.6). In this criterion, a simple Irwin-type model was used to estimate the ,

Isize of the plastic zone ahead of the crack tip. When the plastic zone becomes
'equal to the tensile ligament (that is, the distance from the crack tip to the

neutral axis), it is assumed that fully plastic conditions have been reached.
i

Experimental data from this program, as well as programs conducted at David
'

Taylor Research Center (DTRC) (Ref. 2.1.7), the Naval Academy (Ref. 2.1.8), and
Battelle for EPRI (Ref. 2.1.9), were used to assess this plastic-zone screening
criterion (PZSC). Table 2.1.1 presents a comparison of the experimental load
at crack initiation and the maximum experimental load with the predicted net-
section-collapse failure load. Figure 2.1.1 shows the experimental load at ,

crack initiation relative to the predicted net-section-collapse load as a I,

function of a dimensionless plastic-zone parameter for circumferential1y
through-wall-cracked pipe in bending. These data show a well-defined exper- i

imental trend curve. Figure 2.1.1 also shows a trend curve representing the1

ratio of the maximum experimental load to the predicted net-section-collapse i

load as a function of the same dimensionless plastic-zone parameter. If the |
dimensionless plastic-zone parameter is greater than 1.0, fully plastic 1

I conditions exist and both the load at crack initiation and the maximum load are
close to the predicted net-section-collapse load. However, if the dimension-
less plastic-zone parameter is less than 1.0, Figure 2.1.1 indicates that
contained plasticity exists and that the net-section-collapse load overpredicts
both the experimental load at crack initiation and the maximum load.

2-11

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



. ____ . _ _ _ _ _ _ . _. _ _ . . _ _ . _ _ _ ___ _ __ - . __ __ . _ . _ __ . .

1 Table 2.1.1 Comparison of crack initiation loads and maximum loads from experimental
results for through-wall-crack pipe experiments with maximum loads predicted

j by net-section-collapse analysis.
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When simple limit-load techniques are not adequate (for example, when contained
plasticity exists), one must rely on other methods of analysis, such as EPFM.
Such techniques focus on the J-integral. The J-integral can be used in an i

appropriate analytical expression to predict both the load at crack initiation !

and the maximum load (that is, the failure load).

J-Estimation Scheme Analyses |

Evaluating the fracture behavior of through-wall-cracked pipes subjected to
i bending loads is a formidable task. When a cracked pipe is subjected to ibending loads, plastic defomation occurs at the crack tips. Because of this i

nonlinear material behavior, precise theoretical closed-form solutions to the >

problem are not available. Such numerical techniques as the finite element
method are required to predict accurately the fracture behavior of piping '

system components. However, because of the cost and time requirements neces-
sary for finite element analyses, simple engineering estimation schemes are i

often employed.
;

For through-wall-cracked pipes subjected to bending loads, five predictive J- !

estimation schemes are available:

1. EPRI/GE (Ref. 2.1.10) I

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

4. LBB.BCL1 (Ref. 2.1.13) |

j 5. LBB.BCL2 (Ref. 2.1.14).
r

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

r

In summary, when defomation J is used, all of the methods tend to underpredict.

! crack initiation and maximum loads when compared with experimental data. This ;
j is the case for stainless and carbon steel pipes at room temperature and at 550

}F (288 C) and for pipes ranging in diameter from 2 to 42 inches (50.8 to 1067
|mm). The results cited in References 2.1.4, 2.1.5, 2.1.6, and 2.1.13 suggest '

that, when using the J -R curve, the EPRI/GE method tends to give the lowest
|0

predicted loads and displacements, whereas the LBB.NRC, LBB.BCL1, and LBB.BCL2 (
;

methods seem to be more accurate.
I

(
Additional work has been carried out on the use of J-estimation schemes for i

,

I predicting load versus load-line displacement for through-wall-cracked pipes |) under bending. Two basic problems are associated with the use of these J-
!| estimation schemes. *

| 1. All estimation schemes relate a far-field moment to a far-field
! rota tion. Certain assumptions are necessary to predict the load-line i

,

displacement from the rotations so that it can be compared with the |
,

| experimental data from the four-point bend pipe experiment. The
j!!
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experimental data from the four-point bend test is usually in the
form of load versus load-point displacement.

2. Fracture analyses based on the J-integral become inherently invalid
after a small amount of crack growth.

In addition to these two problems, many assumptions are involved in developing
the J-estimation schemes. Some of the major assumptions are (1) modeling of
the material stress-strain curve, (2) choice of J -R or Jg-R curves, and (3)0
axtrapolation of J-R curves to larger amounts of crack growth. Also, cracked
pipe experiments have shown that crack behavior is not always consistent with
theory. For example, cracked pipes may ovalize under bending loads, wall
thinning may occur in the vicinity of the crack, material property discon-
tinuities (such as at weld locations) may be present, crack propagation may be
affected by crack instabilities caused by dynamic strain aging (DSA), and/or
the crack may grow out of the circumferential plane.

Because these factors cannot be precisely accounted for, a somswhat empirical
but conservative estimation procedure was adopted. For licensing purposes,
margins that include postulated cracks to compensate for the various uncer-
tainties must be incorporated in an overall evaluation of a pipe or piping
system. The results suggest that J-estimation techniques can be used to give
conservative but reasonably accurate predictions of the load versus displace-
ment relationship of a through-wall-cracked pipe subjected to bending. When
using the defomation J-R curve (J -R), the most accurate analyses that still0underpredicts the experimental results are the LBB.BCL1 and LBE.BCL2 methods.
The EPRI/GE method tends to give the least accurate but the most underpredic-
tive results when the J-defomation resistance curve is used in the analysis.

4

The use of a modified J-R curve (J -R) tends to give more accurate predictions ig
of the load-displacement relationship than does the deformation J-R curve. I

However, underpredictive results cannot always be assured for the NUREG/CR-
3464, LBB.NRC, LBB.BCL1, and LBB.BCL2 analyses. The Jg-R curve, when used in
conjunction with the EPRI/GE estimation scheme, appears to give more accurate
predictions of load versus displacement in through-wall-cracked pipes subjected
to four-point bending.

Finite Element Analyses

In the absence of precise theoretical closed-form solutions, the most accurate
analytical technique for determining the failure loads of elastic-plastic
materials containing cracks is generally belie.ved to be the finite element
analysis. However, this technique is prohib'tively expensive for routine
analyses because of the need for extensive numerical computations requiring 1

much computer capacity and time. Hence, finite element analysis is reserved
for solving certain classes of problems and for establishing and validating J-,

estimation schemes.

2-15
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To provide a benchmark for the accuracy of finita element analyses as applied ;
by various research groups, a finite element rW nd-robin was conducted by '

: Battelle and the NRC. The purpose of this round-robin was to assess the
differene.s in results between various participants throughout the world. Two |

i problems were analyzed, the compact (tension) B(T)] specimen and a through- t

i wall-cracked pipe. In general, the solutions by the different participants [examining C(T) specimens were very close for computed loads and the J-inte- '

gral. For the problem of through-wall-cracked pipe, the predictions via the
finite element method were reasonably consistent among the various par- -

ticipants, although each tended to underpredict the loads past crack initia- :
tion. Hence, finite element analyses of through-wall-cracked pipes appear to |

: be in need of some improvement. - A complete discussion of the round-robin !

; results is found in Reference 2.1.15, and is reviewed in Section 3.5.- :

j :

j 2.1.2 Discussion of Circumferential Through-Wall-Cracked Pipe Bending Efforts

Prior to the start of this program, the net-section-collapse analysis was4

i believed to be generally applicable to nuclear piping. In many cases this is '

true. The efforts in this program involved development of experimental data,

to determine the accuracy of this application. From this, the PZSC evolved. ,

This' method shows in a simple manner when net-section collapse conditions are,

satisfied and when they are not, and hence when EPFM analyses are needed. A ,

F

statistically based simplified plastic-zone criterion was subsequently
developed, as described in Section 4 of the last semiannual report [(Ref. 2.1.16). This is an easy method for estimating the maximum load under
confined plasticity conditions. It showed that the size of the pipe is as '

,

important as the toughness of the material. The R6 analysis, another method
for predicting loads, can be applied to both crack initiation and maximum ,

[ load. In principle these two methods are similar.
.

,

-,
,

J-estimation schemes for circumferentially through-wall-cracked pipe also have f

evolved considerably since the start of this program. The NUREG/CR-3464 :approach evolved into the LBB.NRC analysis method by including the strain !

harde -ing of the material. The LBB.BCL methods were subsequently developed in +

this program to eliminate the mixing of an approach based on plastic-zone ;
correction with one using power-law hardening assumptions of deformation

; plasticity. The LBB.BCL1 method does this by using the EPRI/GE h '

3 deformationi function to calculate the pipe rotation.
;

The LBB.BCL2 method eliminates the theoretical concerns by using an engineer-; !

ing approach to account for the rotation of the pipe. These methods are more !
,

{ complicated than the simple EPRI/GE method, but give more accurate predic- !
I tions. All of these methods are included in the NRCPIPE Code (see Section 3.4

{of this report).
I

<

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

I
! A second important aspect is that most of the pipe experiments used in the

i
analyses efforts involved through-wall cracks that were 37 percent of the pipe '

!2-16 i
,

i
!

1 !
?

I i
'

, . .



s

circumference. Since this crack length was sufficient so that the pipe did not
experience general yielding, the n-factor analysis could be readily used to
calculate J-R curves from pipe test data. In addition, these data could also
be used to assess the J-estimation schemes that are used to predict loads and
displacements. Additional data for different crack sizes would be of value to
check the analyses and pipe ovalization effects.

Finally, additional data are neeced to assess an ovalization correction factor
for through-wall-cracked pipe. Such a correction factor was developed in a
past EPRI program at Battelle (Ref. 2.1.9). This program tested 4-inch--

(102-mm-) diameter pipe with cracks of different lengths. From this, an
empirical ovalization correction factor was developed as a function of through-

1
- wall-crack length. What remains is to assess the effect, if any, of the pipe

R/t ratio on this correction.
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2.1.1 Kanninen, M. F., and others, "Mechanical Fracture Predictions for
Sensitized Stainless Steel Piping with Circumferential Cracks", EPRI
NP-192, September 1976.

2.1.2 Hazelton, W. S., "Technical Report on Material Selection and Process-
ing Guidelines for BWR Coolant Pressure Boundary Piping", Oraft
Report, NUREG-0313 Rev. 2, June 1986.

2.1.3 "Evaluation of Flaws in Austenitic Steel Pipin
document for ASME IWB-3640 analysis procedure)g" (Technical basis, prepared by Section
XI Task Group for Piping Flaw Evaluation, EPRI Report NP-4690-SR,
April 1986,

2.1.4 Wilkowski, G. M., and others, "Degraded Piping Program - Phase II",
Semiannual Report, October 1984-March 1985, NUREG/C9-4082, Vol . 2,
July 1985.

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

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

2.1.7 Vassilaros, M. G., and others, "J-Integral Testing Instability
Analysis for 8-Inch-Diameter ASTM A106 Steel Pipe", U.S. David W.
Taylor Naval Ship Research and Development Laboratory, NUREG/CR-
3740, April 1984.

2.1.8 Joyce, J. A., "Instability Testing of Compact and Pipe Specimens
Utilizing a Test System Made Compliant by Computer Control", ASTM STP
803, 1983, pp. 11-348 to 11-463,

2-17
.

, , _ _ _ _ _ _ _ _ _ _ _



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

,

i

2.1.9 Katininen, M. F., and others, "Instability Predictions for Circumfer-;

entially Cracked Type 304 Stainless Steel Pipes Under Dynamic
,

Loading", Final Report on EPRI Project T118-2, EPRI Report Number>

NP-2347, April 1982. i
1

2.1.10' Kumar, V., and others, "Advances in Elastic-Plastic Fracture
Analysis", EPRI NP-3607, August 1984.

2.1.11 Paris, P. C., and Tada, H., "The Application of Fracture-Proof
Design Methods Using Tearing Instability Theory to Nuclear Piping
Postulating Circumferential Through-Wall Cracks", NUREG/CR-3464,,

September 1983.
<

2.1.12 Klecker, R., and others, "NRC Leak-Before-Break (LBB.NRC) Analysis
Method for Circumferential'y Through-Wall-Cracked Pipes Under Axial,

Plus Bendir.g Loads", NUREG/CR-4572, May 1986.

2.1.13 Brust, F. W., "Approximate Methods for Fracture Analysis of Through-
Wall-Cracked Pipe", NUREG/CR-4853, February 1987.

1 2.1.14 Scott, P. M., and Brust, F. W., "An Experimental and Analytical
Assessment of Circumferential' Through-Wall-Cracked Pipes Under Pure

j Bending", NUREG/CR-4574, September 1986.

! 2.1.15 Ahmad, J., and others, "Elastic-Plastic Finite Element Analysis of'

Crack Growth in large Compact (Tension) and Circumferential1y
,

1
; Through-Wall-Cracked Pipe Specimens - Results of the First
! Battelle/NRC Analysis Round-Robin", NUREG/CR-4573, October 1986,
a

. 2.1.16 Wilkowski, G. M., and others, "Degraded Piping Program - Phase II",
i Semiannual Report, April 1986-September 1986, NUREG/CR-4082, Vol. 5,
| April 1987.
4

i

O
.

,

d

)

! r

i
$ !

l

:
!

:
.fi

2-18d

r
,

i
! .

i
t

s

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



_ _ _ _ _

.

|

I
2.2 Finite-Length, Intcrnal Circumferentially '

Surface-Cracked Pipe in Pure Bendir.g
(J. Ahmad, M. Nakagaki, V. Papaspyropoulos,
P. Scott, G. Wilkowski, and F. Brust)

The objectives of this effort are to develop experimental data, determine when
limit-load analyses are valid, and develop and verify an elastic-plastic
analysis to predict the fracture behavior of finite-length, surface-cracked
pipe when limit-load analyses are not valid. From the standpoint of an
elastic-plastic analysis, two specific technical hurdles had to be overcome.

The first hurdle was the lack of an elastic-plastic J-estimation analysis to
predict loads and displacements at crack initiation and maximum load. To
overcome this problem, J-estimation methods for both thin-walled and thick-
walled pipes were developed and presented in a topical report published since
the last semiannual report:

"Experimental and Analytical Assessment of Circumferentially Surface-
Cracked Pipes Under Bending", P. M. Scott and J. Ahmad, NUREG/CR-4872,
September 1986.

The results from this topical report are summarized in the following section.

The second technical hurdle was to evaluate the potential effects of geometry
and crack orientation on the fracture resistance (J-R curve) of the material.
To solve this, full-width-face-notched (tension) [FWFN(T)] specimens were
fabricated from the pipes (see Section 3.1). This specimen type allows a
crack to grow through the pipe thickness, and the specimen ligament is
essentially in tension, just as the ligament of the surface crack in the pipe
would be. The n-factor J-estimation scheme for this specimen is currently
undergoing additional verification. The final results will be included in a
4 cure topical report.

2.2.1 Summary of Surface-Cracked Pipe Evaluations

This effort involved considerable interaction among pipe fracture experiments,
laboratory specimen testing, and analytical fracture mechanics. All of these
efforts have been completed; they are reported in detail in Ref. 2.2.1 and
summarized below.

Material Characterization Efforts

The material chcracterization efforts involved standard testing, as noted in
Section 3.1 of tnis report, as well as testing of FWFN(T) specimens. The
FWFN(T) specimen was used to determine the crack growth resistance in the L-R
direction that corresponds to the direction of crack growth for a circumferen-
tial surface crack. Section 3.2.1 o'f this report discusses the development of
this specimen. Section 3.2.5 of this report discusses the analytical verifi-
cation efforts of the J-estimation scheme for this specimen.

2-19

~ _



- . .. _ _ . .

[

d

Pipe Fracture Experiments
.

" The 19 pipe fracture experiments conducted in this effort are summarized in
Table 2.2.1. The experiments involved carbon and stainless steel pipes with
internal circumferential surface cracks. The bulk of the test matrix was
designed to evaluate specifically the effect of the pipe radius-to-thickness
ratio. Stainless steel and ferritic steel pipes were used, each in 6- and
16-inch (152- and 406-mm) nominal pipe diameter and each with three different,

R/t ratios. To evaluate the effect of the pipe R/t ratio, the dimensionless
crack size was held constant at d/t = 0.66 and 2c/r0 = 0.5. This reference
crack size was chosen because it had been evaluated in some experiments from a j
previous EPRI program conducted at Battelle (Ref. 2.2.2). The test results are |also reported in Table 2.2.1. |

!

Assessment of Net-Section-Collapse Analysis, Plastic-Zone Screening Criterion,
,

- and the ASME IWB-3640 Analysis !

'

Net-Section-Collapse Analysis

For the assessment of the net-section-collapse analysis, actual material
property data were used. The ratio of the maximum experimental stress to the
stress predicted by net-section-collapse analysis is compared with the pipe R/t
ratio in Figure 2.2.1. As the pipe R/t ratio increases, the ratio of the
maximum experimental stress to the stress predicted by net-section-collapse
analysis decreases. This may result from the pipe's toughness, its ovaliza-
tion, or both. To determine whether lower failure stresses resulted from

z toughness or ovalization, the PZSC, developed for through-wall-cracked pipe
(Ref. 2.2.3), was modified slightly and used to separate ovalization effects
from toughness effects. The data points for which the dimensionless plastic-
zone parameter was greater than 1.0, and hence fully plastic conditions were

, developed, were used to define statistically an ovalization correction factor
; for pipe as a function of the pipe R/t ratio. This correction for the predic-

tion of maximum load using the net-section-collapse analysis is given in
'

Eq. 2.2.la when af = 1.15(ay + c )/2u

My= 1.222 - 0.0294(R /t), (2.2.la)m

|

and in Eq. 2.2.lb when af = (ay + a )/2u

M = 1.403 - 0.0338(R /t). (2.2.lb)y m

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

| Mpb " l + [#b (#a + #b)l(M/ 1) (2.2.2)-y
4
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Table 2.2.1 Sununary of test parameters and key experimental results for
surface-cracked pipe experiments

a

(Page 1 of 2)

Sendin9
Ou t s ide- Amlal Stress Masimum
Pipe Pipe Test Membrane at Crack Sending

Olameter. Thickness. Pressure. Temperature. Stress (a). Initiatlon (b). Stress (b).

Referem e leperiment Pipe In In f law Olsensions pst F 651 ksi ksi
Number Number Material (aus) (en) 2c/.D 4/t (MPa) (C) (MPa) .(MPa) (MPa)

1 4112 1 Stainless 15.95 0. 3A6 0.511 0.658 -- 550 -- 24.85 28.42
Steel (405) (9.8) (288) (III) (196)

2 4112 2 5tainless 6.59 0.216 0.502 0.634 -- 550 -- 21.61 32.65
5tect (167) {1.0) (288) (191) (225)

3 4112-3 Stainless 6.64 0.536 0.518 0.659 -- 550 -- 35.90 38.41
5 teel (169) (13.6) (288) (248) (265)

4

U 4 4112 4 5tainless 6.61 0.885 0.442 0.653 -- 550 -- 41.21 48.84 |
Steel (168) (22.5) (288) (326) (331)

)

5 4112 5 Carbon 6.67 0.293 0.508 0.631 -- 550 -- 24.02 38.38'

Steel (169) (1.4) (288) (166) (265)

6 4112-6 Carbon 6.59 0.582 0.503 0.680 -- 550 -- 40.12 47.52
Steel (161) (14.8) (288) (211) ( 328)

1 4112 1 Carte 6.62 0.845 0.526 0.663 -- 550 -- 44.97 54.45
Steel (168) (21.5) (288) (310) (316)

8 35 Stainless 4.50 0.355 0.500 0.594 -- 12 -- 63.86 65.29
Steel (114) (9.0) (22) (441) (45l)

9 105 Stainless 4.50 0.365 0.500 0.575 -- 12 -- 60.59 62.99 a

Steel (114) (9.3) (??n (418) (435)
1

i| 10 135 Stainless 16.28 1.040 0.588 0.660 -- 12 -- 48.I2 62.51
Steel (414) (26.4) (22) (332) (431)'

,

- . _ - - _ . . - _ . - - . - - - _ _ _ _ _ - _ - . - - _ - - _ _ - - - - - _ _ . _ --__-----.-. _ ,_ - _ _ _. _ - - - -- - _- ~__ --,- - - , - n,----,,----n r - , - ~ - , ~ , - - , e --,- - ,e
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Table 2.2.1 (Page 2 of 2)

Bending
Outside Antal Stress Manteum
Pipe Pipe Test Membrane at Crack Bending

Diameter. Ihickness, Pressure, Temperature, Stress (a). Initiation (b), Stress (b),
Aeference Imperleent Pipe in in flew Olsensions pst I ksi ksi ksi

leumber huwber Material (mm) (mm) 2c/.D 4/t (MPa) (C) (MPa) (MPa) (MPa)

11 4141 2 Stainless 6.58 0.584 0.500 0.642 2.200 550 6.20 23.24 23.99
Steel 5AW(C) (161) (14.8) (15.2) (288) (42.8) (160) (166)

12 4112-8 Carbon 15.85 1.040 0.532 0.662 -- 550 -- 36.21 39.36
Steel (403) (26.4) (288) (250) (212)

13 4131-2 Stainless 6.63 G.529 0.521 0.109 3,550 550 11.12 19.84 21.08
Steel (168) (13.4) (24.5) (288) (16.1) (131) (145)

14 4131 4 Carbon 10.14 G.654 0.525 0.659 2.650 550 10.88 25.54 28.11
Steel (213) (16.6) (18.3) (288) (15.1) (116) (198)

15 4131 6 5talnless 6.25 0.563 0.535 0.690 -- 550 -- 36.56 31.19
Steel (159) (14.3) (288) (252) (251)

7 16 4131-8 Carlei 10.65 0.593 0.480 0.618 -- 550 -- 35.92 38.63
y Steel (211) (15.1) (288) (248) (261)

11 4141 4 Stainless 16.28 1.031 0.500 0.610 1,600 550 6.32 24.86 25.05
Steel SAW(C) (413) (26.2) (11.0) (288) (41.6) (112) (113)

18 4141 6 Stainless 16.39 1.040 0.500 0.686 1.600 550 6.30 21.65 21.18
Steel SAW(d) (416) (26.4) (11.0) (288) (43.5) (149) (150)

19 4112-9 Carbon 15.94 0.500 0.535 0.662 -- 550 -- 29.30 35.63
Steel (405) (12.1) (288) (202) (246)

._

(a) Based on thin-wall Barlow espressions using the outside redlus, that is, pr /2 .o
(b) Bending stress calculated using empression (M)(D )/28 where I = 0.0491 (0.4-03 ) as suggested in Articles NC3652 and 1883683 of the ASMEo

Code for Class I piping systees.
IC) As welded stainless steel submerged. arc weld.
(d) Solution annealed stainless steel submerged. arc weld.

_
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.
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Note that this hypothesized correction assumes that the ovalization effect
decreases linearly as axial stress increases.

An important point about surface crack ovalization corrections is thct they are
based on data for crack sizes where 2c/r0 = 0.5 and d/t 0.66. The ovaliza-
tion correction may be different for other crack sizes. Some additional work
would be required to determine a generally applicable ovalization correction
factor.

Plastic-Zone Screening Criterion |

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

| A simplified plastic-zone fracture criterion has also been developed. This |

criterion is discussed in detail in Section 4.1 of Reference 2.2.5. The
dimensionless plastic-zone carameter for this simplified criterion is much

| easier to use and define thcn the parameter shmia in Figures 2.2.2 and 2.2.3.
j The physical crack dimensions are not needed ror this simplified parameter.
' Figure 2.2.4 shows the ratto of the maximm.: experimental stress to the net-

section-collapse stress as a function of this staplified dimensionless para- L

.

meter. -

t

Assessment of the ASMC IWB-3640 Analysis

Stainless steel pipe data were used to assess the ASME IWB-3640 flaw evaluation
criteria for stainless steel pipe (Ref. 2.2.4). Table 2.2.2 gives the com- !
parisons of the experimental data with the IWB-3640 analysis procedure predic-
tions. The safety factors in the ASME code procedure were not included in !

,

these comparisons. This comparison used the precise ASME stress analysis '

| equations, and the flow stress was defined as 3S . Note that, for the stain-m

less steel submerged-arc weld (SAW) e.speriments, base metal S values were used
min the definition of the flow stress. In addition, the predicted failure

i stresses were reduced by the Z-factor to account for the low-toughness flux
; weld. Both the IWB-3640 Source Equations and the simplified tables were ,

4'
evaluated. For the Source Equations, the average ratio of the experimental

{ stress to the predicted stress was 1.272 with a standard deviation of 0.207: '

for the IWB-3640 tables, the average ratio of the experimental stress to the
predicted stress was 1.65 with a standard deviation of 0.243. This shows that .

.

the ASME approach has an inherent safety factor for a case of cracks in '

i 2-24
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I Table 2.2.2 Comparison of experimental results with IWB-3640 predictions for
stainless steel surface-cracked pipe experiments (flow stress
defined as 35, for base metal)

Outside Antal flanlaus 168 3640 Predicted
leper 6 mental Pope seenbrane Sending failure Stress (o ggg)

Reference Diameter. Thio ness. Stress (P )(8) Stress (P )(b) Using Source. Using (P +P l/(Pe**g;g)b b
;1sumber en(h (aus) inch (aum) kst (pare) est (IEPa) Iguations Tables ;gg, ygg

Equations

I 15.95 (405) 0.386 (9.8) -- 28.42 (1 % ) 28.50 (197) 20.48 (141) 1.00 1.3f
2 6.59 (167) 0.276 (7.0) -- 32.65 (225) M.30 (250) 27.10 (191) 0.90 1.18
3 6.64 (169) 0.536 (13.6) -- - 38.41(265) 34.M (237) 24.88 (172) 1.12 1.54

, 7 4 6.63 (168) 0.885 (22.5) -- 40.04 (3}7) 37.41 (258) 32.87 (227) 1.31 1.49
$ 8 4.50 (114) 0.355 (9.0) -- 65.69 (453) 45.54 (314) 37.67 (260) 1.44 I.74

9 4.50 (114) 0.365 (9.3) -- 62.99 (435) 46.11 (323) 39.33 (271) 1.35 1.60
10 16.28 (413) 1.G40 (26.4) .- 62.51 (431) 38.38 (265) 29. M (203) 1.63 2.13

| 11(() 6.58 (167) 0.584 (14.8) 6.20 (42.8) 23.99 (166) 16.31 (113) 11.84 (82) 1.34 1.67
13 6.63 (168) 0.529 (13.4) 11.12 (16.7) 21.08 (145) 16.13(Ill) 8.13 (56) - I.18 1.67
15 6.25 (159) 0.563 (14.3) -- 37.19 (257) 31. % (221) 21.13 (146) 1.16 1.76
17(() 16.28 (413) 1.03I (26.2) 6.32 (43.6) 25.05 (173) 14.99 (103) 10.25 (15) 1.47 1.89
18(C ) 16.19 (416) 1.040 (26.4) 6.30 (41.5) ?!.18 (150) 14.33 (99) 9.57 (66) 1.M 1.77

(a) P . pOn/4t.
(b) Pb * M;o/2I where i 0.0491 (D 4.D 4

o 6 ) as suggested in Articles MC3652 and 1863683 of the ASME Code for Class I piping systems.
(c) Stainless steel submerged arc weld emper6 ment. Base metal 5. value used in definition of flow stress. IWel.3640 predicted failure stresses

reduced by t he 7. f ac tor to account f or t he low toughness flus weld.

I

1

l

|

|
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stainless steel base metals and welds, and the safety factor is higher if the
tables are used rather than the Source Equations. Of the pipe experiments
evaluated, only one experiment - using a pipe whose yield strength approached ;

i the minimum value in the ASME code - had a maximum load below that predicted by
IWB-3640 analysis. The higher values for the ratio of experimental to pre- '

; dicted stress were for pipe tests conducted at room temperature instead of 550
F (288 C). If only the high-temperature data are considered, then the average

i

values are 1.20 and 1.60 for the IWB-3640 Source Equations and the tables,
respectively.

Development of Finite-Lenath surface Crack J-Estimation Schemes

J-estimation scheme solutions for a finite-length, internal circumferentially '

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

The J-estimation methods developed in this effort can be best described with ;

the aid of Figure 2.2.5. As shown in Figure 2.2.5(a), a circumferential
surface crack of depth "d" is assumed to exist in the pipe wall of thickness
"t". The crack is located sufficiently far from the pipe ends. The pipe is
subjected to an applied moment, M, and the rotation of one pipe end relative to
the other is denoted by p. The pipe section containing the crack is shown in
Figure 2.2.5(b). The crack extends over an angle of 28 at the pipe center. |
Although the present work assumes that the crack has a constant depth, this '

assumption is not necessary; other crack shapes can be accommodated in the I
development of the J-estimation scheme formulae. The angles en and #on in I

| Figure 2.2.4(b) define the location of the neutral axis. Rj and Ro are the
j inner and outer pipe radii, respectively, and b is the uncracked ligament
; length in the domain of 0 $ 7 $ 0.

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

i
*

| c/co = a(a/c f (2.2.3)o
|

| where a is a reference stress (that is, the yield strength), n is the harden-o
j ing exponent, and eo = c /E (E is Young's modulus). In the analytic develop-o

ment, it is further assumed that the pipe deformations remain small compared.

with all the dimensions. Therefore, ovalization of the pipe section, often
observed in the pipe experiments, is not included in the analysis modeling.

With the above assumptions, we now consider a plane normal to the circumferen-
tial plane at y ( 0, with dimensions t by 2L as shown in Figure 2.2.5(c). The

2-29
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length, L, is large enough so that the stress acting at the ends is the remote
stress in the pipe wall caused by the applied global bending moment. Because
the stress variation through the thickness is small, we can consider the plane
as subjected to a uniform average stress of a as shown.

At first glance, Figure 2.2.5(c) resembles an edge-notched panel subjected to
uniform remote tension (for which a J-estimation formula can be found in
Ref. 2.2.6). If such were the case, one could utilize the edge-cracked panel
formula in developing an expression of J for the surf ace-cracked pipe.
However, the stress distribution in the uncracked ligament of an edge-cracked
panel is different from that in the surface-cracked pipe: in the edge-cracked
panel, a significant bending component of stress contributes to J, but in the
surface-cracked pipe, the bending component is restrained.

As an alternative, one can consider the section shown in Figure 2.2.5(c) as
representing a plane from an ax1 symmetrically surface-cracked pipe subjected to
remote uniform tensile stress (a). For this geometry, that is, a 360-degree
flaw in a pipe under tension, Reference 2.2.6 also provides a formula for J.
In the present work, this J formula from Reference 2.2.6 was used to develop an
expression of J for the surface-cracked pipe geometry of
Figure 2.2.5 (see Appendix B of Ref. 2.2.1 for details). Depending on whether
the pipe can be considered as a thin (large R /t) or a relatively thick (smallo
R /t) shell, two expressions for J are derived. In the analysis method foro

thin-walled pipe, SC.TNP in the NRCPIPE Code, the thin-shell formula for J is
used. The formula corresponding to relatively small R /t ratios is used in the

oanalysis method for thick-walled pipe, SC.TKP. In the following, the J-
estimation methods corresponding to SC.TNP and SC.TKP are outlined.

J-Estimation in SC.TNP

Step 1.1: For the given material, find the Ramberg-Osgood constants
a, n, a , and e of Eq. 2.2.3.o n

Step 1.2: For the given n and the t/R3 and a/t ratios, find h1 and h3 values
from the EPRI/GE handbook (Ref. 2.2.5) solution for axisymmetrically
surface-cracked pipe under remote tension. Also, using the above
values and the crack angle e, find H and pn from Tables B-1 to B-60nin Appendix B of Reference 2.2.1.

Step 1.3: Depending upon whether applied moment (M) or applied rotation (p) is
prescribed, use one of the following equations to find a

[[sino + cos yy n
24R tH
n n 1+ ( f) /
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eR sin o + cos y

(2a c t) **}
*

o dh no 3 ,' 3 t

g * E (7 b) ,
* '

,

where y defines the location along the crack-front.

Also, using Eqs. 2.2.4 and 2.2.5, find M or , as

2a c to n (2.2.6)
Mo= .

R,)"R, (4t o Hn n

Step 1.4: Assuming J = Jp, find J using the following equation:

n+1
p = a c, on(1-f)dhi (h h . f) (2.2.7)J

o

J-Estimation in SC.TKP

Step 2.1: Same as Step 1.1.

Step 2.2: Same as Step 1,2, but instead of Tables B.1 to B.60 in Appendix B of
Reference 2.2.1, use Tables B.61 to B.120 to find pn and G .Then, find n

(3n+1).
"

Gn (t) (2.2.8)G =
n

Step 2.3: Depending upon whether applied moment or applied rotation is
prescribed, use one of the following equations to find a:

{

[R sin o +R COS YM 3 n co = gr (2.2.9)
nn dh ok

3 o
1 me

i
1
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1/n "R$ sin o +R cos (n e,

2' (o t) dh /c k \n (2.2.10)
0

3 o

1 + E kE-~ ).
.

2 2
where, k = s (R -R) (2.2.11)

Rc' i* (2.2.12)
2

P, = (R - R ) *on
c pW

i

Also, M or p can be found using the following equation:

22 c, t
M" (2.2.14)o=

(4 G o)n

Step 2.4: Assuming J = J , find J using the following equation:
{p

n (1 - f) d hi(h)n+1 (2.2.15)J =ae op n
o

Pipe Fracture Analyses Using the J-estimation Schemes

The J-estimation methods described above were used in calculating the load at
crack initiation and the maximum load in pipe fracture Experiments 4112-1 4112-
2, 4112-3, 4112-5, 4112-6, 4112-8, 4112-9, 4115-1, 4115-7, 4131-6, and 4131-8.
The pipe material, geometry, flaw geometry, and test conditions for each of
these experiments are summarized in Table 2.2.1. All these experinents were
performed at 550 F (288 C), and the pipe specimens were loaded in four-point
bending.

The two pieces of information that were required to perform the analyses but
are not contained in Table 2.2.1 are the materials' uniaxial stress-strain
curves and the J-resistance (J-R) curves at 550 F (288 C). Both the choice of
stress-strain curve-fitting constants and the choice of an appropriate J-R
curve can significantly affect the accuracy of tne analysis results (for
example, see Ref. 2.2.7) . Eqs. 2.2.7 and 2.2.15 show that a relatively small
change in the strain-hardening exponent, n, can significantly affect the
calculatea value of J. Therefore, accurate determination of n for a prescribed
a of the uaterial is crucial. On the other hand, the value of J is linearly
dependent on a. Therefore, acc Jrate determination of a, ahile important, is
not as critical. The problem is that for many materials, including those in
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the present study, n is not a constant but rather varies with plastic strain.
Therefore, no single combination of a and n can be selected such that
Eq. 2.2.3 accurately represents the material's stress-strain behavior over the
entire range of plastic strain. Consequently, one must choose the range of
plastic strain over which one should attempt to represent accurately the
stress-strain behavior.

Since the pipe containing the crack experiences a wide range of strain, no
specific choice of strain range is better than any other. A pragmatic approach
is to choose diffarent strain ranges to find a and n values. Then, for
predicting failure of nuclear power plant piping, choose the a and n that
result in the largest applied J. Table 2.2.3 gives the corresponding values of
the curve-fitting constants for this and all other materials used in the
fracture mechanics analyses and shows that, depending upon the strain-range
chosen to fit the data, the a and n values vary considerably.

J-Resistance Curves Used in the Analyses

The material's J-resistance curve is one of the principle inputs to any J/T
analysis. The appropriateness of a J-R curve is properly questioned primarily
because of its geometric dependence. To circumvent this difficulty, the common
practical approach is to use J-R curves from C(T) or three-point-bend specimens
because, of all the comonly used laboratory specimen types, the C(T) and bend
specimens provide the lowest J-R curves. Thus, in predictive analyses, the use
of C(T) or bend specimen J-R eurves is expected to result in an underprediction
of the pipe's load-carrying capacity. Accordingiv in the present work J-R
curves drawn from C(T) specimen data were initially, used. The details of how
these curves were obtained are given in Reference 2.2.1.

Since J-F. curves offer no clear evidence of direction independence, additional
J/T analyses were performed using J-R curves obtained from FWFN(T) specimen
data. This specimen type and the corresponding J-R curve development are given
in Appendix 0 of Reference 2.2.1 and are discussed in Sections 3.2.1 and 3.2.5
of this report. TheFWFN(T)specimenofferstwonotablefeatures: (1) thatcrack growth occurs in the L-R plane, and (2) that stress distribution in the
specimen's uncracked ligament is similar to that in the uncracked ligament of a
circumferentially surface-cracked pipe in bending.

The verification of the FWFN(T) specimen J-R curve analysis procedure is
currently underway, and a preliminary analysis was used to calculate the J-R
curves from this specimen. The J-R curves for the C(T) and FWFN(T) specimens
are significantly different. The difference may be attributabie both to the
(crack growth) direction dependence and to the stress distribution in the
uncracked ligament of the two specimen types. The uncracked lirament of a C(T)specimen experiences combined bending and tension. In a FVFN(T) specimen, the
uncracked ligament is in (nonuniform) tension.
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Table 2.2.3 Ramberg-Osgood constants for the pipe materials
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Analysis Results

The J-T analyses were performed using the methods SC.TNP and SC.TKP of the !

NRCPIPE computer code. For both methcds, both C(T) and FWFN(T) specimen J-R I
curves and the appropriate stress-strain curve parameters (Table 2.2.3) were i
used. This amounted to a total of 132 cases. In all the analyses it was
assumed that crack growth occurred equally at all points along the crack-
front and only in the radial direction since only the experimental data at the
center of the surface crack were reduced. In both SC.TNP and SC.TKP methods,
the applied J and dJ/da were calculated at the midpoint of the crack front and
compared with the appropriate J-R curves.

Table 2.2.4 presents the results obtained by the SC.TNP method in terms of the
{ratio of the predicted initiation and maximum loads to the corresponding

experimental loads. In most cases the ratio is larger than 1.0; that is, the
predicted loads are higher than the corresponding measured loads. Also,
whether the stress-strain curve or J-R curve results in more accurate predic-
tions is not apparent from Table 2.2.4.

The results corresponding to the SC.TKP method are given in Table 2.2.5.
Except for the prediction of initiation load in pipe fracture Experiment 4112-
5, all other predicted initiation and maximum loads are lower than the
corresponding measured values. This means that the SC.TKP method generally
provides an underprediction of the initiation and maximum loads. Again,
whether the different stress-strain curve fits or different J-R curves result
in more accurate predictions is not apparent.

Ef fect of Finite Crack length

One point requiring further consideration is the effect of the length of a
surface crack on failure load. Crack length effects must be considered for
pure bending, pure pressure, and combined pressure and bending stresses. The
tests conducted in this program concentrated on a crack depth of 66 percent of
the pipe thickness and a crack length of 50 percent of the pipe circumference
with pipes under pure bending. The pipe diameters, materials, and R /t ratiosmwere systematically varied.

The effect of surface-crack length on the failure stress relative to the
stress predicted by net-section collapse was found to be very significant from
the past experiments conducted by Eiber (Ref. 2.2.8). As shown in
Figure 2.2.6 for Eiber's pressure test results on 24-inch (610-mm) diameter
A106 Grade B pipe at 550 F (288 C), the ratio of the experimental stress to
that predicted by net-section collapse actually decreased for surface-crack
lengths of 25- to 87-percent of the pipe circumference.

On the other hand, the discrepancy between the experimental failure stress
levels of Figure 2.2.6 and the net-section-collapse stress predictions is of
concern to the current ASME Code IWB-3640 stainless steel approach. In this
approach, the low-toughness correction (Z-factor) on the failure loads is a
function of the pipe diameter and weld toughness, but not of the length of the
surface crack.
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Table 2.2.4 Summary of fracture mechanics analysis results using
the SC.INP method

(Page 1 of 2)

P Predl(ted) Paes Predit t ed)
a sirasured) resa { Measured)

Pipe f re(ture

f perlernt me. Curve f it lype using C(I) J-R Curve using indIN(I) J-R Curve using C(I) J-8 Curve using tidu(I) J-s Curve

allt.1 4incar Begression 1.3 1.5 1.2 1.4
Nigh Strain Range I.) 1.4 1.2 1.1
tow Strain sange 1.3 3.4 1.7 1.3

4857-2 asnear segression 3.5 1.6 1.2 1.3
Nigh Strain aange 1.5 1.6 1.3 1.3
low Strala sange 1.4 I.5 1.2 1.2

4187 3 linear segression 1.8 8.1 1.0 1.0
m High Strain Range 1.1 1.3 1.0 1.0

tow Strain Bange 0.8 0.8 0.8 0.8

ell?-S linear Aegression I.8 1.8 1.7 1.3
High Strain Range 7.0 1.9 1.2 1.3
low Strain Range 1.8 1.8 1.2 1.1

4817-6 linear Begression 1.7 1.5 1.0 8.0
migh Strain penge 1.2 1.7 1.0 3.1
to. Strain Range 1.8 I.I 1.0 1.0
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Table 2.2.5 Susunary of fracture sicchanics analysis results using ,

the SC.TKP siethod i

(Page 1 of 2) "

PgjPredicted) Pues (Preditted)
Pi (strasured) Pues (Iteesered)

Pipe fracture
leperlernt me. Curve fit lype eslag C(I) J-R Curve using iWm(t) J-R Curve estag C(l) J-R Cerve Uslag f W m(I) J ,a Curve

f 4117 8 teneer segression 0.8 0.9 0.8 0.8
Sest iit in Nigh Strain aange 0.7 0.8 0.6 0.7
Sest iit la low Strala Sange 0.8 0.8 0.7 0.7 i

4317-7 tineer Begressten 1.0 1.0 0.0 0.9
Sest fit in Nigh Strala Sange 1.0 1.0 0.8 0.9

N Sest iit la low Strain Range 3.8 1.0 0.8 0.8

i tar
i 40 4117.) tineer segressten 0.7 0.7 0.6 0.6

|
Sest Flt en tilgh Strain Seege 0.6 0.6 0.6 0.6 t

' Sesa fIL in ion itrain Bange 0.5 0.5 O.S 0.5

'

l 4117.$ tsneer Segression 1.7 II 0.7 0.8

| Sest fit in Nigh Strain Range 3.) 1.) 0.8 0.8 !

( Sest iIt in tem Strain Benge 1.7 1.I 0.7 0.8

4117 4 tIneer Begressten 0.8 0.8 0.7 0.7
Best iet in Nigh Strain Senge 0.8 0.8 0.7 0.7
Sest iit in lee Strain Benge 0.8 0.0 0.4 0.7
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To further assess the effect of surface-crack length, calculations were made
under pure bending using SC.TKP, and the maximum bending loads were compared

; with those predicted by net-section collapse. Crack depth was held constant
at 66 percent of the pipe thickness, and the surface-crack length was varied.
The material and pipe geometry corresponded to Experiment 4112-8, which
involved 16-inch- (406-mm-) diameter, 1-inch- (25.4-mm-) thick A106 Grade B

flow stress was defined in two ways, one as 1.15 (y net-section collapse, theFor the loads calculated bpipe at 550 F (288 C)..

ThecomparisonsareshowninFigure252.7.u)/2andtheotheras
' a +'

These calculations(ay + a )/2.y

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

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

;

2.2.2 Discussion of Finite Surface-Cracked Pipe Efforts

The efforts in this area involved the development of considerable pipe r
'fracture experimental data. A correction for the effect of pipe ovalizatiot,

as a function of the pipe R/t ratio was first developed as a result of this
program. The PZSC showed that the toughness required to obtain limit-load'

conditions was lower for a surface-cracked pipe than for a through-wall- !

cracked pipe. Finally, the development of finite-length, surface-cracked pipe i

J-estimation schemes was a major accompiishment since no other solutions were !

available, i

From these results arise several concerns. The first is how to account for
crack length in the ovalization correction factor; additional experiments may
be needed. Secondly, the ovalization correction must be included in the i
finite-length J-estimation scheme, and the J-estimation scheme should be ,

expanded to include the elastic contribution of J. The general concept of
'

:

including axial tension with bending loads has been developed, but has yet to
be incorporated into the NRCPIPE code and verifled. Finally, further applica- ;-

; tion of the finite-length, surface-cracked pipe estimation scheme should be
t made to assess the ASME surface-cracked pipe criterion. Currently, the ASME :
i criterion correction for toughness is independent of the size of the surface T

| crack. These are some aspects yet to be addressed, even though the efforts in
j this area are now completed,
i

)
!

,

1 d
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2.3 Circumferentially Complex-Cracked
Pipe in Bending
(G. Kramer and V. Papaspyropoulos)

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

A complex crack is a very long surface crack that may have penetrated the pipe
thickness for some of its length. Such a crack geometry has been found in
nuclear plant piping (Ref. 2.3.1) and is relevant to understanding the stabil-
ity of a long circumferentially surface-cracked pipe. Once the surface crack
becomes a complex crack, the stability of the resulting crack will be governed
by the stability of the complex crack.

Previous work at Battelle has shown that the calculated J-R curve from a
complex-cracked pipe experiment was significantly lower than that from an

| experiment on the same pipe with a circumferential through-wall crack
I (Ref.2.3.2). This can have a great effect on compliant instability predic-

tiens.

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

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

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

2.3.1 Summary of Results to Date

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

Small unstable crack jumps were observed in the two complex-cracked pipe
experiments on low-toughness A106 Grade 8 pipe. These instabilities occurred
even though the lengths cf pipe were relatively short (with a length-to-
diameter ratio of less than 10) and the pipes were loaded under displacement
control. Dynamic crack jumps have been observed in C(T) specimen tests on
similar carbon steel pipe materials. It is currently hypothesized that the
crack jumps may result from dynamic strain aging (DSA). The magnitude of these
crack jumps will increase with additional system compliance.

2-45

._~



A screening criterion developed for through-wall-cracked pipe under bending
was shown to be applicable for complex-cracked pipe under bending. Results of
the application of this criterion indicated that the net-section-collapse
analysis could be used to predict limit loads fairly accurately in the stain-
less steel and Inconel pipe experiments, but not in the A106 Grade B pipe
experiments. Net-section-collapse analyses also revealed that the actual net-
section-collapse stress (accounting- for crack growth) of the Type 304 stain-
less steel pipe sections became much larger than the flow stress of the mater-
ial for large amounts of crack growth.

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

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

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

2.3.2 Status of Instability Experiments

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

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

Nominal Pipe Nominal Wall
Experiment Diameter, Thickness.

Number Pipe Material inches (mm) inch (mm) 2c/iD(a) 2a/nD(b) d/t(c)

4114-1 A106 Grade B 6 (152) 0.562 (14.3) 0.37 1.0 0.465

4114-2 SA-376 TP304 SS 6 (152) 0.562 (14.3) 0.37 1.0 0.32

4114-3 SA-358 TP304 SS 16 (406) 1.031 (26.2) 0.37 1.0 0.33

4114-4 SA-358 TP304 SS 16 (406) 1.031 (26.2) 0.37 1.0 0.33

All tests conducted at 550 F (288 C).

(a) 2c is through-wall crack length, D is the pipe diameter.
(b) 2a is internal surface crack length.
(c) d is internal surface crack depth, t is the pipe thickness.

- _ _ _ _ .
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Table 2.3.2. Summary of data from compliant bend experiments on complex-cracked pipe.

Experiment Number

4114-4(#}4114-1 4114-2 4114-3

\
A106 Gr. 8 SA-376 TP304 SA-358 TP304 SA-358 TP304Pipe Material

DP2-F31A DP2-A23G DP2-A8 DP2-A8Pipe Material I.D.

) Outside Diameter, inches (mm) 6.50 (165) 6.560 '167) 16.3 (414) 16.3 (414)
Wall Thickness, inches (mm) 0.501 (12.7) 0.530 (13.5) 1.03 (26.2) 1.03 (26.2)

Through-Wall Crack length / Circumference 0.370 0.370 0.373 0.37

f Surface Crack Length / Circumference 1.00 1.00 1.00 1.00

| Surface Crack Depth / Wall Thickness 0.465 0.321 0.33 0.33

4 Pt. Bend - Outer Span, inches (m) 92.0 (2.34) 164.0 (4.1/) 456.0 (11.58) 456.0 (11.58)
rv

i g 4 Pt. 8end - Inner Span, inches (m) 48.0 (1.22) 48.0 (1.22) 132.0 (3.35) 132.0 (3.35)

Test Temperature, F (C) 550 (288) 550 (288) 550 (288) 550 (288)

| Tensile Yield Strength, ksi (MPa) 46.4 (320) 20.1 (139) 26.1 (179) 26.1 (179)
Ultimate Tensile Strength, ksi (MPa) 90.0 (621) 65.2 (450) 66.5 (466) 66.5 (466)

CVN Upper Shelf Energy, ft-lb (J) 110.0 (149) N/A N/A N/A

Initiation Load, Ib (kN) 14,000 (62.3) 5,850 (26) 32,850 (146)(b)
Maximum Load, Ib (kN) 18,650 (83) 6,540 (29.1) 35,475 (157.8)(b);

) (a) Experiment to be completed in next reporting period.
(b) Corrected for dead-weight loads.'

,

|

.1

i
'
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Design of Experiment 4114-4

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

A schematic of the load frame configuration for Experiment 4114-4 is shown in
Figure 2.3.2. In this arrangement, two additional springs have been incor-
porated into the load train, each with a compliance of C . Figure 2.3.3sillustrates the determination of the inctability point for this arrangement.
Suppose that the loaa-displacement response of the low-compliance exoeriment
is shown by Curve A in this figure and that the load-displacement response of |
the combined spring assemblies is given by Curve C. The response of the '

entire structure is given by addiag Curves A and C. The resulting load versus
total displacement will appear as Grve B in Figure 2.3.3.

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

86
I =0 (2.3.1)

P

But from Figure 2.3.2, 6T=6L + PC /2. Eq. 2.3.1 is satisfied whens

86 -C
L 5

(2.3.2)=
3 2

P

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

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

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

Finally, in the manner shown in Figure 2.3.2, the load-displacement data from
Experiment 4114-3 (shown in Figure 2.3.6) was added to the total load-dis-
placement data of the combined spring assemblies. A correction was made to
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the spring assembly data to account for differences in dead-weight load
between the uncracked pipe used and the actual test specimen. These results,
shown in Figure 2.3.7, predict that a crack will become unstable at an applied
load of approximately 26,000 pounds (116 kN),

2.3.3 Discussion and Future Plans

The method used for designing the instability experiments of Section 2.3.2 was
based on results of previous low-compliance pipe fracture experiments. This
should provide the most accurate method of determining the instability compli-

,ance for these experiments. Although the predictive J-estimation schemes
!

offer a more universal methed of calculating the compliance needed for insta-
bility, their accuracy must be improved before they can be used with con-
fidence.

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

As discussed in previous semiannual reports, the accuracy of the critical
compliance needed to produce an instability is dependent on the material used
in the experiment. It was found that the A106 Grade 8 carbon steel (Experi-
ment 4114-1) was much more sensitive to changes in critical compliance than
the higher toughness Type 304 stainless steel (Experiment 4114-2). Because
the critical compliance value was so small for the A106 Grade B carbon steel,4

even a small change in system compliance would have significantly affected the
extent of crack propagation.

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

References for Section 2.3

2.3.1 U.S. Nuclear Regulatory Commission, "Investigation and Evaluation of
Stress Corrosion Cracking in Piping of Light Water Reactor Plants",
NUREG-0531, Chapter 7, February 1979.

2.3.2 Kanninen, M. F., and others, "Instability Predictions for Circum-'

ferentially Cracked Type 304 Stainless Steel Pipes Under Dynamic
Loading", Final Report on EPRI Project T118-2, EPRI Report Number
NP-2347, April 1982.

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

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

2.3.5 Wilkowski, G. M., and others, "Degraded Piping Program - Phase II",
Semiannual Report, April 1986-September 1986, NUREG/CR-4082, Vol. 5,
April 1987.
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2.4 Circumferentially Cracked Pipe
Under Axial Membrane Stress
(0, Guerrieri and G. Kramer) !

l
The objective of this effort is to develop an understanding of the fracture j
behavior of circumferential defects in pipes subjected to axial membrane '

stress. This effort will contribute to the case of pressure-induced axial
membrane stresses combined with bending stresses. Before the interactions of
pressure-induced axial tension stresses and bending can be understood, however,
the effects of each loading condition must be studied separately.

This effort could have involved experiments under pure axial tension or under
pressure. Axial tension testing involves considerably more complicated testing

Iequipment than pressure testing. Axial tension testing must allow for the
rotation of the pipe so that it is not subjected to bending stresses by urknown
factors. Since the major application of this work is toward the understanding
of pressure plus bending loads, the tests in this effort have involved pres-
surizing cracked pipe sections to failure. This requires the flaw lengths to ;

be sufficiently long to prevent yielding in the hoop direction. More impor- |

tantly, conducting the experiments in this way incorporates biaxial stresses. |
|

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

Past results and future plans are summarized in the following sections.
4

I
2.4.1 Summary of Results to Date |

.

Results to date have concentrated on three specific areas: (1) development of !
an experimental method for conducting axial membrane experiments on through- I
wall-cracked pipe, (2) completion of three pipe fracture experiments, and (3) '

comparison of the pipe fracture results with net-section-collapse predictions !
using the PZSC. The results obtained in these three areas are summarized
below.

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

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

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

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

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

Comparison of experimental data with net-section-collapse failure loads is
discussed in detail in Reference 2.4.2 and is shown in Figure 2.4.1. The
trend observed in Figure 2.4.1 is similar to that observed for both through-
wall-cracked pipe and surface-cracked pipe under bending. This trend illus- !

trates that when the plastic-zone size is significantly less than 1.0, the
applied stress at maximum load is significantly less than the net-section-
collapse stress. Thus, Figure 2.4.1 assisted in explaining why past data from
Eiber and others (Ref. 2.4.4) failed at such low stress levels. In these
cases, the pipe size and toughness combined to produce constrained plasticity
at the crack plane,

2.4.2 Discussion and Future Plans

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

Montnal nostnal Test
Experi- Pipe Wall Tempera-

ment Diameter. Thickness. Flaw (a) ture.
No. Pipe Material inch (mm) frc.h (mm) Type 2c/uD(b) 2a/sD(C) d/t(d) F (C)

| 7 4121-1 SA-376 TP304 SS 6 (152) 0.562 (14.3) TWC 0.37 N/A N/A 550 (288)
'

$ 4121-2 SA-376 TP304 55 6 (152) 0.562 (14.3) CC 0.37 1.00 0.72 550 (288)
4121-3 SA-376 TP304 SS 6 (152) 0.562 (14.3) SC N/A 0.50 0.70 550 (288)

412t-4 SA-333 Grade 6 10 (254) 0.712 (18.1) TWC 0.37 N/A N/A 550 (288)
'

4121-5 SA-333 Grade 6 10 (254) 0.712 (19.1) CC 0.37 1.00 0.72 550 (288)
4121 6 SA-333 Grade 6 10 (254) 0.712 (18.1) SC N/A 0.50 0.68 550 (288)

(a) TWC = Through-W.11 Crack
SC = Surface Crack

| CC - Complex Crack.

| (b) 2c is the total through-wall circumferential crack length, D is the pipe diameter.

| (c) 2a is internal surface crack length.

(d) d is internal surface crack depth, t is the pipe thickness.
|
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Table 2.4.2 Comparison of pipe fracture data under axial menbrane stress.

Experiment 4121-1 4121-3 4121-6

Olaneter, inches (es) 6.625 (168) 6.625 (168) 10.75 (273)Actual well thickness, inches (mm) 0.507 (12.9) 0.500 (12.7) 0.615 (16.4)
Material type SA-376 TP304 SA-376 TP 304 5A-333 Grade 6
Pipe 1.D. OP2-A23 DP2-A248 DP2-F9

Surface crack depth / thickness N/A 0.68 to 0.75 0.67 to 0.69
rf Crack length, degrees 139 1810 180

Yield stress at 550 F (288 C), psi (MPa) 20,100 (139) 20,100 (139) 34,700 (239)
Ultimate stress at 550 F (288 C), psi (MPa) 65.200 (449) 65,200 (449) 76.500 (527)
Internal pressure at initiation, 3,900 (26.9) 6.050 (41.7) 6,100 (42.1)

psi (MPa)

Internal pressure at max. load, psi (MPa) 4,365 (30.2) 6,075 (41.9) 6,300 (43.4)
Initiation load / max. load 0.893 0.996 0.968
Nominal longitudinal stress at

max. load, psi (MPa) 11.065 (76.3) 18,605 (139) 25,955 (181)

rees 6-7(a) 20-22(b)Final crack opening angle, gn (mm2) 5.97 (3.852)(a) 59.8 (38,580)(b)Final crack opening area, i
Final kink angle of pipe, degrees 2.2-2.5 10

(a) Crack extended along initial surface crack region.
(b) Crack grew 4 inches (102 mm) past the end of the surface crack.

_ .- _ . ., -- - _ _ .
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increase the failure stress in the pipe. This behavior is discussed in
Reference 2.4.1.

Future work involves fabric 1 tion and testing of the final experiment on a
10-inch (254-mm) nominal diameter carbon steel pipe with a through-wall crack.
A bladder for this pipe fracture experiment has been ordered. This bladder
should be received in early January 1988, and the experiment will be conducted
by April of 1988.

References for Section 2.4

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

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

,

March 1986.
|

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

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

2.4.4 Eiber, R. J., Maxey, W. A., and Duffy, A., "Investigation of the
Initiation and Extent of Ductile Pipe Rupture", BMI Report 1908 to
the AEC, June 1971.
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2.5 Fracture Behavior of Weld-Overlay Repaired Pipe

(P. Scott and G. Wilkowski)

t' eld-overlay repairs (WOR) are a common and acceptable means of repairing
stress-corrosion-cracked stainless steel pipes in boiling-water reactor (BWR)
plants in the U.S. and some foreign countries. In the U.S., the current design
procedure for weld overlays follows the ASME Section XI IWB-3640 analysis
p*ocedure (Ref. 2.5.1), which is based on a modification of the net-section-
collapse analysis. It is generally assumed that since WORs are fabricated
using a gas-tungsten-arc welding (GTAW) process, which produces a relatively
high-toughness weld metal, their failure stresses should be adequately pre-
dicted by the relatively simple net-section-collapse or IWB-3640 analyses.

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

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

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

2.5.1 Review of Topical Report on Weld-Overlay Repairs

The WOR technique involves applying multiple layers of weld metal that is
resistant to intergranular stress corrosion cracking (IGSCC) over the cracked
pipe section. The design thickness of the weld overlay is based on the spirit
of the flaw acceptance evaluation procedures incorporated in the ASME Boiler |

and Pressure Vessel Code, Section XI, Article IWB-3640 (Ref. 2.5.1). NUREG-
'

0313 Revision 2 (Ref. 2.5.2) guides the implementation of the procedures
outlined in IWB-3640 in the case of weld-overlay design.

Prior to this research, no experimental pipe fracture data existed to evaluate
the design procedures and guidelines outlined in IWB-3640 and NUREG-0313
Revision 2. The objective of this research is to develop experimental data for
cracked pipe sections repaired by the weld-overlay technique so that the design
procedures and guidelines embodied in these two documents may be assessed. As
a result, the Office of Nuclear Reactor Regulation (NRR) will be in a ' ettero
position to evaluate proposed overlay designs submitted for their considera-
tion.
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Four full-scale pipe fracture experiments were conducted as part of this pro-
gram. In each case, a circumferential through-wall fatigue crack was repaired
with a weld overlay by NUTECH Engineers using their current in-plant proce-
dures. The repaired pipe sections were tested under combined pressure and
four-point bending. The pressurizing medium was subcooled water, and the test
temperature was 550 F (288 C).

The stresses at failure for each of these experiments were compared with the
predicted failure stresses from the IWB-3640 analysis. As part of this analy-
sis, two different flaw sizes were considered. The first was a flaw com-
pletely through the original pipe wall for the entire circumference of the

i

pipe. According to NUREG-0313 Revision 2, this is the flaw size to be used in |
the design analysis for a Standard overlay. An overlay designed according to '

the design guidelines provided in NUREG-0313 Revision 2 for a Standard overlay
is suitable for long-term plant operation provided that the overlay is i

inspected periodically in accordance with NRC guidance and subject to NRC |
approval. The Standard overlay is the design basis most commonly used today
in weld-overlay design in the United States.

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

As a result of the four WOR pipe experiments conducted as part of this effort, !

several comments can be made. Each of the four test specimens failed, or were
| on the verge of failure, at a stress level significantly higher than that

predicted by the IWB-3640 analysis for a Standard overlay design. Thus, for|

the crack geometries evaluated herein, the margins of safety associated with '
,

the Standard overlay design are somewhat greater those used in the Code.
Similarly, each of the four test specimens failed, or were on the verge of
failure, at a stress level higher than that predicted by the IWB-3641 tables
for the Limited Service design. However, when the IWB-3640 Source Equations
were used in the Limited Service overlay design analysis, two of the four test
specimens failed at a stress level lower than the predicted value. This fact
poses an interesting question: if the crack to be repaired is a long (that
is, 360-degree), deep crack, such as that found in service at the Duane Arnold
Plant (Ref. 2.5.3), would the Standard overlay design analysis, which is
generally used in service, always underpredict the failure stresses? For such
a crack, the differences between the IWB-3640 Source Equations and the
IWB-3641 tables are insignificant. Furthermore, for such a crack the extra
conservatism embodied in the Standard overlay design analysis, from assuming
that the crack is completely through the original pipe wall for the entire
pipe circumference, is reduced. Therefore, the differences in predicted
failure stresses from the Standard overlay design analysis and the Limited
Service design analysis, where actual flaw dimensions are used, could be
minimal,

,

j An additional point to be addressed at this time is the ramifications of
attempting to take credit for the higher strength of the weld-overlay material
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I

in the limit-load analysis. It could be argued that, since one assumes in this
analysis that the crack is completely through the original pipe wall, one
should be able to take credit for the higher-strength weld metal. For the
experiments conducted as part of this effort, if the flow stress were defined
as 1.15 times the average of the yield and ultimate strengths of the overlay <

'

material (as suggested in Ref. 2.5.4), then the actual failure stresses would
have been only 80 to 88 percent of the predicted limit-load stresses when
actual flaw dimensions are used in the analysis (that is, a Limited Service
overlay) . Hence the weld metal strength should not be considered in a WOR
analysis.

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

,

analysis based on defomations or strains might result in a much higher safety
factor than the load-based analysis.

WORs offer several additional advantages besides structural reinforcement. The '

radial shriakage induced by the welding process produces a favorable compres- |

sive residual stress state on the inner surface of the weldment (Ref. 2.5.5). '

Also, the low-carbon, high-ferrite Type 308L weld metal used for the overlays
is more resistant to IGSCC than sensitized Type 304 stainless steel (Ref.
2.5.5). Both of these factors tend to mitigate the further propagation of an
IGSCC, unless the IGSCC propagated along the heat-affected zone (HAZ) at the
pipe / WOR interface.

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

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

1

Although the research described herein has significantly increased knowledge of |
the fracture behavior of cracked pipe sections repaired by weld overlays, a few Ilingering questions remain. For each of the test specimens evaluated as part 1

of this effort, a circumferential through-wall crack in the base metal was
repaired using the weld-overlay technique because it was the simplest case to
analyze. Recent results from the Degraded Piping Program (see Section 2.7.2 in
Ref. 2.5.6) indicate that the fracture resistance along the fusion line of
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a shielded-metal arc weld (SMAW) was lower than along a crack in the center of
the SMAW. Since IGSCC cracks may grow along the fusion line, a question arises
of how a surface crack would behave in this low-toughness location. Would the
higher-toughness, weld-overlay material arrest such a crack, or would it
continue to propagate through the thickness in much the same manner as observed
in each of the experiments conducted to date?

Another question is how a long internal surface crack, as found in service at
the Duane Arnold Plant, would behave. Past Degraded Piping Program experiments
have shown this type of flaw geometry to offer very poor tearing resistance
(Ref. 2.5.7). Once the internal surface crack broke through the wall, would it
in some situations continue to propagate around the pipe circumference? . In
past experiments conducted as part of this effort, the amount of elastic energy ;

stored in the piping system has been low enough that, once the crack broke i

through the wall, it propagated only to the ends of the internal surface crack.
If the initial crack had been a long internal IGSCC, could it have propagated
long enough to result in a complete pipe break at BWR conditions and at i

compliance levels representative of BWR piping systems? Further research is |
required to answer s,uch questions.

Finally, neither IWB-3640 nor NUREG-0313 Revision 2 specifies what values are
to be used for diameter or thickness in the design analysis. Are the original
pipe diameter and thickness, the diameter and thickness of the repaired cross i

section (pipe plus overlay), or some combination of the two to be used in the
design analysis? A computational round-robin conducted as part of this effort
showed no general consensus of which terms are to be used among individuals i
with experience in the design of weld overlays. Additionally, not all design- !

'ers used the ASME Code Class I piping stress equations, some used the Class II
piping stress equations. ;

References for Section 2.5 [

2.5.1 ASME Boiler and Pressure Vessel Code, Section XI, "Rules for In- i

i Service Inspection of Nuclear Power Plant Components", Article IWB- !
; 3640, Evaluation Procedures and Acceptance Criteria for Austenitic |

| Piping, Winter 1985 Addendum, i

!

1 2.5.2 Hazelton, W.S., "Technical Report on Material Selection and P%ss- |
! ing Guidelines for BWR Coolant Pressure Boundary Piping", uraft i

Report, NUREG-0313 Rev. 2, June 1986. I

2.5,3 U.S. Nuclear Regulatory Commission, "Investigation and Evaluation of
Stress Corrosion Cracking in Piping of Light Water Reactor Plants", l
NUREG-0531, Chapter 7, February 1979. I

\ |

t 2.5.4 Kanninen, H. F., and others, "Instability Predictions for Circum- )
ferentially Cracked Type 304 Stainless Steel Pipes Under Dynamic

i Loading", Final Report on EPRI Project T118-2, EPRI Project Number
NP-2347, April 1982. '

,
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2.6 Stainless Steel TIG Welds
(M. Nakagaki, and F. Brust)

One of the major concerns regarding integrity of nuclear power plant piping is ;

the behavior of cracks in girth welds. The objective of this effort is to ;

assess the accuracy of J-estimation methods when applied to the analysis of !
specimens containing high-strength welds. Because of the higher strength of ,

the weldment, the base metal adjacent to the weld metal can experience consid- '

erably larger plastic strain than the weld metal. When the size of the weld-
ment is a small portion of the specimen (or structure), the base metal can !
undergo extensive plastic deformation compared with the contained deformation !

in the weld metal.

The experimental and analytical efforts have been completed, and a topical ;

report on those results has been written:

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

! A summary of results from this report i.s given in the following section. It ;
includes a comparison of failure loads predicted by several J-estimation

' scheme methods for a circumferentially through-wall-cracked, tungsten-inert- ,

gas (TIG) welded pipe specimen tested by the David Taylor Research Center )
(DTRC). |

'

|

2.6.1 Summary of Results Reported in Past Semiannuals j
i

The objective of this effort was to evaluate the significance of a through-
wall crack in the center of a stainless steel TIG weld. Of particular

|interest is the fact that the weld makes the structure materially nonhomoge- i

neous. All of the J-estimation schemes used for specimen or piping analyses I
are based on a homogeneous structure or specimen. Therefore, before making |

this evaluation, the theoretical basis for evaluating a crack in a weld was,

'

evaluated. This involved conducting finite element analyses of TIG-welded
C(T) specimens and a circumferential through-wall crack in a pipe. TheC(T)|

specimen tests were conducted at Battelle. Both welded specimens were tested,i

and all base metal specimens were tested to provide a reference. The pipe
'

test was conducted at the DTRC (Ref. 2.6.1). The C(T) specimens were made
from plate with approximately the same thickness as the pipe. Both C(T) and
pipe specimens were tested at 550 F (288 C).

; C(T) Specimen Evaluations

During the initial stages of this work, the validity of the J-integral for a
crack near a bimaterial interface, such as a weldment, was theoretically,

examined. This examination, and a f.inite element verification, showed thatd

the J-integral is path independent even if its contour path traverses the
material interface. This path independence exists as long as the loading is

j monotonic and the crack is parallel to the weld (Figure 2.6.1). However, it

2-70

I

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



CO.'ITOUR RADIUS , m

,e 2 4 s e le
I I i i .L 12ee

0 J
sees -

leseO raTp* -

A h"
sees -

.a
ese7 - m

G| c g) - ,-gi=
g - -

r,4,_ . rg7- ,-J 3'', 4eos -

o ;-- ,

see $-g
Ei$ 3ese -

E O
$

~

TIG WD.D BASE: ; 4ee-

2ess -

P

2ee-
3 gag

' '

.'3
e s

e .I .2 .4

CONT 0UR RADIUS, INCH |

l
Figure 2.6.1 Path independence for the integral parameters at incipient '

crack growth in the TIG-welded C(T) specimen.

T-4806-F13
!

i,

1

2-71

.

1



_ _ _ . __ __ _ _ _ _ _ .__ _ .. _ _ _ _ _ __

!

i

is well known that under a local unloading caused by ductile crack growth, J
| can become significantly path dependent. For this reason, the near-crack-tip

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

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

gested. (Actually I, a cumulative value of AI * over load increments, wasp

!,
used.) The parameter I has the same units as J. It was theoretically proven
and numerically verified that I reduces to zero under proportional loading

1 (that is, when deformation plasticity is not violated) even in the presence of
i large plasticity. It was also shown that I monotonically increases during

crack growth. A qualitative consistency between I and the w parameter .

i

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

recognized. |

For the 0.5T TIG-welded C(T) specimen, the 3T TIG-welded C(T) specimen, and
j the 3T base-metal stainless C(T) specimen, the behavior of near-crack-tip

parameters during crack growth was investigated and compared with the behavior
of J. T*, (IAT *), and J remained relatively constant, creating a large; p

discrepancy between these two parameters and the far-field J, which monoton- |

ically increased (see Figure 2.6.2 as an example). The CTOA behaved in a
,

manner similar to T* and J (see Figure 2.6.3).
i

! Pipc Finite Element Method Analysis
'

A TIG-welded 4.5-inch- (114-mm-) diameter Type 304 stainless steel pipe with a,

circumferential through-wall crack, tested at the DTRC, was analyzed by a 3-0
finite element procedure. The calculated values of load versus load-line'

displacement are compared with the experimental results in Figure 2.6.4. The !

agreement is good until initiation, but the loads are underpredicted aft u.

1 crack initiation. This is typical for finite element analysis of througt-
I wall-cracked pipe. For computing J, the virtual crack extension (VCE) method

and the n-factor J-estimation method were employed. The calculated VCE J- and -

t n-factor J results are shown for the circumferential crack growth in ;

| Figure 2.6.5; the J -R curve calculated from the TIG-welded 3T C(T) specimen0is also shown in Figure 2.6.5 for comparison. Reasonable correlation between,

i J values during the crack growth in the pipe and C(T) specimens was found.
.

!

Pipe J-Estimation Scheme Analysis

! The use of simple J-estimation methods to predict the lcad versus load-line !

displacement response of the TIG-welded 4.5-inch (114-mm) outside diameter,

; pipe was made. Since a welded structure is a bimetal composite, using the
| base metal Ramberg-Osgood constants and the weld metal J-resistance curve gave j
i 2-72
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better prediction for this experiment than using the weld metal stress-strain
curve. Figure 2.6.6 shows the predicted load versus load-line displacements
for the pipe using five J-estimation schemes: the EPRI/GE, NUREG/CR-3464,
LBB.NRC, LBB.BCL1, and LBB.BCL2 methods. The details of the recently devel-
oped LBB.BCL1 and LBB.BCL2 methods are fully described elsewhere (Ref. 2.6.3).
In these predictions, the computed J -R curve from the TIG-welded 1.5T C(T)D
specimen was used. The results show that the EPRI/GE method gave the most
conservative estimation (that is, underprediction of the load-displacement
relationship), and the LBB.BCL predictions most nearly agreed with the exper-
imental results. This trend is consistent with comparisons with pipe experi-
ments on cracks in the base metal. The predictions of displacement past max-
imum load of the TIG-welded pipe test for all methods were not accurate as
displacement predictions made for base metal pipe tests (see Ref. 2.6.3).

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

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

2representative J value of 3,100 in-lb/.in2 (0.543 MJ/m ) for the base metal
stainless steel plate of the same thickness. Figure 2.6.7 shows the results
of the TIG-welded specimens for the various D/H ratios. It is evident that
J (weld)/J (base) varies with D/H, but a correlation between the C(T) speci-i i :

mens and the pipe can be seen. Also shown in Figure 2.6.7 are the results of4

1-inch- (25.4-mm-) thick SAW C(T) specimens, for which the Jj values are
2normalized by a representative value of 14,000 in-lb/in2 (2.45 MJ/m ). The

2value of 14,000 in-lb/in2 (2.45 MJ/m ) is the Jj value for the base metal

|
plate of the same thickness. Thus, initiation toughnesses of the two weld-

; ments and their tre. over the ratio of weld to specimen size can be compared
with the toughness of the base metal stainless steel. The apparent higher
toughness of the TIG weldments and the considerably lower toughness of the SAW i

are apparent in this figure.

;
'

References for Section 2.6
i
i 2.6.1 Hays, R., Vassilaros, M. G., and Gudas, J. P., "Fracture Analysis of
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2.7 Stainless Steel Flux Welds
(F. Brust, D. Guerrieri, G. Kramer, M. Landow,
C. Marschall, M. Nakagaki, P. Scott,
andG.Wilkowski)

The objective of this evaluation is to verify the fracture behavior of cracks
in stainless steel flux welds. For BWR piping, cracks generally occur in the
HAZ. In a few cases (Ref. 2.7.1) cracks have occurred in the weld metal or
have grown up the HAZ and followed the fusion line. Since stainless steel
flux weld metals exhibit significantly less toughness than the parent stain-
less steel pipe material, this is a concern for flaw acceptance and pipe
fracture analyses. The ASHE Section XI IWB-3640 flaw evaluation procedure has
been revised to account for the reduced weld metal toughness.

To better understand the fracture benavior of stainless steel flux welds and
to provide validating data for the ASHE flaw evaluation procedure, laboratory
specimen tests and full-scale pipe fracture experiments were conducted.
Analyses were carried out to evaluate laboratory and pipe fracture specimens
with cracks ir stainless steel flux welds. Since the last semiannual report,
a topical report on this werk has been published:

"Analysis of Experiments on Stainless Steel Flux Welds", G. Wilkowski and
others, NUREG/CR-4878, April 1987.

This topical report completed the efforts in this area; it is summarized in
the following section. Similar work on carbon steel flux welds is presented
in Section 2.10 of this report.

2.7.1 Summary of Results

The effort; in this section involved the following activities:

Material characterization of an SAW in both as-welded and the
*

solution-annealed conditions

Testing of 1-inch- (25.4-mm-) thick planfonn-sized C(T)a

specimens (also see Section 3.3)

Surface-cracked and through-wall-cracked pipe fracture experiments*

on the as-welded and the s,lution-annealed welds

J-estimation scheme analyses of the pipe experiments*

Evaluation of net-section-cellapse analysis, PZSC, and the ASME IWB-.

3640 analysis procedure for circumferential1y surface-cracked pipe

Finite element analysis of. one through-wall-cracked pipe experiment.a
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Results From Material Characterization Efforts |
,

Material characterization established that stainless steel SAW metal possesses ;

: much lower toughness than the parent material. Figure 2.7.1 compares the Jg-R t

curves from 1-inch- (25.4-mm-) thick, IT C(T) SAW-and Type 304 stainless steel |
base metal. A possible reason for the inherently low toughness of the SAW ;

metal is that it possesses a higher oxygen content than does TIG weld metal. '

TIG-weld metal exhibits much better toughness, comparable to that of the :
,

'

parent plate, than SAW metal. This may also reflect the prosence of more :
inonmetallic inclusions from the flux welding process.

The effect of solution-annealing on SAW metal behavior was also examined. Thed '

yield strength of the solution-annealed material was only slightly more than r

one-half that of the as-welded material. The ultimate tensile strength (UTS) |
was about the same for both (Figure 2.7.2). The J-R curve was only slightly !

; higher for the solution-annealed weld than the as-welded metal (Figure 2.7.3). !

l

) A few FWFN(T) specimen tests were conducted in which the crack initiated in
the HAZ of an SMAW. When the crack grew into the fusion line, the crack'

growth resistance in terms of the CTOA was about half the CT0A of a crack in
the center of the SMAW metal. This implies that the fusion line toughness is

.

lower than the flux weld metals. If further data are developed to substan- '
#

tiate this, then flaw assessment criteria and pipe fracture analyses should be i
'

based on the fusion line toughness rather than the weld metal toughness. This !
could affect the IWB-3640 criterion. (

|
'

Results from Full-Scale Pipe Tests !

Seven full-scale pipe fracture experiments were conducted to determine the
effects of the lower toughness of the as-we'ded and solution-annealed weld ;

procedures on the fracture behavior of six SAW cracked pipes and one SMAW :
! cracked pipe (Table 2.7.1). Two experiments involved identical circumferen-
; tially through-wall-cracked pipes, one with the crack in an as-welded SAW and !

the other with the crack in a solution-annealed SAW (Figure 2.7.4). Two '
1

| others involved identical circumferentially surface-cracked pipes, one with
- the crack in an as-welded SAW material and the other with the crack in a i

solution-annealed material (Figure 2.7.5). In each case, the solution- !

annealed specimen failed at a lower load than its as-welded counterpart. The |
amounts of the reductions in failure loads were consistent with the lower flow t

stress levels associated with the solution-annealed weld metal. In other
words, the ratios of the failure loads approximately equalled the ratios of |
the flow stress levels of the weld metals. From this, it was found that

'

solution-annealing does not enhance the SAW pipe's load-carrying capacity, a
finding which is consistent with the weld metal tensile test results, but not
the C(T) specimen results. This poses a potential problem with J-estimation i

scheme analyses, in which the base metal strength is used. These results i
indicate that the weld metal strength can be an important parameter. Perhaps I

an effective stress-strain curve combining weld metal and base metal proper- |

ties should be used.
;
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Table 2.7.1 Sumary of stainless steel, flux weld, and pipe bend tests
at 550 F (288 C)

.

1 2
Test Diameter Thickness Weld Crack 2c/r0 d/t Pressure

: No. in.(m) in. (m) @ Type

4141-1 6 (152) 0.56 (14.3) SAW TWC 0.37 1.00 No

4141-2 6 (152) 0.58 (14.8) SAW SC 0.50 0.642 Yes

4141-3 16 (406) 1.03 (26.2) SAW TWC 0.37 1.00 No

4141-4 16 (406) 1.03 (26.2) SAW SC 0.5 0.666 Yes

4141-5 6 (152) 0.55 (14.3) SAW-SA TWC 0.37 1.00 No |

4141-6 16 (406) 1.04 (26.4) SAW-SA SC 0.50 0.686 Yes

4111-528(711) 1.19 (30.2) SMAW TWC 0.37 1.00 No

j

!
t

!

| ;

I SAW-SA = SAW in solution-annealed condition. 1
,

2 TWC = through-wall crack: SC = surface crack.
,

!
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Evaluation of Net-Section-Collapse,
Plastic-Zone, and the IWB-3640 Analyses

The results of the seven flux weld experiments were used to further evaluate,

the net-section-collapse analysis, the dimensionless plastic-zone analysis, andi
j the IWB-3640 analysis procedure as modified for flux welds. The net-section

collapse analysis overpredicted the failure loads in all the experiments. This,

| result is not surprising, given the relatively low toughness of the weld
i metals. When weld metal tensile properties and Jg values are used to calculate

the plastic-zone parameter, the dimensionless plastic-zone trend curve reveals
the factor by which the net-section-collapse analysis must be derated to
correctly predict the failure load. Figure 2.7.6 shows the through-wall-,

cracked pipe results, and Figure 2.7.7 shows the surface-cracked pipe datai

comparisons based on the dimensionless plastic-zone parameter. As is evident,,

the results from the seven plastic-zone experiments agreed well with the
empirical trend curves for the dimensionless plastic-zone analysis. A simpli--

fied, statistically based plastic-zone parameter design curve, shown in Figure
2,7.8, was subsequently developed on all the data in the Degraded Piping
Program (Ref. 2.7.2).

I
r i

The SAW experimental results showed that the IWB-3640 source equations, as I
;

| modified for SAW metal, underpredicted the failure loads by 20 to 47 percent.
i Thus, the use of the IWB-3640 tables, which contain additional factors of !

,

; safety, would give an even higher margin of safety than initially advertised
|for the failure loads. For the SMAW pipe test, the factor of safety was less i

,

than 1 percent. This difference between the SAW and SMAW results is partially,

because the SAW pipe tests were smaller-diameter pipe experiments, anc' the fluxt

|weld stress multiplier in the Code for small diameter pipe defaults to a value '

for 24-inch- (610-m-) diameter pipe. Thus, the flux weld stress multioliers
used for the SAW experiments were artificially high. !

,

An interesting) finding was made when ~ reviewing the J-R curve data from a 28-inch- (711-mm- diameter pipe that was removed from the main recirculation line,

-

of the Nine Mile Point BWR nuclear power plant. While dccumenting the pedigree4

:

of the weld procedure, it was found that all the welds at that plant were "

i SMAWs. This was an interesting discovery, in that the ASME Section XI IWB-3640
flux weld criteria used a J-R curve from a weld removed from the same recir - l

i culation line, believing that it was an SAW. The criteria, given in Reference I

i 2.7.3, claims a higher toughness for SMAW than SAWS, but the results from this il investigation showed that the SAW and the SMAW metals were close to each other '

; in toughness. Consequently, only one stainless steel flux weld correction
should be needed in the ASME IWB-3640 criteria.'

l
1

; J-Estimation Scheme Analyses !
!

t

| Various J-estimation schemes (EPRI/GE, NUREG/CR-3464, LBB.NRC, LBB.BCL1,
tLBB.BCl2) were used to predict crack initiation loads and maximum loads for4 "

! several of the full-scale, SAW through-wall-cracked pipe experiments. The i
j various schemes gave reasonable, if not always conservative, estimates of the

icrack initiation and maximum loads. With respect to predicting maximum loads,
!

4

'

predictions using the J -R curve were usually less conservative than thoseg L

T
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using the J -R curve. However, predictions of the load versus load-line0
displacements using the J
J -R curve (Figure 2.7.9)g-R curves were more accurate than those using theThe best results were obtained by using the baseD .

metal stress-strain curve and the J -R curve of the weld metal with theH
LBB.BCL1 or LBB.BCL2 methods; an average or lower bound fit to the base metal
stress-strain curve gave similar results. The EPRI/GE method gave the most
conservative but least accurate predictions. Using the Jg-R curve with the
NUREG/CR-3464 and LBB.NRC methods occasionally overpredicted the experimental
loads.

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

Finite Element Analyses

A finite element analysis was conducted for one 16-inch- (406-m-) diameter
through-wall-cracked pipe experiment. The analysis used the experimental
crack growth versus load-line displacement data to calculate the J-R curve and
the loads. Figure 2.7.11 compares the finite element and J-estimation scheme
results with the experimental results, showing that the finite element results
agree well until crack initiation, but underpredict the experimental results
past crack initiation. This is consistent with other finite element results
on a stainicss steel base metal experiment (Ref. 2.7.4) and a stainless steel
TIG-welded pipe experiment (Ref. 2.7.5). Figure 2.7.12 compares the J-R
curves of the finite element analysis and the n-factor analysis from the pipe
experiment with the C(T) specimen J-R curves. The finite element J-R curve is'

higher than the C(T) specimens, which is consistent with the base metal finite
element analysis of the same size pipe (Ref. 2.7.4).

The significance of this investigation is that the finite element analysis
generally gives a conservative estimate of the actual fracture behavior of the
pipe. Several J-estimation schemes exist that can give as good or better
predictions than the more costly finite element analysis. Why the finite
element analysis consistantly underpredicts the experimental results is not
known. This trend, however, may be why the GE-EPRI J-estimation scheme, which
is based on finite element calculations, is consistantly conservative.
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2.8 Circumfet entially Through-Wall-Cracked

and Surface-Cracked Pipe Subjected _to
''

i Combined Pressure and Bending
(D..Guerrieri and P. Scott)

Much of the work on the Degraded Piping Program thus far has been directed at
resolving the fracture behavior of pipe under relatively simple loading
conditions, such as pure bending or pure axial membrane stress. This was

,

necessary to build an adequate theoretical and empirical basis for anderstand- |

ing fracture behavior under various combinations of bending and axial load. ;

However, piping systems in operating reactors are subjected to complex |

combinations of bending, membrane, and in some cases torsional stresses. In !
'

this section, we present the results of on-going studies of thrqigh-wall-
'

cracked and surface-cracked pipes subjected to combined internal pressure and
external bending loads. The results are used to evaluate the applicability
the net-section-collapse analysis method and J-estimation schemet, to combined
loading situations. The following section summarizes results from past
semiannual reports.

;

2.8.1 Summary of R6sults from Past Semiannual Reports

! To evaluate the fracture behavior of circumferentially through-wall-cracked |

| and surface-cracked pipe subjected to combined pressure and bending, the ,

i experimental test matrix outlined in Table 2.8.1 was developed. The test -

matrix includes twelve experiments: four pure pressure expe.% ents , four
Ipure bending experiments, and four combined pressure and bending experiments.

for each set of four experiments, two different pipe materials are evaluated:a
,

one is a 6-inch- (152-mm-) nominal diameter, high-toughres) ;,tainless steel;
7

) the other is a 10-inch- (254-mm.) nominal diameter, lower-toughness carbon
! steel. Additionally, for each set of four experiments and for both materials,

two different initial flaw geometries are evaluated: one is a through-wall
crack whose length is nominally 37 percent of the pipe circumference; the :
other is a surface crack, nominally 50 percent of the pipe circumference in '

length and 67 or 70 percent of the pipe wall thic W ss in depth. As shown in
| Table 2.8.1, ten of twelve experiments have been completed to date.

1 Table 2.8.2 is a summary table of the test conditions and results for the ten
experiments conducted to date. Note that the axial membrane stresses shown in

'Table 2.8.2 are based on the thin-wall 8arlow expression (PD /4t) where D is<

o o
the outside diameter of the pipe. This is the expression used in the ASHE

i Code for Class 1 piping. Tables 2.8.3 and 2.8.4 compare the resulting maximum
j experimenta' stresses from Table 2.8.2 with the predicted net-section-collapse
; stresses. Table 2.8.3 applies to the six surface-cracked pipe experiments,
' and Table 2.8.4 applies to the four through-wall-cracked pipe experiments.
<

3 Note that the pure pressure experiments were conducted as part of t

another subtask of the Degraded Piping Prograft (see Section 2.4 of,

| this report),
i
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Table 2.8.1 Test matrix for evaluating the fracture behavior of
circumferentially through-wall-cracked and surface-cracked
pipes subjected to pressure and bending

Nominal
Xcalaa! f Ia.4laperiment loading Olameter. Flaw OlsensionsNumlier Condition Material loch (mm) Iype(a) 2c/s0 d/L Status

4121-1 Pressure SA-316 TP304 6 (152) IWC 0.31 1.00 Complete
4121-3 Pressure SA-316 IP304 6 (152) SC 0.50 0.70 Complete
4121-4 Pressure SA 333 Gr6 10 (254) IWC 0.37 1.00 To be done
4121-6 Pressure SA 333 Gr6 10 (254) SC 0.50 0.67 Complete
4131-5 Bending SA-316 IP304 6 (152) IWC 0.37 1.00 Complete
4131-6 Bending SA-316 TP304 6 (152) SC 0.50 0.70 Complete
4131-7 Bending SA 333 Gr6 10 (254) IWC 0.31 1.00 Complete
4131-8 Bending SA 333 Gr6 10 (254) SC 0.50 0.67 Complete
4131-1 Pressure + Bend SA-316 IP304 6 (152) IWC 0.37 1.00 Completed
4131-2 Pressure + Bend 5A-376 IP304 6 (152) SC 0.50 0.70 Complete
4131-3 Pressure + Bend SA 333 Gr6 10 (254) IWC 0.31 1.00 To '>e done
4131.-4 Pressure + 8end SA 333 Gr6 10 (254) SC 0.50 0.67 Complete

(*)lut through-wall crack: SC-surface crack.

. - - _ _ _ _ - - _ _ _ _ _ _ _ _ _ _ _ _ - - _ - - _ - _ _ _ _ _ - _ _ - - _ - _ _ _ _ _ _ _ - -. __ _ . - _. __ - - _ _ _ _ - _ _ _ _ _ _ __
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Table 2.8.2. Sununary of test conditions and results of pipe fracture experiments
associated with the combined pressure and bending evaluation.

Ax1al Manlaus
Flaw 8ending Maximus Membrane Antal

Actual Actual Olsenstonless Depth to Stress at Bending Stress at Membrane
Internal outside Wall Circumferential Thtckness Crack Int. Stress Crack Int- Stress

(speriment Flaw toeding Pressure, Otameter. Thick ness, Flaw teng*5, Ratto, tlation. (ob). ttation(b), (ea)(b),
Number Geumetry Material Condition pst (MPa) Inch (mm) inch (mm) 2c/ " d/t kst (MPa) kst (MPa) ksi (MPa) kst (MPa)

4121 3 SC 5A.376 TP304 Pressure Increasing (4) 6.625 0.500 0.50 0.708 -- -- 20.04 20.12
(168) (12.7) (138) (139)

4131-6 5C 5A-376 iP304 Bending -- 6.254 0.563 0.54 0.690 33.62 34.19 -- --

(159) (14.3) (232) (236)
4131 2 SC 5A-376 IP304 Pressure & Bend 3.550 6.627 0.529 U.52 0.709 18.19 19.54 11.12 11.12

4

(24.5) (168) (13.4) (126) (135) (76.7) (76.7)g

1 4121-6 50 5A-333 Gr6 Pressure Increastag(a) 10.750 0.615 0.50 0.670 -- -- 25.42 26.25
o (273) (16.4) (175) (181)

4131 8 SC 5A-333 Gr6 Bending -- 10.655 0.593 0.48 0.678 34.05 36.62 -- --

(271) (15.1) (235) (253)
4131-4 5C 5A-333 Gr6 Pressure & Bend 2.650 10.741 0.654 0.52 0.659 24.10 27.09 10.88 10.88

(18.28) (273) (16.6) (166) (137) (75.07) (75.07)
4121 1 TWC 5A-376 IP304 Pressure Increasing (a) 6.620 0.501 - 0.386 1.0 -- -- !?.73 14.25

(168) (12.9) (87.8) (98.3)
1131 5 TWC SA-376 TP304 Bending -- 6.254 0.549 0.388 1.0 18.24 23.80 -- --

(159) (13.9) (126) (164)
4131-1 IWC 5A-376 TP304 Pressure & Bend 2,500 6.533 0.528 0.370 1.0 0.94 11.62 7.76 7.76

(11.2) (106) (13.4) (61.7) (80.2) (53.5) (53.5)
4131-7 TWC 5A-333 Gr6 Bending -- 10.75 0.719 0.346 1.0 17.47 24.12 -- --

(213) (18.3)- (121) (166)

(a) Pre %5ure monotonically increasing throughout the course of the emperiment.
(h) Antal membrane stress based on thin-wall Barlow espression (P0o/4t) where Do 15 the outside pipe diameter.

_ - _ _ _ _ -
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Table 2.8.3. Comparison of maximum experirental stresses to predict net-section-collapse stress for the six surface
cracked pipe experiments.

t

Maximum Maximum Net-Section- Net-Section-
Bending Axial Collapse Collapse
Stress Memorane Stress (b) Stress (c) (ab + ca) (ab + oa)Experiment Loadin9 (ob). Stress (oa), (al)NSC (02)NSC

Number Materlat Condition ksi (MPa) ksi (MPa) ksi (MPa) ksi (MFan (ca + ol)MSC (ca + 02)NSC

4121-3 SA-376 TP304 Pressure (o) -- 20.12 20.51 21.15 0.981 0.951
(139) (142) (146)

4131-6 SA-376 TP304 Bending 34.19 -- 30.83 31.80 1.109 1.075
(236) (213) (219)

4131-2 SA-376 TP304 Pressure & Bend 19.54 11.12 18.96 20.13 1.019 0.981
(135) (76.7) (131) (139)

y 4121-6 SA-333 Gr6 Pressure (a) -- 26.25 28.63 24.33 0.917 1.079
(181) (198) (168)-

~
4131-8 SA-333 Gr6 Bending 36.62 -- 43.43 36.91 0.843 0.992

(253) (300) (255)
4131-4 SA-333 Gr6 Pressure & Bend 27.09 10.88 32.10 25.36 0.883 1.047

(187) (75.07) (221) (175)

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

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



Idble 2.8.4. Comparison of maximum experimental stresses to predict net-section-collapse stress for the four
through-wall crack pipe experiments conducted to date.

Maximum Maximum Net-Section- Net-Section-
Bending Axial Collapse Collapse
Stress Membrane Stress (b) Stress (c) (ob + oa) (oB + oA)

Experiment Loading (ob). Stress (aa). (al)MSC (02)NSC
Humber Material Condition ksi (MPa) kst (HPa) ksi (MPa) ksi (MPa) (ca + ol)NSC ( a + 02)NSC

4121-1 SA-376 IP304 Pressure (a) -- 14.25 14.89 15.45 0.957 0.922
(98.3) (103) (107)

4131-5 SA-316 TP304 Bending 23.80 -- 21.87 22.70 1.088 1.048
(164) (151) (157)m

$ 4131-1 SA-376 TP304 Pressure & Bend 11.62 7.76 16.10 17.00 0.812 0.783
(80.2) (53.5) (111) (117)N

4131-7 SA-333 Gr6 Bending' 24.12 -- 33.65 28.47 0.717 0.847
(166) (191) (191)

(a) Pressure monotonically increasing throughout the course of the experiment.
(b) Based on a flow stress definition of 1.15 (oy * ou)/2.
(c) Based on a flow stress definition of 35 m.
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Two definitions of flow stress are used to predict the net-section-collapse
stresses in Tables 2.8.3 and 2.8.4. One is 1.15 times the average of the
measured yield and ultimate tensile strengths of the pipe materials, and the
other is a value of 3S as suggested in the ASME Code (Ref. 2.8.1).m

Table 2.8.3 shows that for the stainless steel surface-cracked pipe experi-
ments, the maximum experimental bending and/or membrane stress approached or
exceeded the appropriate net-section-collapse stress in all cases. The flow
stress, which was based on actual material properties (1.15 times the average
of the yield and ultimate tensile strengths), is about the same as the 3Sm
value of flow stress; thus, the above statement is true no matter which value
of flow stress is used.

For the carbon steel surface-cracked pipe experiments, Table 2.8.3 shows that
when actual material properties were used in defining the flow stress, the
appropriate net-section-collapse analysis overpredicted the maximum stress by
10 to 15 percent. This occurs because not all of the assumptions embodied
within the net-section-collapse analysis are being satisfied in the carbon
steel experiments, whereas they are in the stainless steel experiments.

,

! Because the dimensionless plastic-zone parameter for the stainless steel
| experiments is always significantly greater than 1.0, fully plastic conditions

were satisfied and net-section-collapse analysis is appropriate. In contrast,
the dimensionless parameter of the PZSC for the carbon steel experiments is
approximately 0.1. Thus, contained plasticity conditions existed, and conse-
quently, the net-section-collapse analysis is not appropriate.

,

|

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

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

Even though the experiment was the first of its kind, we have no basis for
questioning its data. Figure 2.8.2 is the total applied load versus load-line
displacement record for this experiment. A significant amount of displacement
and associated crack growth was obtained in this experiment after maximum load
was reached. The amount of crack growth experienced durina the course of this

2-1034
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experiment was 0.9 inch (22.9 mm) at Crack Tip A and 1.0 inch (25.4 mm) at
Crack Tip B.

The results from Experiment 4131-1 may be significant as far as the LBB
philosophy embodied in General Design Criterion 4 (GDC-4) is concerned
(Ref. 2.8.2). The procedures outlined in the recent modification to GDC-4
assume that a through-wall flaw exists at the location (s) identified as having
the highest stresses and the poorest material properties. The size of the flaw
should be large enough te ensure that the leak will be detected when the pipes
are subjected to normal operating loads. Next, the flaw size margin is
determined by comparing the selected leakage flaw size with the critical crack
size. Using normal plus safe shutdown earthquake (SSE) loads, a margin of at
least 2.0 between the leakage size flaw and the critical crack size is demon-
strated. Next, the margin is determined by a crack stability analysis in terms .

of apolied loads. Finally, it must be demonstrated that the leakage-sized I
cracks will not experience unstable crack growth even if larger loads (at least
1.4 times the normal plus SSE loads) are applied.

,

,

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

2.8.2 Future Plans

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

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

References for Section 2.8

2.8.1 "Evaluation of Flaws in Austenitic Steel Piping" (Technical basis
document for ASME IWB-3640 analysis procedure), prepared by Section
XI Task Group for Piping Flaw Evaluation, EPRI Report NP-4690-SR,
April 1986.

2.8.2 Federal Register, Volume 52, Number 207, October 27, 1987, 10 CFR
Part 50, pp. 41288-41295.
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2.9 Instability of Surface-Cracked Pipe
in Compliant Bending
(O. Barnes, G. Kramer, M. Nakagaki,
R..Olson, and G. Wilkowski)

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

However, the potential for the failure of a surface-cracked pipe is an
important consideration. Such a failure could result in a double-ended

,
guillotine break (DEGB) under faulted conditions where there would be no

| leakage at normal operating conditions. An important factor controlling the
I potential consequences of such a failute is the effect of the piping system
| compliance or stored elastic energy in the piping system. If the stored

energy in the system is sufficient at the onset of unstable crack propagation,I

a double-ended pipe break may occur. On the other hand, if the stored energy

crack will progress only part of the way around the pipe)pture (that is, the
is not sufficient, only a leak, or at worst, a partial ru

will occur. This
results in much less damage than a double-ended break.

This section of the report describes initial attempts to evaluate circumferen-
tial surface-crack instability and arrest, and quantify the final leakage area
from the failure of a surface-cracked pipe. These results are of interest for
a more general LBB approach, as well as for equipment qualification require-
ments from flooding and for pipe support design criteria (where the break
thrust loads are assessed more realistically). The following sections
summarize efforts in this area.

2.9.1 Initial Development of Instability Analysis Using an
Energy Balance Method

,

The initial efforts in developing an engineering solution to predict the
instability and extent of ductile crack growth during the instability were
first given in Appendix B of our third semiannual report (Ref. 2.9.1). The
following section describes initial denlopment efforts for a general- analysis

,

method that can be used to predict the start of circumferential crack insta- :
bility and to estimate the length of the crack jump, that is, whether it will |
be a small jump or a complete OEGB. Although this method is applicable to any
laboratory specimen and many structures, it is particularly applicable to the ,

problem of assessing the stability or instability of a circumferentially |surface-cracked pipe. This approach incorporates the following: )
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1. Predicting load versus displacement caused by a crack under noncom-
pliant conditions. In this step, the J-resistance curve of the
material is used in the EPFM J-estimation scheme.

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

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

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

l
Predicting the Start of Fracture Instability
in Compliant Pipina Systems

Elastic-plastic fracture instability predictions are frequently made using
(J/T). A common method used to predict

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

Most fracture mechanics specimens and flawed piping specimens exhibit load-
displacement relationships that are similar in shape. These relationships can
be normalized so that the displacement results only from the crack. Predic-
ting this load-displacement behavior requires EPFM estimation schemes, such as
those developed and verified in this program (see Section 3.4 of this report).
These predictions incorporate the material's resistance to ductile crack
initiation and crack growth. J-estimation schemes are the most popular
analytical method, but alternative methods using such fracture mechanics
parameters as CT0A, J, and T * estimation schemes could be developed.
ThepredictionofthestartOfacompliantinstabilityinsuchaspecimenis
simple once the relationship between tae load and the displacement resulting
from the crack (P-6 ) is known. Compliant instability can occur only when thec
displacement is increased beyond the displacement at maximum load. If system
compliance during unloading is greater than that caused by the specime,n's
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tearing, an instability will occur. The criterion for predicting the start of
the compliant instability past maximum load is, therefore:

If (d6 /dP) specimen ( system compliance, then instability starts..
c

If (d6 /dP) specimen > system compliance, then the system is stable..
c

If (d6 /dP) specimen = system compliance, then the system is '.

metastable.

Figure 2.9.2 schematically shows the effects of system compliance on a typical
pipe or specimen P-6 record. For any specimen a variety of (6 /P) values canc c
start an instability. For convenience we will denote the term "6 /P" as thecspecimen's tearing compliance. Note that Figure 2.9.2 includes a minimum
specimen tearing compliance; this is typical. A system whose compliance
equals this minimum compliance may experience only a small crack jump (Aa3 in
Figure 2.9.2) before stability is regained. A system with larger compliance
might require a big crack jump (Aa2 in Figure 2.9.2) before stability is
regained. A load-controlled condition represents infinite system compliance.
This would always result in a complete instability starting at the maximum
load (Figure 2.9.2).

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

Predicting the Start of Instability for
Through-Wall- and Complex-Cracked Pipe

Given the 6 -P relationship for a circumferential through-wall crack in a t

c

pipe, the necessary(Ref. 2.9.3) demonstrated limited instability by utilizing acompliance for the start of an instability is easilypredicted. Joyce
test system made compliant by computer control (Figure 2.9.3).

The efforts on complex-cracked pipe (see Section 2.3 of this report) revealed
that limited instabilities occur in a low-toughness A106 Grade 8 carbon steel
complex-cracked pipe experiment. In that effort the biggest instabilit
occurred when the tearing compliance (that is, 6 /P of the test record)yc of thepipe was at its minimum (Figure 2.9.4). Similar behavior was observed in a
simple circumferential through-wall-cracked carbon steel pipe test
(Ref.2.9.4). Hence, application of this tearing compliance approach to
predict the start of instability is relatively straightforward for through-
wall-cracked or complex-cracked pipe, once the load-displacement relation canbe predicted.

1
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Figure 2.9.4 Load versus load-line displacement records from low-
compliance complex-cracked pipe bending experfments at
550 F (288 C).
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Predicting the Start of Instability for Surface-Cracked Pipe

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

Instability Analysis of Pipes with Short Surface Cracks

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

growth, and the through-wall-cracked pipe P-6 relationship can be predicted, |
the degree of the instability can be approximated. (Note that, for simpli- '

city, only one through-wall-cracked pipe curve was shown in Figure 2.9.5. In
reality carbon and stainless steel pipes would show different through-wall-
cracked pipe curves.)

.

Figure 2.9.6 schematically shows the effect of increasing compliance for a
pipe with a short surface crack. With compliance Ci in Figure 2.9.6, the
surface crack would grow to a through-wall crack of the same length as the
original surface crack. Compliance C2 in Figure 2.9.6 would result in a

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

An important consideration is that the system compliance must be taken from
the higher load of the surface-cracked pipe's P-6 relationship and not fromethe through-wall-cracked pipe's P-S relationship.e

Additional considerations on the predictions of the crack growth during an
instability are discussed in a following section. <

Instability Analysis of Pipes with Long Surface Cracks

For a 360-degree surface-cracked pipe, a slightly different procedure is used
to predict the resultant length of the through-wall crack af ter the surface-
crack instability. In this case, when the surface crack breaks through, it
resembles the complex-crack geometry (Figure 2.9.7). Since the complex-
cracked pipe P-6 curve is significantly lower than the simple through-wall-c
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Figure 2.9.5 Typical load versus displacement records from surface-
and through-wall cracked pipe experiments.
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Figure 2.9.6 Schematic showing system compliance effects on instability
of pipe with short circumferential cracks.
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Figure 2.9.7 Schematic showing system compliance effect on instability
of pipe with a long circumferential surface crack.
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cracked pipe curve, circumferential crack growth will always be greater with a
long surface crack than with a short surface crack in a compliant instability.
For instance, with the system compliance C1 in Figure 2.9.7, the crack might
jump a small distance around the pipe. With compliance C , the crack might2grow further. This amount of crack growth would be much greater than in the
short surface-crack case (using the simple through-wall crack curve in
Figure 2.9.7). A system compliance of C3 (again in Figure 2.9.7) would
produce a DEGB. Note that the compliance for the 360-degree flaw for a
complete break is much less than that for either a short surface-cracked or a
through-wall-cracked pipe.

A critical aspect in this analysis is determining what initial length of the
through-wall part of the complex crack is used to determine the pipe's P-6c
relationship. This can be determined experimentally from low-compliance pipe
tests. An alternative would be to use a circumferential length that is 20
percent of the circumference. Pan (Ref. 2.9.5) showed that with this crack
length, Tapplied is a maximum for a through-wall-cracked pipe.

|
Instability Analysis of Pipes with
Intemediate-length Surface Cracks

For circumferential cracks of less than 360 degrees, the above two procedures
are combined. As shown in Figure 2.9.8, once an intermediate-length surface
cra.r in a low-compliance pipe breaks through, it resembles a complex crack
with a short through-wall-crack length. (Note that a complex crack does not
nece.v **ily have a 360-degree surface crack, it simply has a surface crack
exte arg from the ends of the through-wall crack.) This crack would grow .

unde; increasing displacement to the end of the surface crack length. From
that ; dnt, it would grow according to the simple through-wall cracked pipe ;

P-6 re;'tionship. Hence, by combining the appropriate noncompliant surface-c
cracked, a mplex-cracked, and simple through-wall-cracked pipe P-6 relation- i

e
j ships, this method can be used to predict the degree of the crack instability I
i for any surface-crack geometry.

An Energy Balance Approach to Estimatina
the Magnitude of Ductile Crack Growth Af ter an Instability |

.

To better estimate the magnitude of the ductile crack growth from an |instability, the energy balance approach is used. For instance, if a system
compliance of C1 exists at the start of the instability, the pipe system's
elastic potential energy is

4

System = }P (6 -0 ) = Ai (2.9.1)E i 2 1

(Figure 2.9.9a). However, the energy absorbed by the ductile fracture process
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Figure 2.9.8 Schematic showing system compliance effects on instability
of pipe with an intermediate length surface crack.
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1s schematically shown in Figure 2.9.9b as A1-A. The energy represented by
2

2is the excess system potential energy. This accelerates the crack growthA2and moves the pipe, which in turn causes the crack to grow further. If all

the excess system potential energy (A ) drives the crack further, then the2

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

2
excess system energy. The minimum compliance for a DEGB is, therefore, one in

in Figure 2.9.9d, just equals the remainingwhich the excess system energy, A2
fracture energy the structure can absorb (see A3 in Figure 2.9.9d). Hence, ,

the minimum compliance for a DEGB in a surface-cracked pipe is much less than
that determined in a through-wall-cracked pipe analysis. ;

i In the absence of more sophisticated and accurate models for predicting crack '

i jump length, the above energy balance approach represents a useful engineering
tool.

,

Combined Compliant and Load-Controlled i
i

Instability Predictions

i for combined displacement-controlled and load-controlled stresses, the method
developed in this section can easily be used. Such combined conditions
frequently occur. For example, thennal expansion stresses (displacement
controlled) frequently coexist with dead-weight or pressure-induced axial !

stresses (load controlled). For dynamic loading, the inertial stresses are
frequently considered load controlled, whereas the seismic anchor motion
stresses are displacement controlled. Figure 2.9.10 depicts displaceent-
controlled stresses for a system compliance equal to C . If the load-con-

1
then a DEGB will occur once the surface-trolled stresses are equal to P1

1 > P , where Pg is the maximumcrack instability starts. This is because P M ,

load for the resulting through-wall-cracked pipe (Figure 2.9.10). For a low !

load-controlled stress like P2 in Figure 2.9.10, the system compliance may t

cause the crack to jump to P , but it would not become unstable unless the !
displacement was increased to 6 -4

2

The magnitude of load-controlled tension stresses from internal pressure can i
'' be put in terms of an equivalent bending stress for use in a P-6 relation fore

i a cracked pipe in pure bending. This can be done by simple linear interpola-
tion or by using the detailed nonlinear anal iSection 2.8.1 of this report (Figure 2.9.11)ysis procedures being assessed in '

.
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Figure 2.9.10 Load-controlled and compliant stress interactions
on instability.
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Figure 2.9.11 Tension versus bending load interactions for pipe with
identically sized flaws. (P = axial tension load, R =
pipe radius.)
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Other Considerations

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

It includes no evaluation of fracture speed during the instability.*

(This may be important for a dynamic event.)

The thrust forces from the crack opening may tend to close the*

crack, unless the crack is near a support, such as a vessel nozzle.

Reverse unloading during a seismic event could reduce the cracked*

pipe P-6 relation since cyclic plasticity may reduce the J-R curve.c

Dynamic loadings may increase the cracked pipe P-6 relationship*
c

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

An additional improvement to the previous method involves er,suring that
continuum mechanics requirements are satisfied at the stabilized condition
immediately after the crack jump. Note that the pipe can be modeled by a
small pipe section, V , containing the crack and two springs conriected to thei
section (Figure 2.9.12). In this instance, the plastic deformation is assumed
to be confined within section V . The modeled compliance, C, of the spring

,

t *

includes the compliance of the entirely elastic part of the pipe, V 'ation2 I"
'

addition to the load system compliance. At End 8, the controlled rot
i

(p), which is constantly maintained during the fast crack run, is applied. In r

the energy balance approach, the following conditions are assumed: I
,

1. After the surface crack jump, the surface crack becomes a short
through-wall crack, which will then propagate around the pipe
circumference. The load-displacement behavior of the developed
through-wall crack is approximately consistent with that of an |

,

.

initial through-wall crack of a length identical to the surface
|crack's initial length.

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

crack. ;

3. During the crack jump, dynamic effects such as the high strain rate t

effects on the material properties are not considered. However,
kinetic energy is not neglected. Instead, it is postulated that
kinetic energ/ is absorbed. by further growth of the through-wall

5 crack. |
6
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In this approach, generalized loads are denoted "load", "moinent", and so
far+,h, and generalized displacements are denoted "displacement", "rotation",
and so forth. At the stabilized equilibrium state immediately after the
surface crack jump, the following conditions must be satisfied from the
continuum mechanics point of view:

1. The generalized displacements at A on the body V3 side crd the body
V2 side must be the same, which satisfies a compatibility condition.

2. The generalized loads acting at A on the body Vi side and the body

V2 side must be equal, which satisfies equilibriu:n conditions.

3. The excessive energy released from tne compliance system is totally
absorbed into the Vi section for growing the through-wall crack.
This excessive applied energy is equal to the absorbed plastic
energy from crack growth in the energy balance. |

Based on the assumptions and conditions mentioned above, the generalized load |
(P) versus displacement (6) caused by the crack relationships are schemati- I

cally shown in Figure 2.9.13. The foll.owing discussion delineates the I

improvements made to the energy balance approach. In Figure 2.9.13, the curve
OA represents the P-6 reiationship for the surface-cracked pipe section Vicprior to the crack jump. The cu ne OEDB shows the through-wall-cracked pipe
P-6 relationship. The straight line AD corresponds to the total compliance,cC, of :he piping system. Suppose the onset of instability occurs at the peak

.

'

load at A in Figure 2.9.13. If the system or the pipe has no elastic com-
i pliance, the load will be equilibrated at E after crack growth. However, if

compliance exists at all, the P-S state must stay on curve AD at th6 equi-e

librated condition immediately after the crack jump is arrested. This i
4

equilibration point is designated by C in Figure 2.9.13; the available energy '

(the area FEADCGF) must be equated to the required energy to grow the through- ;

wall crack (namely the area FEDBCGF). Subtracting the common energy area '

FEDCGF, the energy balance is given by W1=W. Note that Line CB is an2 ;

.
elastic unloading compliance of Section V1 with the through-wall crack. From |

2 the present model, with a nonzero compliance, the possible equilibrated state
C after the surface crack jump always resides on th' unloading side of the

; through-wall-crack P-6 curve.e
,

i

| Although many additional improvements could be made, the above approach, using
'

; the superposition of P-6 relationships (for through-wall , surface , andecomplex-cracked pipe) from elastic-plastic fracture estimation schemes and the ;

; energy balance approach to predict crack jumps, now provides a general
.

.i methodology for accurate and simple instability analyses of real flaw geome- !

| tries in ccmplex pipe systems. ,

iA most important point in this approach is that the accuracy of the method can
,

be established by checking the load-displacement predictive capability of the
J-estimation schemes. This has been done extensively in this program for

.

simple through-wall-cracked pipe (Refs. 2.9.6 and 2.9.7) and complex-crackedi .

j pipe (Ref. 2.9.8). For surface-cracked pipe (see Section 2.2.1), an analysis ,

!
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procedure has been developed, but the displacement prediction capability has
not been extensively evaluated. However, it should be noted that the P-6
relationship for a surface-cracked pipe from the J-estimation scheme analysis
need only account for a small amount of crack growth since the load starts to
drop rapidly after passing the maximum load.

,

| Finally, it should also be noted that the through-wall, complex , and surface-
4 cracked pipe P-6 relationships frequently used in the accompanying figureseare actual traces from experiments conducted in the Degraded Piping Program.

The accuracy of this analysis method is highly dependent on how the estimation
relationship for aschemes (using J, CT0A, or T *) can predict the P-6cp,

noncompliant pipe system.i

2.9.2 Verification of the Energy Balance Approach for 1

j Surface Cracked Pipe |
l

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

'

,

a DEGB.
\

'

l The results of these experiments are summarized in Table 2.9.2 and discussed
) briefly below, c

.

,

Finite-length Surface Cracks in Ferritic Steel Pipe,

These experiments were conducted on a 10-inch- (254-mm-) diameter Schedule 100 ,

SA-333 Grade 6 ferritic pipe. The pipe was machined in the crack area to
I obtain a constant thickness; actual thicknesses are given in Table 2.9.1. Two

experiments were conducted on this pipe.'

'

Experiment 4115-1 was conducted with crack depth of 70 percent of the thick-
ness and a length of 42 percent of the circumference. The length of the test
system and the test results are given in Table 2.9.2. This was considered to'

'be a relatively low-compliance experiment and resulted in a limited
| instability (Figure 2.9.14). Once maximum load was reached, the surface crack
! popped through the wall thickness in an unstable manner. The resultant
i through-wall crack was only slightly longer than the initial surface crack.

.'

In this case, the crack propagated less than 0.3 inch (7.6 mm) past each end'

of the machined surface crack,

b
'

4 :
,

,
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Table 2.9.l. Test me:ets for instability espertments on surf ace.crached pipe.

w
Actual Pfpe Pipe Welt

Diameter. Th t(6 mss. Crack length / Crack Depth / Compilance
inches (num) Im h (sum) Material Circumference niall lhtt6 ness tevel

f intte lengt h Cart,on Steel E mpv. .aent s

4115-1 10.440 (265.2) 0.680 (11.3) 5A.333 G- & 0.420 0.100 tow4115-2 10.130 (112.0) 0.674 (17.8) 5A.333 Gr. S 0.430 0.F50 Med

f intte length Stainless Steel E mperiments

4I15-4 6.621 (168.3) 0.581 (14.9) SA.316 IP304 0.520 0.490 tow
4115 5 6.620 (168.7) 0.590 (IS.0) 5A-3/6 IP304 0.415 0.600 towy

a

- 360-Derec Surf ace-Crarhed Stainless $ teel IncertmentsN
* 4115 7 6.614 (16a.0) 0.549 (13.9) 5A-316 IP304 1.000 0.647 Nigh

4115-8 6.612 (161.9) 0.553 (14.0) 5A 316 IP304 1.000 0.626 tow
4135 9 6.610 (168.4) 0.551 (14.0) SA-316 IP304 1.000 0.655 Med

tests tormfu(ted at 550 F (?88 C).

I
. _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - _ _ _ - - _ - - _ _ _ _ _ _ _ _ _ - - _ _ _ - _ - _ - _ _ - _ _ - _ _ - _ _ - - -
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| latic 2.9.2. pesults of surface-cracted pipe instability e periments.
|

1
--.--

. .._

initial
| Outside adall Cr ack Outer Inner Initiation Manicus Cr a(6 /t engt h/

t.periment Diameter. Ihlo ness. Olsensions test Spaa. Span. toad. toad. C.rcumferente
must.cr inches (mm) inthes (mm) Materts' E[eD g/t (umpliance inthes (m) $Mhes (m) pounds (hN) pounds (th) (After Instability)

f inste length (arte Steel I pertarnt 5

4115 1 10.44 (265.2) 0.6a0 (11.3) 5A.333 (.at 0.420 0.700 Medium IIS (4.95)(a) 64 (1.63) 6S.400 (291) 10.500 (314) 0.44
4115 2 10.11 (212.0) 0.674 (11.1) SA.333 Grt. 0.430 0.110 Mrdlum 4$4 (ll.S)(b) 132 ( 3.36) 22.300 (99) 25.800 (Ili) 0.43

i talte length Stainless Steel (operiments

f4
4 4315 4 6.621 (168.3) 0.581 (14.9) SA- 31617 304 0.520 0.490 Med 6um 100 (2.54)(a) 48 (1.22) (e) 91.800 (435) (f)

[ 4115-5 6.620 (168.7) 0.590 (15.0) 5A.31616 304 0.415 0.600 Medium 92 (2.34)(*) 48 (1.22) (e) 52.300 (233) 0.42

| 360 Degree Sarfa<e Cra<hed Stainless Steel (=cer6eents

4115-7 6.614 (168.0) 0.549 (13.9) 5A-316 .P304 1.000 0.641 High 92 (2.34)(*) 48 (1.22) 48.750 (217) S2.S00 (233) 0.95
4115-8 6.612 (167.5) 0.553 (14.0) 5A.376 IP304 1.000 0.626 lo. 60 (1.52)(C) 24 (0.61) 61.860 (215) 63.9uo (285) (g)
411$.9 6.630 (168.4) 0.551 (14.0) 5A.314 iP304 1.000 0.655 Medtus 40 (1.02)(d) 24 (0.61) 141.750 (630) 178. E0 (193) 0.60

__/
(a) Ptpe strongbach used for test frame, f
(t) targe strongbach used f or test f rame. /
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One intermediate-compliance, finite-length surface-cracked pipe eneriment
conducted as part of this effort was Experiment 4115-2. The load versus load-
line displacement record for this experiment is shown in Figure 2.9.15. The
outer span length for 4115-2 was about 2.6 times that for the companion low-
compliance test, Experiment 4115-1. This choice of span length was based on
pretest design calculations indicating this specimen span length should result
in enough compliance to promote unstable crack propagation in the test
specimen once the crack initiated under quasistatic loading. The exact span
lengths were chosen such that the resultant through-wall crack after the
instability event would be well in excess of the initial surface crack length,
but somewhat less than a complete OEGB.

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

Finite-Length Surface Cracks in Stainless Steel Pipe

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

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

Three experiments with different compliances were conducted on the same 6-inch
(152-mm) nominal diameter pipe used in the finite-length surface-cracked pipe

|

,
instability experiments. The results are summarized in Table 2.9.2.

I

l Experiment 4115-7 was the first of the series conducted and it produced some
j initially unexpected results. This experiment almost resulted in a DEGB
j (Figure 2.9.17), even though the experiment was conducted on a fairly short

length of pipe. In retrospect, this behavior was suggested by the energy
| balance approach (see Figure 2.9.7). As noted earlier, af ter penetrating the

.,

!

' wall thickness, a long internal surface crack acts much like a complex crack. ,

The complex-crack geometry constrains the plasticity in the pipe, which
effectively reduces the crack growth resistance of the pipe.

,

f As a result of Experiment 4115-7, the remaining ccmpanion experiments were
conducted with stiffer test frames and shorter lengths of pipe to reducei

I system compliance. For Experiment 4115-9, the inner and outer spans were 24
and 40 inches (0.610 and 1.016 m), respectively. A dynamic instability was
experienced just past the maximum load (Figure 2.9.18). After the instabi-;

lity, the crack length was visually examined and found to be 60 percent of the
pipe circumference. The specimen was then reloaded, and the crack grew stably4

| under further applied displacements. The pipe specimen was occasionally
| unloaded during the further applied displacements to mark the crack front.
4 The objective of the third experiment, 4115-8, was to obtain completely stable

crack growth. This required considerable care in determining how to reduce
; the compliance further from Experiment 4115-9. An instability compliance i

analysis showed that, for the inner spans used, if the outer spans were
| increased, then the system compliance (which includes both the machine !

compliance and the compliance of the uncracked pipe) would first decrease'

before it increased. For the particular test frame used and for the center '
;

| span used and the pipe sized tested, a minimum compliance occurs for a
i specific outer span length. This is illustrated in Figure 2.9.19, which shows

the total compliance - that is, the compliance of the machine and the com-
pliance of the uncracked pipe - as a function of outer span. The inner and ;

outer spans for Experiment 4115-8 were 24 and 60 inches (0.610 and 1.52 m),
j respectively. These span lengths were chosen because pretest analysis t

| indicated that the cracked pipe would be more stable at these lengths. This
system compliance, however, would be on the verge of an instability.I

Figure 2.9.20 is the load versus load-line displacement record for Experiment !
4115-8. Of note is the fact that no instability was associated with this '

experiment: the surface crack slowly tore through the wall thickness. This
agreed well with our pretest analysis. Further details of this analysis ,

procedure will be provided in the final report to this program. ;

,
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2.10 Carbon Steel Flux Welds
(C. Marschall, P. Scott, and G. Wilkowski) ;

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

2.10.1 Sumary of Results Reported in Past Semiannual Reports j

In the Second Semiannual Report (Ref. 2.10.2), the results of a series of
'.

FWFN(T) tests were reported. FWFN(T) specimens are used to simulate the
fracture behavior of surface-cracked pipe; that is, the orientation of the
crack is in the L-R direction and the ligament is essentially in tension. In*

this evaluation, stainless steel and carbon steel specimens were tested, each !
'

including cracks in the base metal, the SAWS, and the HAZ of the SAW. The
objective of this series of tests was to determine the effect of notch acuity

) on the fracture behavior. ;

For the A516 Grade 70 carbon steel weld metal tested at 550 F (288 C), a !

i fracture instability (crack pop-in) occurred with very little prior plastic
defonnation, as is indicated in Figure 2.10.1. Three additional FWFN(T) tests
of the same weldment showed similar behavior: crack instabilities occurred
with relatively little prior plastic deformation, at or before the maximum load .

'

point in the test. It should be noted that the procedure used to make the
welds was obtained from a U.S. pressurized-water reactor (PWR) vendor and that
the weldment was stress relieved. Hence, this behavior was observed for a

,

prototypical weld,

The reason for the fracture instabilities observed in 550 F (288 C) FWFN(T),

tests of SAWS in A516 Grade 70 steel is not known with certainty. Similar
, instabilities have been observed after ductile tearing in other tests of carbon)

steel specimens at 550 F (288 C), including pipe fracture tests and compact
specimen tests. It is currently thought that this behavior is associated with
DSA (see Section 3.1.2)

'

,

! More recent efforts have involved evaluation of large crack growth predictions
: f rom small compact specimens. Both base metal and weld tests were conducted.

The results of the carbon steel weld tests were reported in Reference 2.10.2.
These tests involved the same SAW procedure used in the FWFN(T) tests discussed f

I above. The results of IT, 3T, and 9.5T planform size,1-inch-
| (25.4-mm-) thick specimens are shown in Figure 2.10.2. FortheITC(T)

2
i specimens, the initiation toughness 'of approximately 350 in-lb/in |

2(0.061 MJ/m ) was the lowest initiation toughness value obtained on any
,

j 2-141
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Figure 2.10.1 Comparison of 550 F (288 C) A516 Grade 70 base metal and
Linde 44 SAW FWFN(T) specimen data.
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material in this program. In addition, the IT C(T) specimen resulted in a
significantly higher tearing resistance than the 3T or 9.5T specimens
(Figure 2.10.2). In stainless steel TIG welds, the smaller of variously sized
C(T) specimens also gave much higher tearing resistance then the larger
planform size specimens (Ref. 2.10.3). These results imply the possibility of
a minimum planform C(T) specimen size necessary to obtain J-R curves for
extrapolation to larger amounts of crack growth (see Section 3.3 of this
report).

In the Fifth Semiannual Report from this program (Ref. 2.10.1), the results
from a series of tests evaluating the fracture toughness and tensile proper-
ties of the cold-leg pipe shop weld were reported. Figure 2.10.3 shows a
section through the cold-leg weld. Note that it is a double-vee weld, and the
etched appearance varies from the inside to the outside of the weld. Because
of the different appearance in the metallographic section, side-grooved
1-3/8 C(T) specimens containing a sharp machined notch were machined from the
top and bottom of the weld. The resulting modified J-R curves from the
testing of these specimens are shown in Figure 2.10.4 Note that the inside
weld metal was significantly higher in toughness than the outside weld metal.
Furthermore, both the inside and outside weld metal toughnesses were
significantly higher than that of the SAW shown in Figure 2.10.2.

2.10.2 Progress Since Last Report

Since the last semiannual reoort was issued, progress in this subtask has been
focused in two primary areas. The first was the characterization of material
properties for a cold-leg weld, and the second was the preparation of a pipe
fracture experiment. During this period, a series of 4T C(T) weld tests were
conducted at Materials Engineering Associates (MEA). The weld evaluated in
this series of tests was a shop-fabricated, pipe-to-elbow weld from a section >

of cold-leg pipe. The 4T planform size was selected for testing since it was
the largest specimen that could be machined from a pipe of this diameter and
wall thickness. For these particular specimens, the thickness was approxi-
mately 80 percent of the pipe wall thickness. It was believed that the
fracture behavior of specimens of this thickness would reasonably represent
full-thickness behavior. Choosing near-full-thickness specimens for this
particular weld procedure was especially important since it was a double-vee
weld, whose inside weld metal was significantly higher in toughness than its
outside weld metal (Figures 2.10.3 and 2.10.4).~ In addition, by evaluating
the larger 4T specimen, the resultant J-R curves should be usable for extra-
polation to larger amounts of crack growth. As noted previously, some minimum :

planform C(T) specimen size may(exist to get J-R curves for extrapolation to
i

larger amounts of crack growth see Section 3.3).

The J-R curves for these 4T C(T) weld specimens are shown in Figure 2.10.5.
For Specimens F34W-W1 and F34W-W2 the values of J at crack initiation are

2 (382 MJ/m ) and 2,485 in-lb/in2 2 (435 MJ/m ), respectively.22,180 in-lb/in

In addition to evaluating the fracture resistance of the 4T weld specimens,
the other major effort associated with this subtask was the preparation of a

2-144



(_----- _ . . . - - _ - . _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

i

!

|

I
i

i

I
I

i -o7
E i'

E o~!
' '

y
>

i
c -

! G y--f
'

i ,

j ai,
,'

'

8_-

i i
4 g-g .

_:

I 8-5 U

| 5
i 84

'

! a-E . .

1,

gl . : ,,
, ,

5',

i 84 '

\ N ''
:-

i e
|

'l
,

'
SM428

Figure 2.10.3 Photograph of cross section of a
submerged-arc pipe-to-elbow weld
in a 37-inch (940 m) diameter
ferritic steel cold-leg pipe.

| SA-12/86-F2.10.3

2-145

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



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

,

1

Creek Extension, me
1 0 2.5 5 7.5 10 12.5 15 17.5 20 22.5 25

18 i i i i i i i i i i

3-

1

16 -

p34w.30 (inside) *
x

x
* 2.5x -<g4 _

x we
X Ng

X a12"e x a
-

, , F34W-32 (insidel 2 |5 x e o oD x e o .
'

x e O e i7 10 -

o s i

5 * '
a o' 2

s, x: a 0 25,o F3.W-si (out.idei -

a.
_

xn 7- g
x8 o

I m*
,x o. Submerged-Arc Girth Weld

6
-

-

o in 37-inch (940 mm) 01emeter 1i -

| o Carbon Steel Pipe,
1 o
I 0

m 1-3/0T C (T) Specimene
| y 20 percent side grooved 0.5-

a o Sharp machined notch

L-C Orientetton,

550 F (200 C)
' ' ' ' ' ' ' ' '0 00 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

crack Extension. inch

|

| Figure 2.10.4 Jg-resistance curves illustrating the differences between
'

inside and outside regions of a submerged-are girth weld
in a cold-leg pipe.

!

,

i
,

SA-12/86-F2.10.4 ;

l'

2-146

|
|

._ , _ _ . _



CRACK EXTEtJSION, mm

0 5 10 15 20 25 30 35 40 45 50
350020000 i , i i i i i i i i

I 9
18000 1-

I O - 3000

E16000 -

I x
Il 0

I
- 2500

14000 -

N l Y
o

E I
o *f, 12000 ,; u-

2000 e-s
i Og x y
I O *

7_ 10000
-

| x

N l X Circumferential t' eld in - 1500 7
0 X Carbon Steel Cold-Leg Pipe

" 8000 |-

*
x DP2-F34l 0*

r
0'

l x 4T Planf orm-Size C (T)
6000 - ;[ x 2.G inches (66 mm) thick 1000-

o x L-C Orientation

../ Yested at 550 F (288 C)4000
,

~

al o 0% Side Grooved F34W-W2
2000"

I X 20% Side Grooved F34W-W1
l

0r i i I I I i 1 I I
O

O 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
CRACK EXTENSION, inch

|

Figure 2.10.5 J-R curves for 4T planform C(T) specimens removed from a shop- i
'fabricated pipe-to-elbow weld of cold-leg pipe. (Data

from MEA.)

|
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cold-leg weld pipe fracture experiment. The test specimen for this experiment
is a section of a cold-leg pipe that was removed from a cancelled PWR plant.
The pipe material is A516 Grade 70; the outside diameter of the test specimen
is 36.75 inches (933 m), and the wall thickness is 3.4 inches (86.4 m). The
flaw for this experiment is a circumferential through-wall crack centered in a
circumferential shop-fabricated weld. The loading conditions for this experi-
ment will be four-point bending. The test temperature will be 550 F (288 C).

,

2.10.3 Future Plans

In addition to the cold-leg weld experiment discussed above, two other carbon
steel welded pipe fracture experiments are planned. The test specimens will be
fabricated from a section of 16-inch- (406-mm-) diameter, Schedule 100, A106
Grade B carbon steel pipe. The test welds for both of these experiments will
be fabricated using the same SAW procedure used in the FWFN(T) tests and the
planform C(T) tests discussed above. This is a much lower-toughness weld than
the cold-leg pipe' weld. One experiment will evaluate a circumferential surface
crack in the center of the SAW. The other will involve a circumferential
through-wall crack in the center of the SAW. The loading conditions for both
experiments will be combined pressure and four-point bending. The test
temperature for both experiments will be 550 F (288 C). For the through-wall-
cracked pipe experiment, a special high-temperature bladder will be used to
seal the internal pipe pressure.

.

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

References for Section 2.10

2.10.1 Wilkowski, G. M., and others, "Degraded Piping Program - Phase II",
Semiannual Report, April 1986-September 1986, NUREG/CR-4082, Vol. 5,
April 1987.

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

'

Nakagaki, M., Marschall, C., and Brust F., "Analysis of Cracks in2.10.3;

Stainless Steel TIG Welds", NUREG/CR-4806, November 1986.
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! 2.11 Centrifuaally Cast Stainless Steel
' (G. Kramer, M. Rosenfeld, and G. Wilkowski) |

!
The objectives of this effort are to evaluate the failure behavior of prototy- !

i pical centrifugally cast stainless steel pipe at LWR conditions. Cast stain- |
! less steel is used in elbows, whereas centrifugally cast stainless steel is !

! used for straight pipe. Centrifugally cast stainless steel pipe has been used |
j in Westinghouse primary coolant piping and in Combustion Engineering surge ;

lines. ;>

1 i

Centrifugally cast stainless steels are unusual because of their duplex micro-
structure consisting of ferritic and austenitic grains. The ferritic struc-
ture tends to embrittle at high temperatures over a long period of time; this |
1s known as themal aging. Thermal aging is a concern near the end of mater- ,

4 tal life and for plant life extension. The objectives of this effort are to
:

1 verify limit-load and EPFM estimation schemes for both aged and unaged centri- L

I fugally cast pipes. The aging efforts have been conducted cooperatively with
j Framatome and Argonne National Laboratories. |

The initial efforts in this area are described in the following sections, f
!

2.11.1 Initial Efforts j;
.. I
5 Thermal aging of cast stainless steel pipe is one of the final efforts to be '

i evaluated within the Degraded Piping Program. Prior work has shown that cen- !
- trifugally cast stainless steel with high ferrite and molybdenum content is j
! susceptible to themal aging at 600 F (316 C). Similar findings have been j

reported by Argonne National Laboratories (Ref. 2.11.1). In laboratory spect- !
)

men tests at Argonne, a significant reduction in the J-resistance curve was
|found in aged cast stainless steel material compared with unaged material.
|

'

'

l
. Westinghouse (Ref. 2.11.2) has also evaluated thermal aging of cast stainless
I steel. In this study, 4-inch- (102-m-) diameter pipe fracture experiments !
| containing through-wall cracks were conducted in both the aged and unaged con- |

| ditions. However, for this small pipe size, fully-plastic conditions were i
j easily satisfied (Ref. 2.11.3), even though the fracture toughness of the

|
| material was lowered by thermally aging. For larger-diameter pipe sizes in t

which contained plasticity may occur, the lower toughness of the themally ;

aged material may significantly lower the load-carrying capacity of the pipe. j
1Two different CF-8m centrifugally cast stainless steel pipes will be evaluated '

within this subtask. The first is a 39.4-inch (1-m) length of themally aged
pipe donated to the program by Framatome of France. This material has been
aged to simulate 40 years of service for a hot-leg pipe. The pipe has a
15.75-inch (400-mm) outer diameter and a wall thickness of 1.97 inch (50 m).
Tensile data and fracture toughness data taken from a plate aged at the same
time are listed in Table 2.11.1. Unaged material property data are currently
being assemblej by Framatome and will be made available for comparison with
the aged data.
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Table 2.11.1. Material property data for thermally aged cast stainless steel.
,

! :

1 ;

! I

'l

$ Combustion
Engineering i

FramatomeMaterial(4) Surge Line |
1 !

! Tensile Data
i

! Yleid Stress, psi (MPa) 29.900 (206)(b) 23.900 (165)(c) |

Ultimate Stress, psi (MPa) 87.500 (603)(b) 62,400 (430)(C)

5Young's Modulus, psi (MPa) 25.3x106 (1.747x10 ) N/A
i C

: Elongation, percent N/A 31.7(C) (
Reduction in Area, percent N/A 50.4(C)

i ;

j Fracture Touchness Data j

Charpy V-Notch, (t-lb (J) 17.7 (24)(d) N/A

| J c, in-lb/in2 (kJ/m2) 565-662 (99-116)(b) N/A f
!

dJ/da, in-lb/in3 (MJ/m3) 27,200-41,800 (121-186)(b) N/A |
! I
J t

Data for similar material aged at same time as pipe. Ji

.
Tested at 572 F (300 C) in aged condition. !

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

4 Tested at 68 F (20 C) in aged condition,
j

4

i !

!
;

i

I
1
>

1
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} The second pipe material that will be evaluated is a surge line from a can-
celled Combustion Engineering plant. Three separate sections of pipe, total-
ing approximately 58 feet (17.7 m) in length, were procured for use in this ,

subtask. Two of the lengths also contain cast stainless steel elbows. The<

pipe material is 12-inch- (305-mm-) diameter, Schedule 160, SA 351 Grade CF--

8m. The elbow material is thought to ce the same, but verification of this<

fact has not been completed. Table 2.11.1 presents the results of tensile
; tests on the pipe; Table 2.11.2 lists a chemical analysis conducted on both

the pipe and elbow.

i The majority of this second material is unaged, but several specimens are
! currently being thermally aged at Argonne National Laboratories. The aged

'

specimens include pipe base metal, a pipe-to-pipe girth weld, and several
i pieces of a 45-degree elbow. At the time of this writing, these sections had

been aged at 750 F (399 C) for nearly 20,000 hours to simulate approximately
1

40 to 50 years of service in a cold leg, or 14 to 20 years of service in a hot ;:

, leg. Aging of tha specimens will continue until approximately January of '

j 1988.
,

i
'

2.11.2 Future Plans

To evaluate the effects of aging on full-scale pipe behavior, the four pipe
fracture experiments listed in Table 2.11.3 are scheduled for this subtask.

',

The first experiment will be conducted on the aged Framatome pipe, the final
three on the surge line pipe and a pipe-to-pipe weld. A constant crack
geometry will be evaluated in each of the three surge line pipe fracture

I experiments. The unaged pipe experiment will therefore provide baseline data '

for evaluating both the aged base metal and the aged weld experiments. In
this way, an assessment can be made of the reduction in fracture toughness
caused by thermally aging. Fabrication of the surge line pipe fracture
experiments will begin in early 1988. Future work involves calculating an

j appropriate flaw size for the Framatome pipe experiment. R-6 curve evalua-
tions provided by Framatome will be carefully reviewed in the design of this
experiment, and the final flaw size will be coordinated with researchers at

,

framatome before final approval from the NRC contract monitor.
1

1

References for Section 2.11

2.11.1 Chopra, O. K., and Chung, H. M., "Investigations of the Mechanisms
of Thermal Aging of Cast Stainless Steels", presented at the ACRS
Metal Components Subcommittee Meeting, Columbus, OH, July 2, 1987.

2.11.2 Samford, W. H., and Landennan, E. I., "Thermal Analysis of Cast
Stainless Steel and Its Impact on Piping Integrity", Circumferential,

| Cracks in Pressure Vessels and Piping, Vol. II, ASME PVP, Vol. 95,
1984, pp. 137-172,

2.11.3 Wilkowski, G. M., and others, "Degraded Piping Program - Phase
II", Semiannual Report, April 1985-September 1985, NUREG/CR-4082,
Vol. 3, March 1986.
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Table 2.11.2. Chemical analysis for thermally aged
SA-351 CF-8m cast stainless steel
pipe and elbow.

Element A37-Elbow A37. Pipe

C 0.04 0.04

Mn 0.84 0.93

Cr 19.23 17.88

Ni 9.66 8.80

Mo 3.12 3.37

Si 0.69 0.63

P 0.019 0.019

S |.. ..

Al |.. ..

|

| Ti <0.01 0.012

V 0.07 0.07

i Cu 0.08 0.07

Nb .. -.

Er .. ..

W .. ..

Co 0.07 0.06

i

i

1

1
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Table 2.11.3. Test matrix for cast stainless steel pipe fracture experiment.

Nominal Initial Initial

Pipe Wall Base Crack Crack

Experiment Diameter. Thickness. Metal or Aged or Length. Depth.

Number inch (sun) inch (mm) Weld Unaged Source % Circumference % Wall

4143-1 15.73 (400) 1.968 (50.0) Base Metal Aged Framatome (a) (a)

4143-2 12.75 (324) 1.312 (33.3) Base Metal Aged Surge Line 50 67
,

4143-3 12.75 (324) 1.312 (33.3) Weld Aged Surge Line 50 67

4143-4 12.75 (324) 1.312 (33.3) Base Metal Unaged Surge Line 50 67

All tests conducted at 550 F (288 C); crack geometry = surface crack; loading method = pressure and bend.
'

(a) To be determined.

|

,
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3. SUPPORTING RESEARCh ACTIVITIES

Besides the extensive full-scale fracture investigations and related pipe
fracture analytical developments described in Section 2, the Degraded Piping
Program includes supporting research activities. These are conducted to
establish the characteristics of the materials being investigated and to provide
baseline data for various experiments and analytical developments. Other related
analytical tasks essential to the overall goals of the program were also pursued.
These activities included

Characterization of the properties c * the pipe materials used in the+

program and transfer of data to othe; programs

Investigation of the effect of anisotropy causing crack turning in*

carbon steels

Study of the possible role of dynamic strain aging (0SA) it, carbon*

|
steel fracture at light-water reactor (LWR) temperatures

Examination of specimen geometry effects on J-R curves*

Application of the results of small test specimens in predicting the*

large crack growth behavior exhibited by full-scale piping materials

Development of a user-friendly J-estimation scheme computer code*

Documentation of round-robin efforts.*

I

:

-
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3.1 Characterization of Material Properties
for Pipe Used in Pipe Fracture Experiments
(C. Marschall, M. Landow, and G. Wilkowski)

In the full-scale pipe fracture test matrix, there are approximately 70
experiments that are tests of materials ranging from carbon steel base metal,
stainless steel base metal, Inconel 600 base metal, and centrifugally cast
stainless steel base metals to carbon steel and austenitic stainless steel
weld metal. Each of the pipes used in the pipe-fracture experiments is being
characterized to provide data for the analysts and for the U.S. Nuclear
Regulatory Coninission (NRC) computerized pipe material property database being
developed at Materials Engineering Associates (MEA). In addition, material
property data for pipe from past or current pipe fracture programs were generated
in several cases.

This effort resulted in two unexpected findings, the most significant of which
) were the turning of cracks from the circumferential direction in carbon steels

(possibly due to material anisotropy), and dynamic crack jumps in carbon steels
(possibly due to dynamic strain aging). The material characterization efforts
and the investigations of unanticipated. fracture behavior are summarized in
the following sections.

3.1.1 Summary of Material Characterization Tests
Conducted in Support of Pipe Fracture Experiments

Each pipe that is subjected to a pipe fracture test in this program is
characterized according to the following data:

1. Chemical composition.

2. Tensile stress-strain behavior to the point of fracture at 72, 300,
and 550 F (22,149, and 288 C), using specimens oriented with their
tensile axes parallel to the pipe axis.

3. Ductile-to-brittle transition behavior as determined from Charpy V-
notch impact specimens machined in the L-C orientation and tested
over a range of temperatures. Data obtained include absorbed energy,
lateral expansion, and percent shear of the fracture surface, each
as a function of temperature. Only ferritic steels are subjected to
these tests. In pipes whose wall thickness is not sufficient for a
full-size Charpy specimen, subsize Charpy specimens are used.

4. J-R curves from precracked compact or bend specimens at 300 and 550
F (149 and 288 C) with L-C specimen orientation.

5. J-R curves from sharp machine-notched compact, bend, or full-width-
face-notched (tension) FWFN(T) specimens at 550 F (288 C) or at the
temperature of the pipe test. The tests are designed to simulatethe pipe test. If the pipe test uses a circumferential through-wall

3-2
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flaw, the characterization test will use a compact or a bend
specime:. having the L-C orientation. If the pipe test uses a
circu;.:ferential surface flaw, the characterization test will use
an FWFN(T) specimen having the L-R orientation. Both specimen
types are illustrated in Figure 3.1.1.

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

; wall thickness (t), and the ratio of specimen thickness to pipe wall thickness
(A), according to the relation

specimen width = 2[tD(1-A) + t (1-A ))0.5 (3,1,g)2 2

It is recognized that the J-R curves being developed in this subtask may not
meet the ASTM requirements for JIc testing, as set forth in E813-87, or for
J-R curve testing, as described in ASTM E1152-87, Standard Test Method for
Determining J-R Curves. Specifically, specimen sizes used in this program
usually are not sufficiently large to meet the following requirements set forth
by ASTM:

J Ic 5 Bof/25 (3.1.2a)

J s Bof/20 (3.1.2b)

where B is specimen thickness and of is flow strength (the average of yield and
tensile strength). Assuming flow strengths of 45,000 to 50,000 psi
(310 to 345 MPa) at 550 F (288 C) for the pipe materials under investigation,
che maximum allowable J value for a 1-inch- (25.4-mm)-thick specimen would beIc
approximately 2,000 in-lb/in2 (350 kJ/m ) and the maximum allowable J value2

during crack growth would be approximately 2,500 in-lb/in2 (440 kJ/m ). Actual2

specimen thicknesses generally are less than 1 inch (25.4 m), and sometimes
are as small as 0.2 inch (5 mm). Even for the larger thickness, observed J
values in this investigation frequently exceed 2,000 to
2,500 in-lb/in2 (350 to 440 kJ/m ) and, hence, of ten do not satisfy ASTM2

validity requirements.

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

3-3
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General Guidelines for Machining Specimens

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

2. Five different types of specimens are to be machined from pipe,
as illustrated schematically below. The specimens will be of
various sizes that will depend on the pipe dimensions.

f\/ q
/ \

// \

/ A N

/ %~_
// E

-

D ///
\ //

B '/\ C |\ O , ,
\ O /,
\ //N N

/'N 'Es #Specimen Types:

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

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

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

5. The notch in Specimen C must be oriented as shown in sketch.

Figure 3.1.1 Instruction sheet for machining test
specimens from pipe.

SA-12/85-F3.1.1
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The rationale for testing specimens that do not meet specimen size criteria
'.

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

During the current reporting period, progress was made in the following material-
characterization areas: (1) data reduction for 300 F (149 C) compact-specimen
tests and for 72 and 300 F (22 and 149 C) tensile-specimen tests, (2) data
reduc. tion for 550 F (288 C) compact-specimen tests on two welds, and (3)
preparation of material characterization inputs to Pipe Fracture Data Record
Books.

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

3.1.2 Data Transfer to MEA

During the current reporting period, Battelle has transferred material
characterization data for all pipes tested in the Degraded Piping Program to
MEA. Information transferred included results of chemical analyses, tensile
tests, Charpy V-notch impact tests, and fracture toughness tests. The transfer
was accomplished by copying data from Battelle's storage files onto hard disks

,

in a format prescribed by MEA. MEA, in turn, is placing the data in the NRC '

Pipe Material Data Base.

1

3.1.3 Observations of Dynamic Strain Aging in Carbon-Steel Pipe
|
|

Many carbon steels are susceptible to strain aging, including those carbon i

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

Figure 3.1.2 illustrates static strain aging in a tensile specimen. First,
assume that the specimen is loaded and then unloaded such that curve OABC is
produced. If it is reloaded immediately, it will follow curve CBD; the 80
portion of the curve will be the same as if the specimen had not been unloaded.
If, however, the specimen is allowed to age for sone time after unloading to
point C, reloading will produce a curve similar to CEF. Static strain aging
increases the yield strength, causes the Luders strain to reappear, increases
the ultimate strength, and decreases the fracture elongation. Strain aging

3-5 l
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Figure 3.1.2 Static strain aging in a tensile specimen.
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Table 3.1.1 Material characterization data for austenttic pipe materials.

Average >
................

Pipe size Charpy V Notch Test

Pipe !.D. Pipe Hat. Dia, in. Wall in. Spec size USE,ft-lb FATT, F Temp.,F YS, ksi UTS, k
..............................................................................................................

DP2-A23 SA376 304 6 0.562 72 36.0 87.

300 25.5 67.

550 20.1 65.f
550
550
550
550

72 36.4 89.
DP2-A5 SA358 316L 16 0.375

300 28.2 73.
300

550 24.2 68.
550

i 550
550

DP2.A45W 304(SAW) Plate 1.0 550 47.1 67.
550
550
550
550

DP2.A35 SA376-304 6 0.864 75 36.5 91;

300 26.4 71.
300

550 21.9 69.
550
550

DP2.A7 SA376 304 6 0.280 79 31.4 86.

300 25.5 67.

550 21.3 65.
550
550

0F2.A3 SA358 304 16 1.031 72 42.8 105.

300 31.0 69.
300

550 25.1 66c

550
550
550
550

s- %
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#

| Tensile Prcperties Fracture Toughness Data
............................................................................................................................

Gage length, %, Red Spec. Notch * Side. Orienta- W, B, No. of Ji, ave. dJn/da, ave.
.

i % Elong. inches of Area Type Type grooves tion inches inches Tests in.-lb/in.^2 in.-1b/in.^3
..............................................................................................................................

97.7 0.5 73.6

59.7 0.5 71.7 C(T) FC 0 L-C 1.0 0.5 2 N.O. N.D.

53.8 0.5 1.0 71.4 C(T) FC 0 L-C 1.0 0.5 2 >7700 h.D.

C(T) FC 20 L-C 1.0 0.5 2 6900 47600

C(T) SMN 0 L-C 1.0 0.5 1 6110 78300

C(T) SMN 20 L-C 1.0 0.5 1 6220 50300

FWFN(T) SMN 10 L.R 0.44 1.60 2 13400 899C0

68.8 1.0 79.6

47.5 1.0 74.3 C(T) FC 0 L-C 2.0 0.27 1 3520 38410

C(T) FC 20 L-C 2.0 0.27 1 1810 43970

t 39.5 1.0 72.8 C(T) FC 0 L-C 2.0 0.27 1 2250 41400

C(T) FC 20 L-C 2.0 0.27 1 2180 34200

L(T) SMN 0 L.C 2.0 0.29 2 3270 49600

FWFN(T) SMN 10 L.R 0.29 2.00 2 6497 69640

4 31.5 0.5 44.2
C(T) FC 0 WCL 2.0 1.00 2 616 15800

C(T) SMN 0 WCL 2.0 0.92 2 561 18410

C(T) FC 0 WCL 19.0 1.16 1 2987 10070

FWFN(T) SMN 10 WCL 1.02 3.5 2 1073 20930

78.9 1.00 80.6.

o 55.3 1.00 81.0 C(T) FC 0 L-C 2.00 0.64 1 7210 68380

C(T) FC 20 L-C 2.00 0.64 1 4830 70440

48.5 1.00 75.0 C(T) FC 0 L-C 2.00 0.64 1 3965 81780

C(T) FC 20 L-C 2.00 0.64 1 3270 63640

FWFN(T) SMN 10 L-R 0.69 1.99 2 8630 172100

* 80.1 0.5 79.7

55.2 0.5 78.1 C(T) FC 0 L-C 0.8 0.23 2 12460 56830

i 43.3 0.5 63.6 C(T) FC 0 L-C 0.80 0.23 2 8346 N.O.

C(T) FC 20 L-C 0.80 0.23 1 4985 41940

FWFN(T) SMN 10 L-R 0.22 0.98 2 8633 69055

76.5 1.0 76.7 |

e 49.2 1.0 80.2 C(T) FC 0 L-C 2.0 0.90 1 11780 88180
0 82470

C(T) FC 20 L-C 2.0 0.90 1

4050 88500
4 46.4 1.0 74.5 C(T) FC 0 L.C 2.0 0.90 1 3555 76000

C(T) FC 20 L-C 2.0 0.90 1
;

8540 83200 iC(T) SMN 20 L-C 2.0 0.90 1

FWFN(T) FC 10 L-R 0.80 3.47 1 9195 95600 I

FWFN(T) SMN 10 L-R 0.80 3.5 1 6675 229000
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Table 3.1.1 (Continued)

Average
................

Pipe size Charpy V hotch Test
Pipe !.D. Pipe Hat. Dia. in. Wall in. Spec size USE,ft-lb FATT, F_ Temp..F YS, ksi UTS, k-
..............................................................................................................

DP2.A12 SA358-304 42 0.250 72 31.9 98.9-
72

DP2.A34 SA312 304 2 0.250 72 35.7 95.2i

DP2.A25WO TIG overlay;304SS 6 0.562 550 37.5 63.2

DP2.A45 SA240-304 Plate 1.0 550 22.8 68.3
550

OP2.A45WA Anr.I'd SAW;30455 Plate 1.0 550 28.3 67.5

DP2.A36 304 4.5 0.25 72 35.8 91.3

DP2-A37 SA316(CF8M) 12 1.312 72 33.4 84.7

300 27.9 67.0

550 23.9 62.4 -
550

OP2-A46 304 Plate 0.39 550 22.5 68.1'
550
550

DP2-A46W TIG Weld 304 Plate 0.39 550 43.2 64.9.
550
550

OP2-A47 304 4 0.35 72 40.1 92.0

DP2-Il Inconel.600 6 0.432 77 34.6 93.5

300 31.2 87.8 i

550 28.5 88.4
550
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Tensile Properties Fr:cture Toughness Data
................................. ......................... .................................................. ...... ..,,,,,

Gage 'ength, %. Red Spec. Notch '4 Side. Orienta- W. 8, No. of Ji. ave. dJm/da, ave,i 4 Elong, inches of Area Type Type grooves tion inches inches Tests in..lb/in.'2 in..lb/in.'3
...................................................................................................................... .......

83.2 1.0 75.4 C(T) FC 0 L-C 2.0 0.20 2 3122 33950
C(T) SMN O L-C 2.0 0.20 2 3892 39400

63.0 1.0 N.D. 3Pt-Bend SMN 0 L-C 0.65 0.18 3 2957 155700

30.8 0.5 66.6 FWFN(T) FC 10 L.R 0.79 2.0 2 4500 52000

47.3 1.0 79.0 C(T) FC 0 L.T 2.0 1.s 1 12500 78600
C(T) FC 20 L.T 2.0 1.0 1 7830 95700 ;

34.5 0.5 47.0 C(T) SMN 0 WCL 2.0 1.0 2 970 25600
1

71.9 1.0 80.1 3PtBend SMN O L-C 1.0 0.24 2 10100 62000
1

62.3 1.0 77.2 |

35.7 1.0 63.4 C(T) FC 0 L-C J.0 0.93 2 4390 41480

31.7 1.0 50.4 C(T) FC 0 L-C 3.0 0.97 2 3940 26690 i

C(T) SMN O L-C 3.0 0.91 2 5975 27195
'

i

39.7 1.0 70.8 C(T) FC 0 L.T 1.0 0.38 2 2075 27575
C(T) FC 0 L-T 3.0 0.39 1 3100 19890
C(T) FC 0 L.T 6.0 0.39 1 3820 12875

31.5 1.0 73.6 C(T) FC 0 WCL 1.0 0.34 2 4100 56960
C(T) FC 0 WCL 3.0 0.48 1 7315 32240
C(T) FC 0 WCL 6.0 0.48 1 6155 25410

60.8 0.5 81.6

63.9 0.5 73.5

53.5 0.5 71.4 C(T) FC 20 L-C 1.0 0.36 1 11010 69300

58.6 0.5 66.2 C(T) FC 0 L .C 1.0 0.35 1 9310 60950
C(T) FC 20 L-C 1.0 0.36 1 10390 73290
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Table 3.1.2 Material characterization data for ferritic pipe mateu

Averagr
..............

Pipe size Charpy V Notch Test
Pipe 1.0. Pipe Mat. Dia. in. Wall in. Spec size USE,ft.lb FATT, F Terp.,F YS, ksi UTS,
.............................................................................................................

OP2.F29 A106B 16 1.031 Full 75 68 72 40.1 75.

300 36.5 87.
300

550 34.4 88.@
550
550

DP2.F9 SA333-Gr6 10 0.719 Fuli 115 4 72 40.8 65.9

300 39.8 70.@
300

550 34.7 76.@|

| 550
! 550

550
550

OP2.F30 A106B 6 0.562 Full 110 100 77 45.6 75.

300 44.7 91.1

550 46.4 90.f
550
550

CP2-F26 A155 28 0.875 Full 122 60 72 39.1 63.

300 38.9 76.3
300

550 33.5 78.$
550 '

550 ,

550 i

OP2.F32 API.5LX65 42 0.875 Full 72 -50 72 63.0 82.6

OP2.F1 A1063 6 0.280 0.58 70 140 75 42.8 68.f
62.3|300 37.2

550 30.8 67.@
550
550

CP2.F40 A516.Gr.70 Plate 1.0 550 34.1 79.@l
550

CP2.F40W2 5 AW; A516,G r.70 Plate 1.0 Full 58 63 550 64.2 104.@i
550 |

TI !!S I
|

APERTURE !!8
CARD ||8

Ab AvaihMe On |
"

Aperture Card |
"

l



#

1815.

Tensile Preperties Fracture Toughness Data
........................... ........ ........................................................................................

Gage Length, %. Red Spec. hatch % Side- Orienta- W. B, No. of Ji, ave. dJm/da, ave.
si 4 Elong. inches of Area Type Type grcoves tion inches inches Tests in..lb/in.^2 in..lb/in.^3
........................... ...................................................................................................

29.6 1.0 61.4

18.6 1.0 44.5 C(T) FC 0 L-C 2.00 0.85 1 660 11020
C(T) FC 20 L-C 2.00 0.85 1 295 10750

24.0 1.0 41.4 C(T) FC 0 L.C 2.00 0.85 1 635 16410
C(T) FC 20 L-C 2.00 0.85 1 850 12910

FWFN(T) SMN 10 L.R 0.71 1.6 2 2025 60950

39.1 1.0 73.0

24.8 1.0 63.6 C(T) FC 0 L-C 2.00 0.55 1 861 23490
C(T) FC 20 L-C 2.00 0.55 1 966 8700

27.3 1.0 60.0 C(T) FC 0 L-C 2.00 0.55 1 885 31950
C(T) FC 20 L-C 2.00 0.55 1 9C0 19180
C(T) 5"N O L-C 2.00 0.52 1 1700 22950
C(T) A 20 L-r 2.00 0.52 1 1120 10500

FWFN(T) SMN 10 L.R 0.57 2.4 4 1160 74500

38.6 0.5 62.2

23.6 0.5 37.6 C(T) FC 0 L-C 1.0 0.36 2 732 193!0

24.0 0.5 34.4 C(T) FC 0 L-C 1.00 0.36 2
bb

5C(T) FC 20 L.C 1.00 0.36 2
-1455 33025FWFN(T) SMN 10 LR 0.44 1.60 2

34.3 1.0 69.5

22.8 1.0 51.6 C(T) FC 0 L-C 2.00 0.76 1
610 20670

,

628 13650 !C(T) FC 20 L-C 2.00 0.76 1

29.8 1.0 53.6 C)T) FC 0 L.C 2.00 0.76 1
1030 N.D.

'

C(T) FC 20 L-C 2.00 0.76 1
1240 19500

C(T) SMN 0 L.C 2.00 0.83 1 1483 N.D.

C(T) 5MN 20 L.C 2.00 0.83 1 1180 18200

25.1 1.0 66.9 3Pt Bend SMN O L.C 3.50 0.53 1 2275 37000

33.7 0.5 64.6
32.8 0.5 70.9 C(T) FC 0 L.C 0.80 0.23 2 2095 32260

25.0 0.5 54.7 C(T) FC 0 L.C 0.80 0.23 2 2303 40390
C(T) FC 20 L.C Ct.80 0.23 2 1353 23350 i

Fhfh(T) SMN 10 L.R 0.22 1.00 2 1960 109600 '

33.0 1.0 69.5 C(T) FC 0 L.T 2.0 1.00 1 1645 35300
C(T) FC 20 L.T 2.0 1.00 1 1305 20800 |

31.0 0.5 43.4 C(T) FC 0 WCL 2.0 1.0 1 335 8900
C(T) FC 20 WCL 2.0 1.0 1 356 8370
C(T) SMN O WCL 2.0 1.0 1 735 N.D.
C(T) SMN 20 WCL 2.0 1.0 1 690 N.0
C(T) FC 0 WCL 19.0 1.0 1 1010 7900

'

C(T) FC 20 WCL 19.0 1.0 1 564 2230
C(T) FC 0 WCL 6.0 1.1 1 534 10070
C(T) FC 20 WCL 6.0 1.1 1 537 6240

g gesol,os os - 0 6 .3.u
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f Table 3.1.2 (Continued)
'

,

f

Average;

)
Pipe size Charpy v Netc5 Test !

Pipe 1.0. Pipe Mat. Dia, in. Wall in. Spec size USE,ft.lb FATT, F Terp.,F YS, ksi UTS, k
..............................................................................................................-

DP2.F45 A1068 10 0.718 Full 94 78 72 45.1 79.!
!

300 43.5 94{
3

!
1 550 40.2 924
1

|
DP2.r13 A106B 16 0.5 Full 73 0 72 48.0 76'

l
300 47.4 90)'

300 t'
I !
i t

550 38.0 88 '
550 ,

'

1 550
<

CP2.F2 A1068 6 0.864 Full 100 60 77 41.0 74j
;

i 300 36.7 77f
1

550 37.5 82;
550

-

550 !j t

OP2-F11 S A333,Gr.6 4 0.337 0.75 97 -38 72 42.2 73I

300
300

.,

550 28.7 71'
' 550

I

DP2-F34 A510,Gr.70 37 3.25 Full 106 37 72 33.3 73'

Full 148(!) 60 i
Full 97(M) 53 300 34.7 65!

73|Full 106(0) 60
550 30.1

3

550 33.4(I) 70;
550 30.5(M) 73!
550 38.3(0) 711

550 |
j

550 !
1

!

|
DP2.F34W Pipe.Tc-Elben Weld 37 3.25 Full >150(I) 45 550 66.5 914

A516, Gr.70 Full 172(M) 30 550 74.6(!) 98J
Full 123(0) 0 550 73.5(M) 97J

550 74.8(0) 95
:'

!

:

,

i

!
,

,

!

CP2.F6 5A333,Gr. 6 24 1.531 Full 153 36 550 30.4 765
$50
550
550"*" %

_ _ _
.. _ . _ .
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Tensile Preperties Fra:ture Toughness Data
=............-.-..--...---...------ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - . . . . . - - - -

Gage Length, 4, Red Sce . h:tch % Sice- Orie.ta- W, B, ho. of Ji, ave. dJe/da, ave.
ei % Elon;. inches of Area lype Type grooves tion inches inches Tests in.-lb/in.^2 in.-lb/in.^3
c----..................-....---.---.---------------------------------------------------------------------------.---.-.....

9 28.6 1.0 65.1

6 17.8 1.0 46.1 C(T) FC 0 L-C 2.0 0.51 2 1015 17740

9 24.4 1.0 43.1

6 28.9 1.0 63.2

3 18.4 1.0 48.2 C(i) FC 0 L-C 2.0 0.37 1 525 11810
C(T) FC 20 L-C 2.0 0.37 1 340 8990

7 26.0 1.0 52.0 C(T) FC 0 L-C 2.0 0.37 1 950 20000
C(T) FC 20 L-C 2.0 0.37 1 790 12100

FbFh(T) SMN 10 L-R 0.4 2.5 2 1490 115200

5 44.6 0.5 50.7

4 26.6 0.5 47.2 C(T) FC 20 L-C 1.6 0.7 2 585 11700

7 30.1 0.5 48.8 C(T) FC 0 L-C 2.0 0.6 2 1580 30900
C(T) FC 20 L-C 1.6 0.7 2 1030 205C0

FWFN(T) SHN 10 L-R 0.57 1.8 2 1550 43700

2 33.0 1.0 69.6

C(T) FC 0 L-C 0.8 0.21 1 950 28215
C(T) FC 20 L-C 0.8 0.21 1 780 19230

6 30.3 1.0 69.2 C(T) S w.N O L-C 0.8 0.27 2 1910 N.D.
C(T) FC 20 L-C 0.8 0.27 1 550 26400

5 32.7 1.0 65.8

1 29.6 1.0 67.7 C(T) FC 20 L-C 2.0 1.0 2 1705 23950

1 28.4 1.0 63.7 C(T) FC 20 L-R 2.0 1.0 2 635 13600
3(!) 32.5(!) 2.0 64.4(1) C(T) FC 20 L-C 2.0 1.0 2 1055 25900
9(H) N.O. 2.0 N.D. FnFN(T) FC 10 L-R 1.0 3.0 2 1615 76900
7(0) 30.2(0) 2.0 63.7(0) FnFh(T) FC 10 L-C 1.0 3.0 2 1275 5S100 '

C(T) FC 0 L-C 8.0 2.6 1 480 31500
C(T) FC 20 L-C 8.0 2.6 1 1095 22000

1 3 '' . 0 0.5 60.2 C(T) SMN 20 L-C 2.75 1.28 2 2650(!) 33050(I)
p(!) 45.5(1) 0.31 54.0(!) C(T) SwN 20 L-C 2.75 1.28 1 975(0) 30330(0)
Q(H) 53.4(M) 0.32 55.9(M) C(i) FC 0 L-C 8.0 2.6 1 2480 20920
5(0) 45.9(0) 0.32 59.2(0) C(T) FC 20 L-C 8.0 2.6 1 2180 18360

TI '
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1 32.0 2.0 71.9 C(T) SMN O L-C 1.0 0.3 2 1760 135900
CIT) SwN 20 LC 1.0 0.3 2 2190 32310
c'T) SwN O LC 2.0 0.6 1 2590 55450 ;

'(T) SwN 20 L-C 2.0 0.6 1 1860 42290 ,_ _
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can also cause a significant decrease of fracture toughness, although this
decrease is not shown in Figure 3.1.2.

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

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

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

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

~4 ~I4 x 10 s Thus, it can be concluded that most carbon steel pipes used in.

U.S. nuclear plants are susceptible to DSA.

None of the above observations about DSA is, in itself, of concern relative to '

the performance of nuclear piping. In fact, the observation that the tensile
istrength at 550 F (288 C) is similar to that at room temperature because of

DSA could be considered a positive aspect of OSA. Nonetheless, concerns do
( exist about DSA lowering the steel's fracture resistance. Work reported by
| Miglin, et al. (Ref. 3.1.2) suggests that this is, indeed, the case. Those i

| investigators found that JIc values reached a minimum value at about 400 F '

! (205 C) in two heats of A106 C carbon steel, both of which were susceptible to i

OSA. Additionally, in two other heats of carbon steel, both A515 Grade 70,
only one of which was susceptible to OSA, the susceptible heat exhibited a '

more pronounced decrease in the slope of the J-R curve (proportional to the l

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

Perhaps an even greater source of concern related to OSA is the observation
that many of the carbon steel pipe materials in the Degraded Piping Program
exhibited a series of unstable fractures at 550 F (288 C). Both compact-
specimen tests and full-scale pipe tests displayed this behavior. An example
for a compact specimen is shown in Figure 3.1.5. The net result of the rapid !
crack jumps was a lowering of the load-displacement curve and a reduction in
the slope of the J-R curve. The possibility that DSA was responsible for the

3-15
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Figure 3.1.3 Load-elongation curves of a 0.35 percent C steel strained in
tension at crosshead speed of 0.0025 in/ min (cross section

2area ~ 0.014 in , gage length = 1.00 in). (Ref. 3.1.4, Keh
et al.,1968, copyright McGraw-Hill Book Company, used by
permission.)
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Figure 3.1.4 Dependence of stress-strain curve serrations on temperature
and strain rate for 0.03 percent carbon steel, quenched from
480 F (250 C) . (Ref. 3.1.1, Keh et al .,1968, copyright
McGraw-Hill Book Company, used by permission.) j
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Figure 3.1.5 Load-displacement record for a carbon steel compact specimen
that displayed several bursts of unstable crack growth at
550 F (288 C).
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crack growth instabilities was considered in Reference 3.1.3. However, at
least one puzzling aspect remains; compact specimen tests at 300 F (149 C) did
not display crack growth instabilities, even though that temperature is in the
range of DSA. An attempt was made in Reference 3.1.3 to rationalize this
behavior in terms of crack-tip strain rate. Since the effective crack-tip
strain rate is likely several orders of magnitude greater than the average
bulk strain rate, the material at the growing crack tip may not be experien-
cing DSA at 300 F (149 C).

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

3.1.4 Anisotropy Effects in Carbon Steel Pipes

An unexpected observation in the Degraded Piping Program was the growth of
cracks at an angle to the intended growth direction in carbon steel pipes.
This behavior was observed both in a pipe containing through-wall circumferen-
tial flaws and in compact specimens machined from the pipe in the same (L-C)
orientation. For each specimen, it was observed that the crack grew at an
angle of approximately 60 degrees to the circumferential direction (30 degrees
to the pipe axis). This angle varies for other pipes. In an attempt to learn
more about this unexpected result, one of the carbon steel pipes that displayed
this behavior was subjected to metallographic examination and to additional
compact specimen testing.

Metallographic Examination

The pipe investigated was identified as OP2-F11. Its diameter was 4 inches
(102 mm) and its wall thickness was 0.34 in (8.6 mm). It was purchased to
ASTM Specification A333, Grade 6, which permits the pipe to be either seam
welded or seamless. To determine which type it was, a cross section normal to
the pipe axis (i.e., in the r-G plane, using cylindrical-coordinate terminology,
Figure 3.1.6) was metallographically polished and etched and examined under a
microscope at magnifications of 7X to 100X. Inasmuch as no evidence of a seam
weld was found, it was concluded that the pipe was seamless.

Two other metallographic sections were then prepared, one in the r-z plane and
the other in the z-0 plane (Figure 3.1.6). Both sections were examined first
in the as-polished condition to reveal the shape and distribution of nonmetal-
lic inclusions prior to etching, to reveal the microstructure.

As was expected, the inclusions viewed on the r-z plane were flattened and
elongated in the z direction. After etching, the microstructure seen on that
plane was a banded structure made up of both ferrite and pearlite. The banding
was pronounced from the inside diameter of the pipe to well beyond midwall,
but gave way to an essentially equi-axed structure near the outside diameter.
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Figure 3.1.6 Schematic illustration showing cross sections of pipe OP2-F11
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The most interesting finding was associated with the z-0 plane. On that
plane, the inclusions were found to be elongated and clustered, not in the
expected z-direction, but at an angle of approximately 20 to 30 degrees to the
z direction (see Figure 3.1.7). Since it is the nonmetallic inclusions that
are largely responsible for orientation effects in steel products, the above
observation may help to explain the tendency of the cracks to grow away from
the r-0 plane both in pipe fracture experiments and in compact-specimen tests.
The source of the inclusion orientation at an angle to the z direction stems
from the process used to produce seamless pipe; apparently it is not uncommon
for seamless pipe to develop a twist during the hot forming as it is being

1manufactured . Except for the inclusion shape and orientation, there is
little physical evidence of such a helical deformation from the hot forming
process. The findings of the metallographic study indicate that Pipe DP2-F11
was twisted during forming.

Testing of Compact Specimens

Four additional compact specimens of 0.4T planform-size and about 0.27 inch
(6.9 mm) thick were machined from pipe DP2-F11 to study possible orientation
effects. Two were oriented with the notch plane parallel with the pipe axis
(i.e., the notch plane was the r-z plane) and two with the notch plane at
30 degrees to the pipe axis. As was the case for the specimens tested earlier
that had their notch planes parallel with the circumferential direction (the
r-0 plane), each contained a sharp machined notch of radius 0.005 inch
(0.125 mm) and each was tested at 550 F (288 C).

The results confirmed that a definite orientation effect exists in pipe DP2-
Fil. As is shown in Figure 3.1.8, regardless of the initial orientation of
the notch plane in the compact specimens, the crack tended to grow on a plane
oriented about 20 to 30 degrees from the pipe axis, corresponding with the
inclusion orientation revealed metallographically. The existence of an
orientation effect is indicated also by values of J at crack initiation, J .tAs is shown in Table 3.1.3, notches oriented in the circumferential direction
produced Jj values several times those for the other two orientations inves-
tigated.

Discussion

The results of this limited Study indicate that the particular seamless pipe
examined underwent some twisting as it was being manufactured. This resulted
in the nonmetallic inclusions being oriented at an angle of 20 to 30 degrees
to the pipe axis. The resistance to fracture was found to be significantly
lower in the direction of inclusion orientation than in the circumferentialdirection.

D. N. Williams, Battelle, private communication.
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Figure 3.1.7 Photomicrographs of nonmetallic inclusions in Pipe DP2-F11 as
viewed on the z-y plane (refer to Figure 3.1.6).
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Figure 3.1.8 Photograph of tested compact specimens to illustrate tendency |

of crack to grow along a plane oriented at 30 degrees to the
pipe axis.
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Table 3.1.3. Effect of specimen orientation on Jj
values for pipe DP2-F11.

Specimen Ident. J,(a)
Number Notch Orientation in-lb/'n2 kJ/m2

F11-17 Circumferential 1680 (294)
F11-18 Circumferential 2140 (375)

F11-23 Longitudinal 408 (71)
F11-24 Longitudinal 461 (81)

'

F11-25 30 degree to pipe axis 430 (75)
F11-26 30 degree to pipe axis 599 (105)

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

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

Test Temperature: 550 F (288 C)

(a) At onset of crack growth, as determined from point of
deviation from a straight line in a graph of d-c E.P.
versus displacement.
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The lower fracture resistance at 20 to 30 degrees from the pipe axis may be
the explanation for the crack turning away from the circumferential direction.
The opportunity for turning arises early in the test when a plastic hinge,
associated with the formation of shear lips, forms at the notch tip; the crack
initially follows the boundary of the hinge at an angle of about 45 degrees
from the intended plane of fracture. Once growing at a large angle to the
intended plane, the crack may continue growing with relative ease along the
plane of low toughness.

One troublesome observation is that, on occasion, the two crack tips in the
through-wall cracked pipe do not grow in the same direction. Figure 3.1.9 is
a schematic illustration of crack growth in a pipe. The lower sketch shows
clearly that only the crack on the right end of the starting flaw is following
the direction of the nonmetallic inclusions; the other crack is growing at a
sizable angle to the inclusion direction. Thus, the inclusions oriented at 20
to 30 degrees to the pipe axis in Pipe DP2-F11 may actually have had nothing
to do with the crack turning from the circumferential direction. Perhaps the
crack would have turned even without oriented inclusions.

Another possible explanation for the crack turning may be the relationship
between double-shear and single-shear fracture. As was noted above, a plastic
hinge forms at the notch tip in the early stages of shear lip development.
Crack growth at the specimen surface initially follows the hinge boundary,
both above and below the notch, as shown schematically in Figure 3.1.10. -

Eventually either crack direction A or direction B predominates on each sur-
face. If the same crack growth direction is established on both the front and
back surfaces, a double-shear crack will form and will grow at a large angle
to the original notch (Figure 3.1.11a). If opposite crack growth directions
are established on the two surfaces, a single shear crack will form and the
crack will grow in the same direction as the original notch, though the plane
of fracture will be tilted (Figure 3.1.11b). In compact specimens, the
likelihood of double shear appears to be about the same as that for single
shear. However, in pipe tests, some as-yet-unknown factor may strongly favor
the occurrence of double shear fracture and, hence, cracks that turn from the
circumferential direction.

Additional study will be required to establish a more certain explanation for
crack turning.

3.1.5 Future Material Characterization Efforts

Material characterization efforts are essentially completed within this >

p rogram. Of the new pipe fracture experiments planned within this program,
only the centrifugally cast stainless steel pipe data need to be generated.
These efforts are being coordinated with Argonne National Laboratories and
Framatome. Consequently the efforts at Battelle will involve assembling the
data from the different organizations.
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3.2 Progress on the Effect of Laboratory Specimen
Geometry on J-R Curves
(C. Marschall, M. Landow, V. Papaspyropoulos,
J. Ahmad, N. Ghadiali, and G. Wilkowski) ,

!

An important feature of the Degraded Piping Program is the characterization of |
each pipe using laboratory specimens machined from the pipes. For fracture
toughness specimens, latitude exists in choosing the type of specimen and its,

dimensions. For example, to model a circumferential through-wall crack in a ;

pipe test, either a compact specimen or a three-point-bend specimen (L-C
orientation) could be selected. A circumferential surface crack, an the other ;

hand, might be modeled with an FWFN(T) specimen (L-R orientation) or, if the |
pipe diameter and wall thickness are large, with a compact or bend specimen

'
i

(L-R orientation).

Whichever specimen is selected, its maximum dimensions will be dictated by the
pipe dimensions. Within that restriction, however, it is possible to choose a
relatively thick, narrow specimen or a wide, thin specimen. The effort described
here was undertaken to determine possible effects of specimen size and geometry

,

on J-R curves in both ferritic and austenitic steels.

The following efforts were conducted toward this objective: j
,

Development of test techniques for the FWFN(T) specimen*

| Evaluation of compact (tension) [C(T)], bend bar, and FWFN(T) specimens*
'

of different sizes :

I

Evaluation of C(T) and FWFN(T) specimens from a heavy-wall, :*

cold-leg, carbon steel pipe !

Transfer of data to the David Taylor Research Center (DTRC) for an |*

investigation of specimen size effects on J - and Jg-R curves. -|D

A related topic involved the evaluation of different size C(T) 5pecimens that
have the same thickness. These nonstandard thickness C(T) suecimens are referred
to as planform C(T) specimens. Significant efforts were undertaken in these

,

evaluations; consequently they are described separately in Section 3.3.

3.2.1 Development of the FWFN(T) Test
.

Laboratory specimen tests to characterize the fracture resistance of pipes are |designed to simulate as closely as possible the conditions existing in pipe I

fracture tests. Pipe test Mnditions that are maintained in laboratory tests
include

Notch tip radius*

Notch orientation and crack growth directiona

3 29
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_

Thickness (specimen thickness is t least 80 percent of=

pipe-wall thickness)-

Temperature

Rate of loading and load history.*

With resp <sct to notch orinthtion anc crack growth direction, either a compact
specimen or a 3-point bend specimen would be selected to model a through-wall
circunferential crack in a pipe test (see Figure 3'1.1). However, if the same.

two typss of specimen were useo to model a circumferential surface crack, the
specimens would, of necessity, be quite small, ext.ept in the case of large
diameter pipes with very thick walls. In an attempt to model the conditions
existing in a circumferential-surface-crack pipe test more closely, Battelle
devised a specimen called the FWFN(T) specimen. It.is shown schematically in
Figure 3.1.1.

The principal advantages of the FWFN(T) specimen are that the crack plane and
direction of growth are the same as in a surface-cracked pipe and that both
the pipe and FWFN(T) specimen experience tensile stresses throughout the
uncracked ligament. In addition, the FWFN(T) specimen has a relatively long
crack fient and relatively high constraint against strain in the circumferen-
tial direction.

The usefulness of the FWFN(T) specimen to model the behavior of a surface-cracked
pipe has not yet been firmly established. The principal question pertains to
the validity of calculating J for a test in which the grips are not free to
rotate and in which the entire relatively short ligament may undergo yielding
prior to crack initiation. Finite element modeling of the FWFN(T) specimen
has been conducted during the current reporting period to shed further light
on the usefulness of this test. These analytical efforts are described in
Section 3.2.5.

3.2.2 Summary of Specimen Size Effect and Geometry Effect Study

The effort described here was undertaken to determine possible effects of
specimen size and geometry on J-R curves in both a ferritic and an austenitic
steel.

The test matrix is described in Reference 3.2.1. Briefly, the approach was to
fabricate and test compact, band, and FWFN(T) specimens in a range of sizes,
with and without side-grooves, from one ferritic pipe and one austenitic pipe.
Both were relatively large pipes, permitting a wide range of specimen sizes.
The ferritic pipe was 24-inch (610-mm) diameter SA-333 Grade 6 carbon steel
having a wall thickness of 1,53 inches (38.9 mm). The austenitic pipe was
16-inch (406-mm) diameter SA-358 Type 304 stainless steel having a wall thickness
of 1.03 inches (26.2 m', . The range of specimen sizes investigated included
those that could be machined from small-diameter, thin-walled pipe to those
from large-diameter, thick-walled pipe.
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An additional set of experiments to investigate specimen geometry and specimen

orientation effects was conducted on a very)]large-diameter [37 inches I

(940 mm)], thick-walled [3.25 inches (83 mm ferritic steel pipe from a cold-
leg pipe loop. The pipe wall was sufficiently thick so that both compact and ,

FWFN(T) specimens could be machined in two different orientations, L-C and i

L-R. Results of those experiments are presented in Section 3.2.3. I

l

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

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

J the following:

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

values that increased with2. FWFN(T) specimens tended to exhibit J4
increasing specimen width in the ferritic steel but not in the aus-
tenitic steel; the ratio of thickness to ligament length, which
might be viewed as a constraint factor, did not appear to have a
strong effect on Jj.

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

During the final reporting period all test data for compact, bend, and FWFN(T)
| specimens will be reduced, and the effects of specimen geometry and specimen

size on J-resistance curves will be assessed.'

3.2.3 Study of Size, Geometry, and Orientation Effects in
|Cold-Leg Pipe

In the Fourth Semiannual Report (Ref. 3.2.1), experiments to measure the
fracture toughness of a large diameter, thick-walled, cold-leg pipe were
described. The pipe, identified as OP2-F34, was an A516, Grade 70 carbon
steel having a diameter of about 37 inches (940 mm) and a wall thickness of
about 3.25 inches (83 mm).
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The large thickness of the pipe permitted both IT compact specimens and
FVFN(T) specimens to be machined in two different orientations, L-C and L-R.
Specimens having the L-C orientation were machined such that the midthickness
plane coincided approximately with the midwall position in the pipe and the
crack would extend circumferentially. Specimens having the L-R orientation
were machined so that the initial crack tip was located at the midwall
position and the crack would extend radially from the inside to the outside of
the pipe.

As was noted ;n Reference 3.2.1, duplicate tensile specimens machined from the
!

pipe and tested at 550 F (288 C) showed a sizable variability in yield
strength: 26.7 and 33.4 ksi (184 and 230 MPa). That result suggests a
nonhomogeneous structure in the thick-walled pipe.

The results of the fracture toughness tests on IT compact specimens reported
in Reference 3.2.1 showed cleaMy that the L-C orientation was more resistant
to stable crack growth than was the L-R orientacion. Jj values for the L-C
orientation were about 65 percent greater than the L-R orientations. The
dJg/da values were about 100 percent greater for the L-C orientation.
In shar
FWFN(T)p contrast to the compact specimen results were the results for thespecimens. Not only was the orientation effect much less pronounced,
it was the opposite of that observed in the C T specimens. Both Jj anddJg/da for the L-C orientation were, on averag(e), 20 to 25 percent less than
those for the L-R orientation. No satisfactory explanation is yet available
for the different orientation effects observed for the two specimen types.

*

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

The results for base metal tests in Table 3.2.1 show excellent agreement
between the 20-percent side grooved 4T'planform-size specimen and the 20-
percent side grooved IT specimens. The Jj value for the zero-percent side
grooved 4T specimen was unexpectedly lower than for the other specimens. That

<

result probably reflects experimental uncertainty from unloading compliance :results early in the J-R curve.

For the circumferential weld metal tests, the 1-3/87 planform-size specimens
showed an effect of location within the weld on Jg. Specimens that were,

i

machined from near the root of the weld (near the pipe I.D.) had a higher Jj
value than did a specimen machined from near the weld crown (near the pipe
0.D.). That result makes comparisons between the 1-3/8T and the 47 specimensi

difficult, because the larger specimen sampled both regions of the weld.
Nonetheless, J4 values from side grooved 1-3/8T and 4T planform-size specimens
agree reasonably well when the smaller specimen results are from near the '

bottom of the weld, even though different notch types were usedi

1,
-
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Table 3.2.1. Comparison of J results from compact specimens of different sizes machined from a
large diameter, thick-walled cold-leg pipe DP2-F34.

Pipe Material: A516 Grade 70 Carbon Steel
Specimen Orientation: L-C

Test Temperature: 550 F (288 C) ,

Specimen Dimensions, J at

Specimen inches (mm) Percent Initiation, dJM/da.
Identification Side Notch in-lb/in2 in-lb/in3

Number Location W B Grooves Type (a) (kJ/m2) (MJ/m3)

F34-19 Base Metal 2.0 (50.8) 1.0 (25.4) 20 FC 1020 (179) 26,300 (181)

F34-20 Base Metal 2.0 (50.8) 1.0 (25.4) 20 FC 1090 (191) 25,500 (176) ,

F34-B1(b) Base Metal 8.0 (203) 2.6 (66) 20 FC 1095 (192) 22,000 (152)

F34-82(b) Base Metal 8.0 (203) 2.6 (66) 0 FC 480 (84) 31,600 (218)

F34W-31(c) Circular Weld 2.75 (69.9) 1.28 (32) 20 SMN 975 (170) 30,300 (209)

F34W-30(d) Circular Weld 2.75 (69.9) 1.28 (32) 20 SMN 2125 (370) 38,400 (265)

F34W-32(d) Circular Weld 2.75 (69.9) 1.28 (32) 20 SMN 3180 (560) 27,700 (191)

F34-W1(b) Circular Weld 8.0 (203) 2.6 (66) 20 FC 2180 (382) 18,360 (127)

F34-W2(b) Circular Weld 8.0 (203) 2.6 (66) 0 FC 2485 (435) 20,920 (144)

'

(a) FC = fatigue crack.
SMN = sharp machined notch.

(b) Specimens were fabricated and tested at Materials Engineering Association.
(c) Specimen was machined from top part of weld.
(d) Specimen was machined from bottom part of weld.

_ - - _ - _ _ - _ _ _ - _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ - - _ - _ _. - - _ - - - ._. - _ _ - _ - - - _ _ _ _ _ _ - - - - _ _ _ _ _ _ _ . - _ _ _ _ _ _ _ _ _
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3.2.4 Transfer of Data to OTRC for Jg Versus JD Study

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

3.2.5 J-Resistance Curves Using FWFN(T) Specimens

For surface crack growth predictions, the material's J-resistance (J-R) curve,
corresponding to the radial crack growth direction, is the most appropriate
resistance curve to use. FWFN(T) specimens are being used to obtain data
which can be analyzed to establish such J-R curves. The specimens are
machined from pipes. A schematic illustration of the specimen and grips is
shown in Figure 3.2.1. This specimen design was selected to simulate the
extension of a crack through the pipe wall in a surface-cracked pipe. Thespecimen orientation is L-R. The dimension in which the crack is to extend is
the maximum achievable from the nominal wall thickness of the pipe. Side-

.' grooves of 5 percent depth per side and having a root radius of about
1/16 inch (1.5 m) are introduced to minimize crack tunneling. A sharp notch
is machined at midlength using an electric-discharge machining (EDM) process
and an 0.008-inch (0.20-mm) diameter wire electrode to produce a notch-tip
radius of about 0.005-inch (0.13-mm). The notch mouth is located on the
inside-diameter surface of the specimen to simulate an internal surface crackin the pipe. Typically, the initial notch depth is such that a/W is approx-imately 0.5.

The specimens are tested at a displacement rate that is designed to cause
crack initiation in about 5 to 20 minutes, similar to that required for crack
initiation in Battelle's pipe-fracture tests. The data obtained are load,
load-line displacement measured or one side of the specimen, direct-current
electric potential (U), and two measures of crack-opening displacement
obtained from a dual clip-gage located at the front edge of the specimen, asillustrated in Figure 3.2.1. Crack growth initiation is estimated from the
direct-current electric potential data. To accomplish this, graphs of U
versus LLD, U versus P, and U versus C00 are examined for points of slope)

'

change prior to caximum load. Engineering judgment is applied to estimate V , |

the value of U at crack initiation. Crack growth beyond initiation is o

estimated from the ratio U/U using the Johnson expression (Ref. 3.2.3). The3
expression has been shown in calibration studies at Battelle to provide
reasonable estimates of crack extension in FWFN(T) specimens in the absence ofplastic deformation.

To calculate J as a function of crack-extension (Aa) using the experimentali

'

load, load-line displacement, and crack-extension data, an expression for J

,
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Table 3.2.2. Compact specimen test data provided to DTRC for its JH versus JO study.
All tests were at 550 F (288 C) j

l

|

C(T) Specimen Thickness, FEM

Material Sizes inch Sidegrooved Analysis References

NUREG/CR-4575 Sections 2-4304 Stainless IT, 3T, 10T 1.0 No IT, 3T, 10T -

NUREG/CR-4573-Base
NUREG/CR-4082 Vol. 4, Sect. 3.1.3-

NUREG/CR-4575 Sections 2 and 3304 Stainless II, 3T, IOT 1.0 Yes ---- -

Base

NUREG/CR-4575 Sections 2 and 3AS16 Gr 70 Base II, 3T, 10T 1.0 Yes ---- -

AS16 Gr 70 Base IT, 3T, 10T(a) 1.0 No ---- - NUREG/CR-4575

NUREG/CR-4806 Sections 4 and 5304 Stainless 0.ST, 1.5T, 3T 0.38 No 0.ST, 3T -
w
d, Steel IIG
w

NUREG/CR-4806 Sections 4 and S304 Stainless 0.ST, l.ST, 3T 0.38 No 3T -

8ase

NUREG/CR-4082 Volume 4. Sect. 3.3304SS-SAW II, 3T, 9.ST 1.0 No IT, 9.ST -

NUREG/CR-4878 Section 3.0-

NUREG/CR-4082 Volume 4, Sect. 3.3Carbcn Steet IT, 3T, 9.ST 1.0 Yes --- -

SAW

-

(a) Only Ji values for 3T and 10T exist since crack turned 90 degrees.

|

-
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Figure 3.2.1 Schematic illustration of FWFN(T) specimens showing wedge
grips and attachments for measurement of displacements.
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has been developed assuming a fixed-grip boundary condition across the sec-
tions containing the load-line displacement gages. With reference to
Figure 3.2.2, showing the specimen dimensions and the uniform remote displace-
ment boundary conditions, Eqs. 3.2.1 to 3.2.22 were used in calculating J.

J = J, + J (3.2.1)p

where J is elastic component of J and J is the plastic component of J.e p

The key to obtaining estimates of both the elastic and the plastic components
of J is the normal stress distribution across the edge of the specimen, which
is assumed to have uniform normal displacement. This stress distribution was
obtained by using the elastic relation between compliance and J (see
Ref. 3.2.4) together with the fixed grip boundary condition. Details of this
derivation are to appear in a forthcoming NUREG Report on the assessment of
FWFN(T) specimen. The derivation gives

J' E' W
* * I ) (#1 - 6 (4 f) ( .2.2)22

P

where

E' = E for plane stress
2= E/(1-u ) for plane strain

E = Young's modulus
u = Poisson's ratio
P =~ load / thickness

a

J =j fP P da (3.2.3)
C

p

where

ca = plastic component of displacement due to the crack; that is,

o *a-d -a (3.2.4)p e

where a is the total (experimental) displacement, 6, is the elastic component
ncof displacement, and a is the plastic component of displacement without the

presence of a crack. These are given by

a,E' g
p * g + ((1 - (2'4) - (3.2.Sa)
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Figure 3.2.2 Schematic drawing of the FWFN(T) specimen with side-grooves.

T-4872-F-C.2

3-38



. _ _ _ _ _ _ ____

i

and

nca E

=H*(f-h) (3.2.5b)p

where e is the strain (from the material's uniaxial stress-strain data)
corresponding to the st ess of p/W. If the applied load is such that the
cggresponding stress results in purely elastic strain, then by Eq. 3.2.5(b),
A is zero. However, this is not always the case.p

The factor n of Eq. 3.2.3 is found by using the following equations:

ag 2+ ( - 1)s ( 3. 2.'6)'" + -

2.8 , E (H - 1) - 2 (3.2.7)9b 3 b

f = (6 3) c4 (3.2.8)

'' + *

2 (3.2.9)a=

6Wc

(226.195) (4 2 (O C
f4

8=
c W 4 2-I) (3.2.10)f

(W-b)2 * I2

In the above, if a = ai 5 0.6 W, then

Il*fil

f2*f21
(1 * (11
(2 " (21
(3 " (31
(4 " (41
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and if a = a2 > 0.6 W, then

Il"f12
f2*f22
(1 '' (11 + {12
(2 " (21 + f22
(3 " (31 + f32
f4 " (41 + (42

where

a 2 a 3 4

it=1.12-0.231([a) + 10.55 (g ) - 21.72 (9 ) +30.39(,[a1 1f ) (3.2.11)

2! 3 a 4
21=1.122-1.4([a)+7.33([a-13.08([a df ) ) + 14.0 (y ) (3.2.12)

a 2 a a 2 a 3
~

1 l d 1(g1 = 2: (g ) 0.627 - 0.172 (g ) + 5.92 (y ) - 10.705 (g )

a 4 a 5 a

+ 31.578 (W ) - 67.476 (9 ) + 139.124 (yt)61 i- -

|

a 7 a 8'
'

1 t
- 146.682 (7) + 92.355 (7) (3.2.13)

~

2

(21 = 72n ([a
2

0.629-0.609([a)+4.93([a
3

-11.097([a) ) )

4

+26.757([a)

a 5 a 6I t
- 48.997 (W ) + 81.82 (9 )

~ -

a 7 a 8't t
- 77.953 ( 7 ) + 42.546 ( 7 ) (3.2.14)
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2

c31 12. ([a
2 3

0.629-1.047([a)+4.602([a-9.975([a) ) )
,

a 4 a 5 a 6
+ 20.295 ( ) - 32.933 ( ) + 47.041 ( )

- 40.693 (gg) + 19.6 (gt)8'
a 7 a

(3.2.15)
_

c 1 = c31 + 12 g4 g (3.2.16)

1+3([a )
f12 * 3/2 1/2,2

2 (1 g_) [,,2)

0.375 (p)2
(3.2.18)f22 " /2

(y7 - 1)
2

a a 2
~ '

- 4.5 109, (1 - ) - 12.62 (3.2.19)g .

(1 g2)2
a

3.99 W (3a2 - W)- - 19.95 (3.2.20)g .

(W - a )22

2

'32 " (W - a )2 - 99.38
0. W

2
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C

42 * c32 + 12 gH (3*2 22)

The elastic-plastic finite element method was used in assessing the accuracy of
the results of the J-estimation method represented by Eqs. 3.2.1 through
3.2.13. These are discussed below.

Finite Element Method Analyses

Thus far, two detailed finite element method analyses have been performed. As
shown in Table 3.2.3, these correspony to specimens with widely different
height-to-width ratios. The finitt Flement meshes for the two specimens are
shown in Figures 3.2.3a and 3.2.3b. The material for the two specimens is A106
Grade B at 550 F (288 C). However, since the two specimens were fabricated
from different pipes, their untaxial stress-strain properties are somewhat
different. Figures 3.2.4a and 3.2.4b show the stress-strain curves correspond-
ing to the materials of specimen numbers DP2-f29 2Sb and OP2-f6-31, respec-
tively. Tables 3.2.4 and 3.2.5 contain the load, displacement and crack
extension data for the two specimens,

i

|

|

|

|
,

Table 3.2.3 FWFN(T) specimen dimensions.

Specimen No.

Dimension DP2-f6-31 DP2-f29-25b
inch (mm) inch (mm)

W 1.180 (29.9/ 0.712 (18.08)
B 2.502 (63.55 1.614 (40.99)
H 6.000 (152.4) 10.000 (254.0)
a 0.594 (15.09) 0.357 (9.06)

.
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,

!
'

4

!
Table 3.2.4 Experimental data for conducting finite element method,

j analysis (see Figure 3.2.4a)
!

I i

i

!

-

:
: ,

load Displacement Crack Extension
j, lbs N inches mm inches im j

.

3 !
! 764.6 3401 0.00029 0.0073 0.0000 0.0000
| 2276 10124 0.00096 0.0243 0.0000 0.0000
! 4087 18179 0.0017 0.0432 0.0000 0.0000

5725 25465 0.00237 0.0602 0.0000 0.0000 :

; 7295 32448 0.00309 0.0784 0.0000 0.0000
'

8906 39614 0.00397 0.1008 0.0000 0.0000
i 10720 47682 0.00503 0.1277 0.0000 0.0000 '

1 12330 54844 0.00616 0.1564 0.0000 0.0000 '

| 13920 61916 0.00726 0.1844 0.0000 0.0000 t
"

15530 69077 0.00853 0.2166 0.0000 0.0000 !

16930 75304 0.00978 0.2484 0.0000 0.0000 :
; 18540 82466 0.01134 0.2880 0.0000 0.0000 ;

20070 89271 0.01317 0.3345 0.0000 0.0000
4

4
21530 95765 0.01488 0.3779 0.0000 0.0000 ,

; 22820 101503 0.01683 0.4275 0.0000 0.0000
i 23960 106574 0.01864 0.4734 0.0000 0.0000
0 25200 112089 0.02115 0.5372 0.0000 0.0000 '

26310 117027 0.02391 0.6073 0.0014 0.03554

1 27230 121341 0.02647 0.6723 0.0027 0.0685
I 29040 124722 0.02887 0.7333 0.0055 0.1397

;
'

"

28800 128102 0.03131 0.7953 0.0068 0.1727
29590 131616 0.03426 0.8702 0.0095 0.2413
30210 134374 0.0369 0.9373 0.0122 0.3098 !
30790 136954 0.03973 1.0091 0.0175 0.4445 !
31170 138644 0.04261 1.0823 0.0227 0.5765
31230 138911 0.04635 1.1773 0.0368 0.9347
31110 138377 0.04913 1.2479 0.0479 1.2166
31000 137888 0.04984 1.2659 0.0503 1.2776 i

!

!
!
,

!
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Table 3.2.5 Experimental data for conducting finite element method
analysis (see Figure 3.2.4b)

Load Displacement Crack Extension1bs kN inches an inches an
........................................................................

678.216 3.017 0.00162 0.0411 0.00000 0.00005652.370 25.143 0.00166 0.0422 0.00000 0.000010500.600 46.709 0.00246 0.0625 0.00000 0.000015881.500 70.644 0.00349 0.0886 0.00000 0.000021077.400 93.756 0.00438 0.1113 0.00000 0.000025876.600 115.104 0.00537 0.1364 0.00000 0.000031107.900 138.374 0.00689 0.1750 0.00000 0.000036106.000 160.607 0.00727 0.1847 0.00000 0.000040865.700 181.779 0.00819 0.2080 0.00000 0.000045452.600 202.183 0.01091 0.2771 0.00000 0.0000
3

50031.200 222.549 0.01339 0.3401 0.00000 0.000054469.900 242.293 0.01614 0.4100 0.00000 0.000058598.800 260.659 0.02039 0.5179 0.00000 0.000062703.600 278.918 0.02436 0.6187 0.00000 0.000066959.100 297.847 0.02870 0.7290 0.00000 0.000070929.000 315.506 0.03295 0.8369 0.00000 0.000074800.100 332.726 0.03750 0.9525 0.00000 0.000078460.700 349.009 0.04243 1.0777 0.00000 0.000082003.400 364.768 0.04781 1.2144 0.00000 0.000085187.400 378.931 0.05397 1.3708 0.00000 0.000088071.800 391.761 0.05994 1.5225 0.00000 0.000090628.700 403.135 0.06641 1.6868 0.00000 0.000093110.100 414.172 0.07306 1.8557 0.00640 0.162694850.000 421.912 0.08071 2.0500 0.01950 0.495394376.700 419.806 0.08922 2.2662 0.04080 1.036393520.600 415.998 0.09643 2.4493 0.06120 1.554594276.700 419.362 0.10393 2.6398 0.07850 1.993993207.400 414.605 0.11136 2.8285 0.10400 2.641692517.500 411.536 0.11889 3.0198 0.12330 3.131889927.000 400.013 0.12554 3.1887 0.15210 3.863386082.400 382.912 0.13002 3.3025 0.18060 4.567285505.500 380.346 0.13408 3.4056 0.19730 5.011482732.900 368.012 0.14009 3.5583 0.22110 5.615978678.700 349.979 0.14402 3.6581 0.23410 5.946177632.100 345.323 0.14951 3.7976 0.25380 6.446573963.100 329.003 0 15294 3.8847 0.27010 6.8605
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Finite element method analyses were performed using the experimental data ,

contained in Figures 3.2.4a and 3.2.4b and Tables 3.2.4 and 3.2.5. In these i

computations, crack extension was modeled according to the experimental i

displacement versus crack length data. Throughout the incremental solution ,

procedure, J values were computed using the path-independent contour-integral i

definition. The results for the two specimens are shown in Figures 3.2.5 and j

3.2.6. Figure 3.2.5 shows the calculated J-R curve for Specimen OP2-F29-25b. - ,

Figure 3.2.6 shows the calculated J versus applied displacement up to crack i
initiation for Specimen OP2-F6-31. For both specimens, J is calculated by ,

finite element method analysis as well as by the estimation scheme represented
by Eqs. 3.2.1 through 3.2.13.

j To judge whether the agreement between finite element method and estimation -

method J-R curves should be considered acceptable or not, we look at a similar
3

,

comparison for a 1T C(T) specimen results obtained earlier in the DP II
Program. These are shown in Figure 3.2.7. It is found that the J-estimation
method for the FWFN(T) specimen provides results which show approximately the
same degree of agreement with finite element method results as that obtained !

| by the ASTM E813-81 J-estimation method used in calculating the estimated J-R
| curve of Figure 3.2.7 for C(T) specimen.

<

| References for Section 3.2 '

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

| Semiannual Report, October 1985-March 1986, NUREG/CR-4082, Vol. 4,
; September 1986.
# 3.2.2 Wilkowski, G. M., and others, "Degraded Piping Program - Phase II",
] Semiannual Report, April 1985-September 1985, NUREG/CR-4082, Vol. 3,

March 1986..

,

'

3.2.3 Johnson, H. H., "Calibrating the Electric Potential dethod for Studying
| Slow Crack Growth," Materials Research and Standards, Vol. 5, 1965, p.

422.'

+

]
3.2.4 Tada, H., Paris, P., and Irwin, G., The Stress Analysis of Cracks

- Handbook, Del Research Corporation, Hellertown, PA,1973.
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I 3.3 Assessment of Larce Crack Growth !
l Using Planform Size Corpact Specimens j

(C. Marschall, V. Papaspyropoulos, '

M. Landow, M. Nakagaki, and G. Wilkowski)-
,

:

l One of the problems in predicting fracture instability in pipes is that J-R -

curves for large amounts of crack growth often are needed. Such data are j

impossible to obtain from laboratory specimens machined from the pipe because ,

' the pipe curvature permits only relatively small specimens to be fabricated. |
Consequently, a need exists either to verify existing methods or to develop f

improved methods for extrapolating small-specimen J-R curve data to large
amounts of crack growth.

'
t

! The approach taken in the Degraded Piping Program was to compare J-R curve
! data obtained from constant thickness but different planform size C(T)
i specimens (typically 1-inch (25.4-mm) thick 1T, 3T and 9.5T or 10T planform- i
' size compact specimens), to determine if curves from smaller specimens can be
; extrapolated in a manner that duplicates results from large specimens. :

| Experimental details and results for 1-inch (25.4-m) thick Type 304 stainless
i steel and A516 Grade 70 ferritic steel base metal specimens were presented in
j the following topical report, j

| "Predictions of J-R Curves with Large Growth from Small Specimen Data" by !

|
V. Papaspyropoulos, C. Marschall, and M. Landow, NUREG/CR-4575. ;

| For a Type 304 stainless steel base metal and tungsten-inert-gas (TIG) weld a !
; similar evaluation on 0.38-inch (9.5 mm) thick 0.5T,1.5T, and 3T planform i

| C(T) specimens was reported in the following topical report. i
1 i

} "Analysis of Cracks in Stainless Steel TIG Welds" by M. Nakagaki, C. i

; Marschall, and F. Brust, NUREG/CR-4806.
|

For ferritic and austenitic flux weld metal specimens, the welding procedures, !

I the experimental procedures, and the results were presented in the Fourth
I Semiannual Report (Ref. 3.3.1). The austenitic weld results were also

published in the following topical report.
:

"Analysis of Experiments on Stainless Steel Flux Welds" by G.'Wilkowski,
J Ahmad, F. Brust, O. Guerrieri, G. Kramer, G. Kulhowvick, M. Landow. C.
Marschall, M. Nakagaki, V. Papaspyropoulos, and P. Scott, NUREG/CR-4378.

'

The results from these investigations are summarized in the following sec-
| tions. This includes nine different sets of planform C(T) specimen tests

conducted at 550 F (288 C).

3.3.1 Review of Planform C(T) Specimen Test Results

The use of a planform specimen for evaluation of piping materials was first
pursued by Paris and others (Ref. 3.3.2). The logic for conducting these
nonstandard tests was that the large planform specimens would more closely

|
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simulate the plane stress conditions that probably exist for a through-wall-
cracked pipe in bending.

During the course of this program, several series of planform C(T) specimen
tests have been conducted. Table 3.3.1 summarizes all of the series. The
objective in developing these data was that specimens machined from pipes have
the limitation in size due to the curvature of the pipe, hence making it
necessary to extrapolate J-R curve data. Typically in the Degraded Piping
Program, the procedure for fabricating specimens from pipes has been that the
thickness of the specimen should not be less than 80 percent of the pipe
thickness, and the specimen size is the largest planform C(T) that can be made.
The largest specimen possible is used so that the amount of crack growth data
is maximized (see Section 3.1.1 of this report). The effect of different
planform specimen sizes on the J-R curves, however, was not known. Consequently,
these series of experiments were vital to understanding the possible geometry
effects.

Initial Efforts on Stainless and Ferritic Steel Base Metals
i

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

The crack- in the nonside-grooved 3T and 10T C(T) A516 Grade 70*

ferritic steel specimens quickly turned 90 degrees from the intended
crack plane. This was the low toughness direction in the plate.
This was similar to the fracture behavior observed in the cold-leg
(also an A516 Grade 70 ferritic steel) circumferential through-wall-
cracked pipe test reported in Section 2.1 of our Fi(th Semiannual
Report (Ref. 3.3.4). This crack turning made it impossible to
calculate the J-R curve from the C(T) experiments. Only the Jj values
could be determined. *

For the carbon steel specimens, the Jj values were clearly dependent*

on the specimen size. The stainless steel specimens showed less
effect of specimen size on Jj, but generally were more sensitive to
side-grooving. With the exception of one specimen, all of the side-
grooved specimens from both materials had a lower J, than the nonside-
grooved specimens. These data are shown in Figure 3.3.1.

For the side-grooved A-516 Grade 70 ferritic steel, both JD and the*

modified J, Jg, resistance curves were calculated. The specimens
had a total side-grooving ' depth of 20 percent of the thickness. The
J -R curves sMwed significant size dependency, the trend being that0
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Table 3.3.1. Compact specimen test data provided to DTRC for its JM versus JD study.
All tests were at 550 F (288 C).

C(T) Specimen Thickness, FEM
Material Sizes inch Sidegrooved Analysis References

54 Stainless IT, 3T, 10T 1.0 No IT, 3T, 10T'
NUREG/CR-4575 Sections 2-4-

Base NUREG/CR-4573-

NUREG/CR-4082 Vol. 4. Sect. 3.1.3-

304 Stainless IT, 3T, 10T 1.0 Yes ---- - NUREG/CR-4575 Sections 2 and 3
Base

. A516 Gr 70 Base IT, 3T, 10T 1.0 Yes ---- - NUREG/CR-4575 Sections 2 and 31

| AS16 Gr 70 Base IT,3T,10T(8) 1.0 No ---- - NUREG/CR-4575

304 Stainless 0.5T 1.5T, 3T 0.38 No 0.5T, 3T NUREG/CR-4806 Sections 4 and 5w -

E Steel TIG Lw
.;

304 Stainless 0.5T, 1.5T 3T 0.38 No 3T NUREG/CR 4806 Sections 4 and 5-

Base-

304SS-SAW IT, 3T, 9.5T 1.0 No IT, 9.5T NUREG/CR-4082 Volume 4. Sect. 3.3
'-

h0 REG /CR-4878 Section 3.0-

Carbon Steel IT, 3T, 9.5T 1.0 Yes --- - NUREG/CR-4082 Volume 4, Sect. 3.3'

SAW

(a) Only Ji values for 3T and 10T exist since crack turned 90 degrees.

I
<

|

~
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the smaller the. specimen the lower the J -R curve (Figure 3.3.2).0
j The Jg-R curves showed much less size dependency, and after 0.25

inch (6.3 mm) of crack growth all of the different specimen Jg-R-

curves were virtually identical (Figure 3.3.3). Note that for the.

; 1T C(T) specimens, this amount of crack growth is about 25 percent
of the ligament which far exceeds the ASTM limit of 10 percent of4 ,

| the ligament. !

!

For the nonside-grooved Type 304 stainless steel specimens, the; *
J -R curves showed slight specimen size dependence (Figure 3.3.4).; 0 ,

The IT C(T) specimen J -R curve was very close to the 3T C(T)0

i specimen J -R curve. The Jg-R curves indicate that the smaller |0

! specimens tend to display higher slopes than for the larger
1 specimens.(Figure 3.3.5). This could result in a non-conservative !

extrapolation of the J-R curve from the smaller specimens. I

The finite ~ element contour integral dj values were quite close to
,

*

those calculated from the experimental data and the ASTM approach.
i This was encouraging in that.the ASTM standard specifically excludes '

j stainless steels. Hence, the ASTM star.dard technique could be
; expanded to include stainless steels.

Finite element analyses were performed for all nonside-grooved Type )|
*

'

304 stainless steel specimens, and the J-R curves were calculated by ,

the contour integral J. The finite element J-R curves were path ;4

; independent for up to 10 percent and 15 percent of the initial crack
ligament for the 3T and 10T specimens, respectively. Path
dependence was observed immediately after crack initiation for the1

IT specimen. The loss of path dependence is the point generally)' believed to be the limit of validity of the deformation theory J. |

'

| In the ASTM J-R curve procedure, the limitation on the crack growth !
j is 10 percent of the ligament. Our finite element computations i

; irdicate that this limit may vary with specimen size. The 10
percent limit in the ASTM standard was adopted using an approximate i

analysis. In this analysis, the condition for the applicability of iJ was defined in terms of the parameter w, given by the equation '

below: !
,

l !
'

!

w=b dJ >1
3 da (3.3.1)

,

where b is the length of the uncracked ligament.
j

In general, the far field J-R curves from the finite element*
tanalysis compared well with the J -R curves (Figure 3.3.6). The IMagreement between the far-field J-R curves and the J -R curves was

D ;

poor with large crack growth. :
r
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The 10T nonside-grooved Type 304 stainless steel C(T) specimen data*

were used in a calculational round-robin that confirmed that all NRC
contractors were calculating J - and J -R curves from experimental

D M

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

The 10T C(T) nonside-grooved Type 304 Stainless steel C(T) specimen*

data were used in a finite element round-rchin, These results are
given in Section 3.5.4 of this report.

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

are shown in Figure 3.3.7. With large crack growth, the IT specimen
J-R curve reaches a maximum and then decreases. This is frequently
seen when the crack growth data are well beyond the ASTM limits.
The 3T specimen J-R curve agreed with tne 10T specimen J-R curve
until crack growth exceeded 30-percent of the ligament.

The side-grooved Jg-R curves are shown in Figure 3.3.8. As with the*

nonside-grooved specimens, the IT specimen shows a steeper slope
than the larger specimens do. The 10T specimen slope is sig-
nificantly less than even the' 3T specimen in this test series.

Stainless Steel TIG Wold and Base Metal Evaluations

The next series of planform C(T) specimen J-R curves were developed in an
evaluation of stainless steel TIG weld specimens (Section 2.6). Base metal
Type 304 stainless steel specimens were also tested for comparison to the weld
specimens. All specimens were nonside-grooved. The thickness of these
specimens was 0.38 inch (9.5 mm). The planform specimen sizes were 0.5T,
1.5T, and 3T. All specimens were tested at 550 F (288 C). Finite element
analyses were conducted on the 0.5T and 3T C(T) specimens. The results showed -

the following:

l For the base metal specimens, the 0.5T specimens had a lower Jj than*

the larger specimens. These Ji values were significantly lower than
the Jj values for the 1-inch- (25.4-mm)-thick specimens cited in the
first series of planform C(T) specimen testing. Whether this
difference is due to thickness or normal variations in toughness for ,

Type 304 stainless steel is not known. l

geometry dependence (Figure 3.3.9).D-R curves showed significant
For the base metal specimens, the J*

The geometry dependence in this
case was much greater than for the 1-inch (25.4-mm) thick Type 304
stainless steel specimens.

|
.

!
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The J -R curves showed less geometry dependence than the J -R
M 0*

curves (Figure 3.3.10). The smallest specimen showed a greater
slope than the larger specimens, which is a non-conservative
trend.

For the TIG weld specimens, the 0.5T C(T) specimens had a lower*

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

For the TIG weld specimens, the general shape of the J -R
curves was not as well ordered with the specimen size.D

*

This
was perhaps due to the influence of the weld and the weld-crown
left on the larger specimens (Figure 3.3.11). The initial
slope of the 0.5T C(T) specimens was steeper than that for the
larger specimens, which is consistent vith the previously
discussed base metal J-R curves.

For the TIG weld specimens, the Jg-R curves were much steeper*

for the 0.5 T C(T) specimens, (Figure 3.3.12). The 0.5T
specimens also showed an upward hooking, which was a concern
raised at a recent Jg-R curve workshop (Ref. 3.3.5). The 3T J-
R curve was quite close to the pipe J-R curves from an
n-factor analysis and a finite element analysis of a pipe
experiment (Figure 3.3.13). Note that the 3T specimen J -RD
curve is shown in this figure; however, for the amount of crack
growth in this figure, there is little difference between the
3T C(T) J - and J -R curves.D M

Finite element analysis of the base metal and TIG weld metal*

0.57 and 3T C(T) specimens was also conducted. These results ;

showed good agreement between contour integral and virtuai I

crack extension (VCE) J values from the finite element analysis
and the ASTM procedure calculated J-R curve. As with the first
series of stainless steel planform experiments, this shows that
the ASTM procedure could be used for stainless steels.

i

Stainless Steel SAW Tests

The next series of planform C(T) specimen tests were on a stainless steel
submerged arc weld (SAW). The weld procedure used came from a boiling-water
reactor (BWR) specification. The plate material in the welded specimens was
the same as used in the first series of tests described on 1-inch (25.4-mm)
thick Type 304 stainless steel. Only nonside-grooved specimens of IT, 3T, and
9.5T planform size were' tested. The weld crown was lef t on 3T and 9.5T
soecimens. All specimens were tested at 550 F (288 C). The IT and 9.5T C(T)
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specimens were analyzed using the finite element method. These results are
summarized below.

The larger planform specimens had a higher Jj. This is the general*

trend of the other data.

With large amounts of crack growth, there was significant geometry*

dependence of the J -R curves (Figure 3.3.14).
D

Once the crack growth was greater than 0.25 inch (6.3 mm), the J -R*
Mcurves agreed more closely (Figure 3.3.15). The IT C(T) specimen J-

R curves in this case had a lower sinpe, which is not consistent
with the general trend of the other planform specimen test series.

The C(T) specimen Jg-R curves agreed quite well with a 16-inch (406-*

mm) diameter through-wall cracked pipe test using the same weld
procedure and the same pipe thickness (Figure 3.3.16). A 6-inch-
(152-mm)-diameter pipe with a smaller thickness showed a much higher
toughness, probably due to the higher percentage of the tougher TIG
weld metal in the thinner weld (Section 2.7).

The finite element results showed good agreement with the ASTM J -R*

Dcurve during crack growth up to 20 percent of the ligament. (Crack
growth in the finite element analysis was limited to 20 percent of
the uncracked ligament.) Hence once again this shows that the ASTM
testing method is applicable to stainless steels. Additionally, the
J - and J -R curves showed little difference over this crack growth0 g

range for these materials.

A516 Grade 70 SAW Tests

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

The J -R curves are shown in Figure 3.3.17. This was the lowest*
0

toughness material tested in the Degraded Piping Program. The
initiation toughness of the larger specimens was higher than for the
smaller specimens. This is consistent with the other planform C(T)
series.

The 1-T C(T) specimen J -R curve agreed well with the 9.5T C(T)*
0specimen J-R curve.
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For the Jg-R curves, the initial slopes of the J-R curves were*

in agreement. With more than 0.2 inch (5.1 mm) of crack
growth, the IT specimen Jg-R curve was considerably steeper
than for the larger specimens (Figure 3.3.18). This is
potentially non-conservative behavior, depending on how the
through-wall-cracked pipe behaves. A pipe test is currently
planned to assess this effect (Section 2.10). It can also be
noted in this figure that the IT specimen J -R curve isg
hooking upward, which is a concern with other Jg-R curve data
(Ref. 3.3.5). This upward hooking of Jg-R curves occurs with
large crack growth, above the ASTM limits. It was observed in
low and high toughness materials (e.g., see the high toughness
TIG weld data).

3.3.2 Discussion of Planform C(T) Specimen Results

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

1. In general, the smaller the specimen, the lower the Jj value.

2. In general, Jg did a better job of eliminating the specimen
geometry effects than did J ; however, the Jg analysis was notD
as good as desired.

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

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

| 5. For the cases where there were pipe tests on the same material
- the following were found:

The TIG weld results showed that the larger planfonn*

specimens agreed better with the pipe test J-R curve.

The stainless steel SAW results showed that there was*

little difference between tne Jg tearing resistance of the
different specimen sizes.

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

It appears that the prudent approach would be to use a smaller (standard) size

specimen to obtain a lower Jj,imen Jand a- larger specimen to obtain a lower J-Rcurve slope. The smaller spec 3 value may be especially important for
evaluation of a surface crack in a pipe where there is little crack growth
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i

from initiation to maximum load (also see Section 3.5.5). To assess how large
a specimen may be needed to get a lower tearing resistance, the data in this I

'

section were plotted in a normalized manner. This involved normalizing the .
tearing resistance of any specimen by that f, rom the largest specimen tested in
its series. This normalized tearing resistance was then plotted versus specimen
size normalized by the standard size for that specimen thickness. This
normalized graph is shown in Figure 3.3.19. The data suggest that a planform
specimen of four times the standard size for that thickness should be tested
to obtain a lower bound tearing resistance. This is perhaps more important
for leak-before-break (LBB) analyses where the stability of a through-wall
crack is evaluated.

References for Section 3.3
,

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

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

3.3.3 Kramer, G., and Papaspyropoulos, V., "An Assessment of !
Circumferentially Complex-Cracked Pipe Subjected to Bending", NUREG/CR- '

'4687, October 1986.

3.3.4 Wilkowski, G. M., and others, "Degraded Piping Program - Phase II",
Semiannual Report, April 1986-September 1986, NUREG/CR-4082, Vol. 5
April 1987.

;

3.3.5 Hays, R., and Hackett, E., "Proceedings of the DTRC/NRC Meeting on
J ", To be published as a NUREG report, August 5-6, 1987.-
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3.4 NRCPIPE - A J-estimation Scheme
Computer Code for Circumferentially Cracked Pipe
(F. Brust, D. Broek, N. Ghadiali, and G. Wilkowski)

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

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

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

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

3.4.1 Objectives of the NRCPIPE Code
'

Most engineering EPFM techniques are based on the J-integral. The NRCPIPE
code is designed to perform EPFM analysis, that is, to establish the fracture-
failure conditions of an engineering structure in terms of sustainable load
(or stress) or displacement. The analysis procedures focus on circumferen-

' tially cracked pipe. Several options are available for different flaw geometries -

and loading conditions for comparison. This code was used in the analysis
efforts throughout the Degraded Piping Program.

The J-integral fracture parameter is used as a basis for this analysis since
it is a common fracture parameter in the nuclear industry. The code has two

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

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

3.4.2 NRCPIPE Analysis Capabilities

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

'
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Table 3.4.1. Estimation scheme methods currently in NRCPIPE.

.

Analysis Method
Available Within loading (a)

Structure NRCPIPE Type

Center-Cracked Panel GE/EPRI T

Compact-Tension Specimen GE/EPRI T

Single-Edge Notch Specimen GE/EPRI T

Bend Specimen GE/EPRI B

Circumferential Through-Wall
Cracked Pipe GE/EFRI T,B,T+B

NUREG/CR-3464 T,B,T+B
LBB.NRC T,B,T+B
LBB.BCL1 T,B,T+B
LBB.BCL2 T,B,T+B ,

Modified GE/EPRI T,B,T+B '

CEGB.REV. 3 T,B,T+B

Complex-Cracked Pipe GE/EPRI T,B,T+B
NUREG/CR-3464 T,B,T+B
LBB.NRC T,B,T+B
LBB.BCL1 T,B,T+B
LBB.BtL2 T,B,T+B
Modified GE/EPRI T,8,T+B
CEGB.REV. 3 T,B,T+B

Surface-Cracked Pipe
SC.SEN B i

SC. Thin B >

SC. Thick B

CEGB. Rev. 3 T.B.T+B ,

.__

(a) T = Tension, B = Bending, T+B = Tension + Bending.
;

,
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ICurrently the code is modified to incorporate the following features:

Improvement in the user-friendliness of the code*

Improvement of the NUREG/CR-3464, LBB.NRC, LBB.BCL1, and LBB.BCL2*

computational times by improving the iteration schemes currently
used (It is desired to reduce the calculation time on an IBM-PC to
less than one minute.)

Development of standard check problems using data from the Degraded*

Piping Program pipe fracture experimental database

Development of a simplified user's manual with a check problem for 4*

the user,

e

>t

t

i

t

i

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

During the course of the Degraded Piping Program, numerous round-robin activities
were undertaken. In most of these cases, Battelle was the organizer, but in
some cases Battelle was a participant in NRC contractor round-robin efforts.
These efforts were essential to verification of experimental or analytical
techniques relative to this program. The major efforts were:

Tensile testing evaluations using Type 304 stainless steel at room*

temperature and 550 F (288 C).'

Calculation procedure evaluations for J - and J -R curves, using' *
D M

given load-displacement-crack growth data from a C(T) specimen.

A C(T) specimen-testing evaluation of the d-c electric potential*

method for monitoring the crack initiation and crack growth during a
J-R curve test.

Finite element anlaysis of a 10T C(T) specimen and a circumferential*

through-wall cracked pipe. (This involved large crack growth in
stainless steel base metal.)

Finite element and J-estimation scheme analysis of a FWFN(T) specimen*

and a circumferential surface-cracked pipe. (ThisinvolvedA106
Grade B pipe base metal at 550 F (288 C).]

Of these efforts the finite element round-robin was documented in a topical
.

report in this program: !

Ahmad, J., Nakagaki, M., Brust, F., and Wilkowski, G., "Elastic-Plastic
' Finite Element Analysis of Creek Growth in Large Compact Tension and

Circumferentially Through Wall-Cracked Pipe Specimen", NUREG/CR-4573,
; October 1986.
!

The different round-robin efforts and their results are summarized in the'

-

! following sections.

3.5.1 Tensile-Test Round-Robin

Tensile tests are conducted on nuclear reactor materials to provide strength
properties and stress-strain data for fracture analysts. Battelle organized
and conducted a tensile-test round-robin to ensure that test results obtained
by the various contractors and delivered to the NRC are not laboratory dependent.'

A detailed description of the procedures and results was presented in the Fourth
Semiannual Report (Ref. 3.5.1) . A summary of the procedures and findings is
presented here.

!
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Participants in the tensile-test round-robin were:

Laboratory Responsible Individual

Battelle M. P. Landow
MEA A. Hiser
OTRC R. Hays

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

Specimens were of the round-bar type with threaded ends and were machined such
that the tensile axis was aligned with the pipe axis. The reduced section of
each specimen had a length of 1.25 inches (31.8 mm) and a diameter of
0.250 inch (6.35 mm). To favor neck formation and fracture at midlength, the
reduced section was tapered slightly such that the diameter was 0.001 to 0.002
inch (0.025 to 0.050 mm) smaller at the middle than at the ends. Each labora-
tory tested 3 specimens at room temperature and 3 specimens at 550 F (288 C),
employing procedures that were typical for that laboratory.

The results of the tensile-test round-robin indicated that the tensile
properties and stress-strain curves were not significantly laboratory depen-
dent. Figure 3.5.1 shcws engineering stress-strain curves obtained by the 3
laboratories at room temperature. For the ultimate tensile strength (UTS),
percent elongation, and percent area reduction, standard deviations were less
than 3 percent at both test temperatures. A somewhat larger standard devia-
tion was observed for the yield strength: 3.6 percent at room temperature andI

| 6.1 percent at 550 F (288 C). The greater observed variability in yield
strength is perhaps to be expected because: (1) the yield strength is more
sensitive to small microstructural differences than are the other properties, I

and (2) more judgment is required in selecting the 0.2 percent offset yield )load than for the other properties.

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

e/co o/co + a(c/c )" (3.s.1)o

where o is stress, a is a reference stress (sometimes yield stress or flowostress is used), e is strain, and s is a reference strain equal to c /E,
|o o

where E is Young's modulus. This expression will produce a straight line |
having a slope of n and an intercept of log a if log (c/co - o/c ) is plottedo
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As was noted in the Second Semiannual Report
against log),(o/c ) .o
(Ref. 3.5.1 stress-strain curves for austenitic stainless steel tend not to
be amenable to good fitting by Eq. 3.5.1 over the entire stress-strain curve.
For that reason, the round-robin data were subjected to Ramberg-Osgood analysis
over three different regions of strain: (1) the entire curve, (2) the low ,

strain region (up to 5 percent), and (3) the high strain region (greater than '

5 percent).

Linear regression analysis was used to fit straight lines to the Ramberg Osgood
graphs and, thereby, to obtain values of the parameters a and n. The graph
for the entire stress-strain area is shown in Figure 3.5.2. Good reproducibility
of the parameters was found for the high-strain portion of the stress-strain ,

curves (standard deviation about 5 percent) and for the entire stress-strain >

curves (maximum standard deviation about 7 percent). However, reproducibility
was poor, particularly for a (16 to 34 percent standard deviation) when only- ,

'

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

,

On the basis of the tensile-test round-robin, it was concluded that tensile
properties determined by the three laboratories were not significantly laboratory
dependent. It was concluded also that if fracture analysts should determine
that low-strain data (e ( 5 percent) are more important than high-strain data
in applying tensile curves to the analysis of cracked pipes, additional attention ;

should be given by experimenters to more accurately defining the stress-strain
relations in that region.

!

3.5.2 J-Calculation Round-Robin
d

Methods used for calculating the ductile fracture resistance parameter J havei

undergone several changes in the past several years. To check the,

reproducibility of the various J-values calculated at different laboratories,
Battelle organized and conducted a J-calculation round-robin. A detailed ;
description of the round-robin was presented in the Fourth Semiannual Report |

(Ref. 3.5.1). A summary is presented here. i

'

Participants in the J-calculation round-robin were:

Laboratory Responsible Individual |

Battelle H. P. Landow
Oak Ridge National

Laboratory R. K. Nanstad
DTRC R. E. Link
MEA A. Hiser
Westinghouse D. McCabe
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'
Each participant received experimental data from a fracture toughness test on

| a 10T planform-size, 1-inch (25.4mm)-thick compact specimen of Type 304 stainless
steel tested at 550 F (288 C). The data sets included load, displacement,
crack length, and calculatad compliance. Participant's were requested to

however, each calculated JD and several calculated Jg*
calculate Jn* and Jg; J parameters are described below; each parameter accounts

,

as well. The various
for crack growth:

'

is deformation J calculated by the method described in ASTMJD
*

; E813-81, Standard Method for Jye, A Measure of Fracture Toughness.
;J * is calculated in essentially the same way as J , except that J.*

O O,

,
is separated into elastic and plastic portions.

Jg denotes modified J and was proposed by Ernst (Ref. 3.5.2) as a ;*

method'for extending the usefulness of J to crack growth values well i

* beyond 10 percent of the original ligament. It differs from JD,

primarily in that it contains an extra plasticity term in th6
calculation; thus, for a growing crack, JM always exceeds JO and the
magnitude of the difference increases with increasing crack extension. !

!

Jy* is calculated in the same way as J , except that it is divided |
*

j Melastic and plastic components. '

>

The resu. the J-calculation round-robin indicated that even though exact
!j agreement was not found among all five laboratories for any of the J parameters,

,

the differences were sufficiently small to eliminate calculational procedures'

j as a source of concern in accurately determining J-R curves.

| 3.5.3 Electric Potential Round-Robin

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

.

|ducting electric potential measurements. Consequently, a variety of methcds
are in use.

At the direction of the NRC, a round-robin of NRC contractors has been organized
and is being conducted by the DTRC. Battelle is one of the participants.
During the current reporting period, Battelle tested three carbon-steel ar.d
three aluminum-alloy co m et specimens that had been machined and precracked
at OTRC. The data from inose tests were reduced and the results have been
sent to OTRC, along with a complGe description of the experimental procedures.

I

)
1
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3.5.4 Finite Element Round-Robin of a 10T C(T) and
Circumferential Through-Wall-Cracked Pipe

3 The objective of this round-robin effort was to assess the accuracy of finite
elemant methods to calculate the J-R curve for large amounts of ductile crack.

growtn in a very ductile material. The material was Type 304 stainless steel..
Two problems were solved. The first was a two dimensional problem that involved
determining the J-R curve for a 10T C(T) specimen with 6 inches (152 mm) of '

crack growth. The second was a three-dimensional problem that involved
calculating the J-R curve for a 16-inch (406-mm) diameter circumferential
through-wall-cracked pipe in four-point bending. There were also 6 inches
(152 mm) of ductile crack growth in the pipe problem.

Nine organizations from five countries participated in this round-robin'

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

.

..

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

The 10T C(T) specimen was a planform specimen that was 1 inch (25.4 mm) thick, -

see Section 3.3.1 of this report. The test was conducted at Battelle at 550 F ;

) (288 C). The geometry of the specimen is shown in Figure 3.5.3. The material .

stress-strain curve was given to all of the participants as well as the crack ,

growth versus load-point displacement curve. Table 3.5.2 sumarizes the ,

variables used by the different participants in this problem. '

The calculated load versus load-line displacement values are compared to the
experimental data in Figure 3.5.4. In general there is good agreement up to

,

crack initiation, and more variation during crack growth.

The calculated J-R curves are given in Figure 3.5.5. The ASTM calculated J -R !
D

'

curve and the Jg-R curve from the experimental data are also shown. The J4
| values from all participants but Participant 5 are in good agreement with each

other and those calculated from the experimental data. The finite element J-R |

,

curve from Participant 5 was significantly lower than the other curves. The
| J-R curves from Participants 1, 2, and 4 show a continuously rising J-R curve

which is close to the Jg-R curve. These three solutions modeled the growing
crack by the node release method.

>

The J-R curve solution by Participant 3 was much lower and was in closer agree-
ment to the J -R curve from the experimental data. This solution modeled the0
growing crack by using multiple meshes with different crack lengths. There-
fore, the results of Participant 3 do not reflect the crack growth history
dependence on the computed J-R curve. As expected, these results agree with
the deformation theory J-R curve using the experimental data,

l

In summary, all of the solutions in . terms of the computed J-R curves are within|

20 percent of each other, with the exception of the solution of Participant 5.
The computed J values of this solution are considerably lower, even at crack

3-88
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Table 3.5.1. List of Participants and Affiliations.

Technical Research Center, Finland

Dr. K. Ikonen
Mr. T. Mikkola
Dr. H. Talja

Commissariat i l'Energie Atomique, Cadarache, France.

Dr. E. de Langre

Gesellschaft fur Reaktorsicherheit m.b.H., West Germany

Dr. O. Azodi

MaterialprUfungsanstalt Stuttgart, West Germany

Mr. K-H. Herter
Dr. A. Sauter

University of Tokyo, Japan

Prof. T. Miyoshi
Prof. Y. Yoshida

Central Research Institute of Electric Power, Japen

Dr. K. Kashima 1

Dr. Y. Takahashi ;

Kawasaki Heavy Industries, Japan )
|

Mr. T. Sh'cakawa j

Yokohama National University, Japan

Prof. M. Shiratori

Battelle Columbus Division, USA

Dr. J. Ahmad
Mr. N. Ghadiali
Dr. M. Nakagaki

Ms. V. Papaspyropoulos
Mr. G. Wilkowski
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Figure 3.5.4 Comparison of the finite element analysis results for the C(T)
specimen (Problem A) with experimental data.
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initiation, compared to the other solutions. This is consistent with the,

corresponding lower load versus displacement results from Participant 5. A
'

rechecking of these values is in progress.

I
Finite Element Round-Robin Analysis of I
Circumferentially Through-Wall-Cracked Pipe '

|

The circumferentially through-wall-cracked pipe problem was on a 16-inch
(406-mm) diameter 1.03-inch (26.2-mm) thick Type 304 stainless steel pipe. !

,

This pipe test was conducted as part of an Electric Power Research Institute
(EPRI) program at Battelle (Ref. 3.5.4). The test was conducted at room
temperature. Since this pipe was made from a different material than the
material of the plate used in the C(T) specimen, and since this test.was run
at a different test temperature, the J-R curves from these two problems should
not be compared to each other.

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

i
i

Table 3.5.3 gives the variables used in the finite element analysis by the
different participants. Out of the five participants, only one used shell
elements. The others used brick elements. ;

1

!

The calculated and experimental load versus load-point displacement is shown !
>

in Figure 3.5.7. The agreement is good in the linear-elastic range, but the !

finite element results underpredict the experimental loads, even at crack '

initiation. This is typical of all the other comparisons we have made in the,

Degraded Piping Program, even using experimental data from other sources.
1

The calculated J versus load-line displacement values are given in Figure 3.5.8.
The Jn and J;

this Tigure.g values calculated from the experimental data are also given inj The sgreement is quite good up to 12 inches (305 mm) of
j displacement.
'

The load versus J values are shown in Figure 3.5.9. The finite element values
are compared to the J values from J-estimation schemes that use the experimentalpipe fracture data. Participant I shows reasonable agreement with the estimation
scheme results. Subsequent analysis of the solution by Participant i showed
that when they increased the number of iterations for convergence, their analysis
results agreed with the results of the other participants (Ref. 3.5.5).
Consequently their refined analysis agreed with the other solutions, but were
not as close to the experimental data.

-

1

The J-R curves from the finite element and the estimation schemes are shown inFigure 3.5.10. The J at initiation values are very close for all the finite
) element solutions. Participant 4 only solved the problem up to crack initia-
,

tion. The J-R curves from Participants 1, 2, 3, and 5 are in reasonable agree-
] ment with each other. They differ from the estimation J-R curves at initia-
j tion, where the finite element values are higher. This is surprising
,
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Figure 3.5.10 The J versus crack growth conputed by finite element analysis, and by
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since the finite element loads were underpredicting the experimental loads.
The slope of the finite element J-R curves is flatter than the J-estimation
scheme J-R curves. This is reasonable since the finite element load versus
displacement curves are different from the experimental data used in the
estimation schemes.

Discussion of Stainless Steel Finite Element Round-Robin Results

These results showed the following:

If multiple meshes are used in an finite element analysis to model.

crack growth, then the calculated J-R curve should agree more closely
with the deformation theory J-R curve than with the modified J-R curve.

For the C(T) specimen, the J at initiation was close to the ASTM.

estimation scheme. This standard currently excludes application to
stainless steels. These results show that the standard could be
expanded to include stainless steels.

For the circumferentially through-wall cracked pipe, the loads were.

consistently underpredicted. This is consistent with other finite
element versus pipe fracture data comparisons made in the Degraded
Piping Program, even when using data from other organizations.
Although this is a cNservative trend, from the viewpoint of using
finite element analysis for licensing applications, it is not
technically satisfying. The reason for this underprediction is not
known at this time.

J-R curves calculated from the far field contours were in good.

agreement with the Jg-R curves.

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

This round-robin was held in conjunction with the ASME PVP conference in June
of 1986. The objective was to assess crack growth resistance in the through-
thickness direc* tion of a ferritic nuclear piping steel for a two-dimensional jand a three-dimensional problem. In this round-robin, the two dimensional
specimen was machined from the pipe, and was tested at the same temperature as
the pipe test. The test temperature was 550 F (288 C). The pipe was an A106
Grade 816-inch (406-mm) diameter Schedule 100 pipe (nominal thickness of |
1.03 inch (26.16 mm)]. 1

The two-dimensional specimen was an FWFN(T) specimen. This is essentially a
single-edge notched specimen. The objective of using this specimen is that it :
can be easily machined from a pipe, and it evaluates the J-R curve of the I

material in the same direction of crack growth as a circumferential surface I
'crack growing through the pipe thickness. Another advantage of this specimen

is that the ligament is in tension just as a surface crack in the pipe.

3-101
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| There were 12 participants from 5 countries in this round-robin (Table 3.5.4).
1 The results of this round-robin are summarized below. These results should be

considered somewhat tentative since they need to be reconfirmed with all the
participants.

,

i FWFN(T) Round-Robin Results

The FWFN(T) specimen geometry is shown in Figure 3.5.11. A unique aspect of
this specimen is that it is loaded in constant displacement by wedge grips in
the test machine. Hence the normal constant stress J-estimation schemes for a
pin-loaded side-edge-notched specimen does not model the boundary conditions
properly since the bending of the specimen at the grips is restrained. This
restraint of bending is probably a closer simulation of the stresses in a

,
3

surface-cracked pipe where the curvature of the pipe helps to restrain the
through-thickness bending. The engineering and true stress-strain curve datag

were given to all participants. For the estimation scheme solutions, the
participants determined their own Ramberg Osgood fit to the tabulated stress-
strain curve data. The crack growth versus load-line displacement data were
provided to all participants.

FWFN(T) Finite Element Results
!

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

a plane stress and a plane strain solution. Table 3.5.5 summarizes the variables
in the finite element analyses. Figure 3.5.12 shows the calculated loads versus i

displacements compared to the experimental data. Data from participants 5 and
6 were the closest to the experimental data. Of the five J-R curve solutions,

'

four of them are in very good agreement (Figure 3.5.13). |

The results from Participant 5 are significantly lower than the other results.
The results of Participants 4 and 7 are almost identical in the load versusi

displacement calculations and the J-R curves. (Note that Solution 7-a was for<

plane stress, whereas 7-b was for plane strain.)

FWFN(T) J-estimation Scheme Results

There were five participants that solved this problem with J-estimation schemes.
Participant 3 solved the problem three different ways. Table 3.5.6 summarizes
the solution methods. (Some of these solutions are not well defined since details
ofthesolutionswerenotsenttoBattelle.) The J-R curves are shown in Figure
3.5.14. The J - and Ju-R curves from a C(T) specimen tested in the usual L-C0
orientation are also shown in this figure. Compared to the scatter of the,

j finite element solutions, these results are very poor. One observation is
that the solutions that used the EPRI/GE estimation scheme had the J-R curves
hooking upward. [This was a general trend also observed from C(T) specimen
predictions using the EPRI/GE estimation scheme and inputing load versus crack
growth to calculate a J-R curve (Section 3.2.5 in Ref. 3.5.6)].;

-
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Table 3.5.4. List of Second Analytical Round-Robin Participants.

(12 Participants from 5 Countries)

England

Central Electricity Generating Board

France

Framatome/Novatome

Japan

Central Research Institute for Electric Power Industry
Ishi Kawajima - Harima Heavy Industry

Kawasaki H.I.
Mitsubishi R.I.

University of Tokyo (Yagawa - Veda)
University of Tokyo (Miyoshi - Yoshida)

USA |

|
Battelle'

Electric Power Research Institute
,

Structural Integrity Associates i

West Germany
.

|
Gesellschaft fur Reaktorsicherheit |

|

|

!
l
I
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Figure 3.5.11 Geometry of the full-width face-notched, FWFN(T), specimen.
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Table 3.5.5. Variables in finite element analyses of FWFN(T) specimens.

Participant

Variable 4 5 6 7

No. & Type 299 36 251 120

of Elements 8-Node Isop. 10-Node 16-Node Brick 8-Node Isop.
Plane Strain Gen. PE 3-0 Plane Strain

No. of Nodes 938 138 1174 407

Integration Order 3x3 Gauss 2x2 3x3x2 Gauss 2x2 Gauss

Yield Surface Von Mises Von Mises Von Mises von Mises

Hardening Model Isotropic Isotropic Isotropic Isotropic
;

J-E Curve True Engineering Engineering True

iFinite Deformation No No No Total
Lagrange !

Small Strain |
1

Equilibrium Newton-Raphson Newton Tangent Stiffness Modified
Ccmpensation Radical Return Newton

Crack Extension Spring Mesh Node Release Node Shift |

Procedure Relaxation Distortion and Release

J-Computation Contour J VCE VCE VCE

3-105
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! Table 3.5.6. Sumary of estimation methods for FWFN(T) problem. !
!

1

; !
-

Participant Description of Method

| 1 GE/EPRI constant stress edge-cracked specimen solution, !
Ramberg-Osgood fit unknown at this time. |

|

| 2 GE/EPRI constant stress edge-cracked specia n solution. |
!
'

.
3 Used GE/EPRI method, Ramberg-Osgood constants unknown at

i
this time, j

'

r
'

3a GE/EPRI bending solution. )
: ;

I 3S GE/EPRI combined tension plus bending on edge. notched I
*

; specimen solution.
i >

'

{ 3c GE/EPRI constant stress edge-notched specimen solution.
:

4 n-factor solution developed from finite element solutions.
,

4
;

5 R6 Rev. 3 using finite element solution for Kr term, i

|
Sa - Solution (a) used elastic J finite element results in Kr

'

term.

j Sb - Solution (b) used elastic J finite element results with
3 restrained bending geometry option.

Sc - Solution (c) used elastic J finite element results.

|
-

-

4

i

i

i
i

!

|
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! The best results were from Participants 4 and 5. Participant 4 developed an ;

4 n-factor estimation scheme with the guidance of finite element analyses, i

! Participant 5 used the R6 Rev. 3 method, where the elastic solution for K Ir
j came from finite element results. (
! The rext closest solution used the EPRI/GE estimation scheme for combined
I tension and bending of an edge-notched specimen, Solution 3-b in Figure
; 3.5.14. The constant stress edge-notched specimen solutions, from Participant !

solutions 1 and 3-c, gave very high J-R curves. |
!

s

!'

Surface-Cracked Pipe Results

The surface-cracked pipe problem represents the first time (that we are aware
i of) a truly three-dimensional structural analysis problem has been used in a |

| major fracture mechanics finite-element round-robin exercise. The crack i

i geometry and the loading frame of the test system is given in Figure 3.5.15. !

j The crack was an internal surface crack, and the pipe was unpressurized. The !

test was conducted at 550 F (288 C). The pipe material and test temperature :'

were the same as those used in the FWFN(T) problem, hence the J-R curves are !
comparable. For this problem, both finite element and estimation scheme r

: results were solicited. The material stress-strain curve data and the load- !
line displacement versus crack growth data at the center of the surface crack ,

| were given to the participants. The experimental load versus load-line !
| displacement curve is shown in Figure 3.5.16. This shows that after a small j
; amount of crack growth, the surface-crack broke through the thickness and !

became unstable, j|
| i

Finite Element Method Results

| Eight participants solved this problem by the finite element method. Of
,

these, Participant 5 solved the problem using two different computer codes.'

The participants were asked to calculate the J values up to crack initiation. |'
, None of the participants conducted finite element crack growth analyses in i

I this round-robin. Table 3.5.7 sunnarizes the variables used in the finite i

element solutions. |

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

Figure 3.5.17, all of the finite element solutions agree well with each other !
and with the experimental data, j

!

The second comparison was for J versus load-line displacement. The calculated )values are shown in Figure 3.5.18, along with the displacement at crack ,

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

agreement in the linear-elastic region, but they differ tremendously in the
elastic-plastic region. At crack initiation, the ratio of the highest J to ,

the lowest J is a factor of 426 percent. This is an unacceptably large
]difference.
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Table 3.5.7. Summary of variables in finite element analyses of surface-cracked pipe specimens.
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To further investigate the possible causes of this difference, the J at
initiation versus the number of nodes in the ligament was examined.
Figure 3.5.19 shows this comparison. This shows that the greater the number
of nodes, the lower the J value. Hence mesh refinement is a critical
co' nsideration in this surface crack analysis. For this oroblem it appears
that 9 or more nodes in the ligament would be needed to Jet good results. The
solutions by Participants 4 and 12 satisfy this require ant. Their value of J
at initiation was approximately 390 in-lb/in2 (68.3 kN/m).

From this exercise it was found that a given mesh refinement may produce
satisfactory results in the linear-elastic regime while producing poor results
in the nonlinear elastic-plastic regime. Hence, one must be careful in verifying -
a mesh refinement criterion for nonlinear finite element problems.

Estimation Scheme Solutions

Five participants solved the surface-cracked pipe problem using estimation
schemes to calculate the J-R curve. The different approaches are listed in
Table 3.5.8. Figure 3.5.20 shows a comparison of the J-R curves. In general,
these values are higher than the finite element solutions. The finita element
value of 390 in-lb/in2 (68.3 kN/m) is lower than any of the estimation scheme
values at crack initiation.

Discussion of Second Analytical Round-Robin

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

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

excellent agreement.

For the FWFN(T) specimen, t'he J-estimation scheme results showed! *

considerable scatter, although proper modeling of the constant-
displacement loading conditicn gave reasonable agreement with the
finite element results.

For the surface-cracked pipe, the finite element results showed that*

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

Participant Description

1 GE/EPRI surface-cracked pipe solution where ovalization
(buckling) correction used to modify solution.

2 R6 Rev. 3.

3 GE/EPRI surface-cracked pipe analysis. ,

4 Hodification of GE/EPRI 360-degree surface-cracked pipe
solution where finite length flaw accounted for.

5 R6 Rev. 3 where finite element solutions developed for
use in Kr term.

|

,
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All the surface-crack estimation schemes gave J values that were*

higher than the best finite element results. For application purposes,
this may be conservative since these schemes overpredict the crack
driving force, hence they will underpredict the loads for a given J-
R curve.

The finite element values that appear to be the best for the FWFN(T)*

specimen and the surface-cracked pipe show that the J at initiation
from the pipe was approximately 65 percent of the J at initiation
from the FWFN(T) specimen. The finite element (using the solutions
with more than 9 nodes in the ligament) calculated surface-cracked
pipe J value at initiation was lower than the JIc value from the
C(T) specimen. Hence using a pipe finite element analysis, with
careful consideration of the mesh refinement, may overpredict the
loads for the cracked pipe when conducting an application phase
calculation.

These results will be further reviewed and published in a future document.
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4. SIGNIFICANCE OF RESULTS TO DATE

- The Degraded Piping Program will supply results that provide a basis for regu- )'g' latory decisions regarding leak-before-break (LBB) and in-service flaw assess-
-

ment. The significance of our results are sumarized in terms of how they may ;

affect regulatory technical needs.
.

1

Section 4.2 of the previous semiannual report (Ref. 4.1) sumarized the sig-
nificance of the program results to date. The following section provides such
a sumary, but includes results from the current reporting period. During |

that period, we have completed five topical reports, each of which is sum- !

marized in this report.

The experimental and analytical efforts within the scope of the Degraded
Piping Program were undertaken in part to determine the need for any further
efforts. As findings came to light, some efforts were slightly expanded,
while other efforts were not pursued. The following sumary describes the :

Iactivities of the third year. These activities have contributed considerably
to the understanding of the application of elastic-plastic fracture mechanics
(EPFM) to nuclear piping systems. These contributions relate to piping mater-
ials at light-water reactor (LWR) temperatures, especially concerning

Pipe fracture analyses 1*

In-service flaw assessment criteria+

|Material characterization and unusual failure mechanisms.a

The discussions below are the basis for the Executive Sumary in this report.
Previous semiannual reports are given in References 4.2 to 4.5.

| References for Section 4

4.1 Wilkowski, G. M., and others, "Degraded Piping Program - Phase II",
Semiannual Report, April 1986-September 1986, NUREG/CR-4082, Vol. 5,
April 1987. j

1

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

Semiannual Report, March 1984-September 1984, NUREG/CR-4082, Vol. 1, |
January 1985. |

4.3 Wilkowski, G. M., and others, "Degraded Piping Program - Phase II",
Semiannual Report, October 1984-March 1963, NUREG/CR-4082, Vol . 2,
July 1985.

4.4 Wilkowski, G. M., and others, "Degraded Piping Program - Phase II",
Semiannual Report, April 1985-September 1985, NUREG/CR-4082, Vol. 3,
March 1986.
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4.1 Application of Circumferentially Cracked Pipe Results to LBB Analyses

The discussions in this section refer to LBB applications. In these cases,
design changes can be justified in a plant-specific mcnner. The significance
of the results to current LBB methodology and the possible applications for
future LBB design consideration are discussed in the following sections.

4.1.1 Significance to Current LBB Analyses

Current LBB analyses accepted by the U.S. NRC require the postulation of a
through-wall circumferential crack (Ref. 4.1.1). This postulated through-wall
crack must be shown to be detectable by leakage at normal operating conditions
and the crack must be stable at faulted loads. Safety factors are applied to
the detectable leak rate used in determining the size of the postulated crack,
as well as to the faulted loads used in the crack stability (or pipe fracture)
analyses (Ref. 4.1.2).

To validate the current LBB analyses for through-wall-cracked pipe, fracture
experiments have been conducted on 4-inch (102-mm) to 42-inch (1067-mm)
diameter pipe (Ref. 4.1.3). This includes recent experiments on a 28-inch
(711-mm) diameter stainless steel recirculation pipe removed from service, and g
a 36-inch (914-mm) diameter by 2.87-inch (73-mm) thick cold-leg pipe from a
cancelled pressurized-water reactor (PWR), see Sections 2.1 and 2.7 in this
report. Most of the pipes were tested in pure bending, but some experiments
have been conducted under pure pressure or pressure plus bending to failure.
This approach was taken since nuclear piping systems experience different
ratios of bending to axial membrane stresses. The through-wall cracked
pressurized pipe experiments were extremely difficult to conduct at 550 F
(288 C), and required the development of a high temperature rubber bladder to
contain the pressure.

Evaluation of Limit-Load Analyses

These experimental results were used along with the material characterization
data to assess the various pipe fracture analyses. The simplest type of
analysis is the net-section-collapse (NSC) analysis (Refs. 4.1.4 and 4.1.5).
The NSC analysis, a limit-load analysis, is based on the assumption that the
pipe cross-section becomes fully plastic at the location of the crack. Stated
another way, the material is sufficientij tough that failure will be con-
trolled by the flaw size and the strength of the material. The results of
this program showed that toughness alone is not enough to ensure that failure
loads will reach the NSC predicted loads. The d'ameter of the pipe is an
important consideration, where the larger the pipe diameter the lower the
failure stress. This was demonstrated in an experieent on a very tough
(wrought Type 304 stainless steel) 42-inch (1067-mm) -liameter pipe. A
plastic-zone screening criterion (PZSC) was developed to show when the NSC
analysis is appropriate to use, and when more sophisticated EPFH analyses
should be used (Ref. 4.1.3). The dimensionless plastic-zone parameter used in
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the screening criterion was also used to develop an empirical relation for
predicting the maximum load with 95 percent reliability (that is, two standard
deviations below the average of the failure stressesl (Ref. 4.1.6, Section
4.1). This relation could be.used to provide guidelines as to when simple
limit-load analyses can be used in the NRC's LBB analysis procedure (Ref.
4.1.2).

Evaluation of J-Estimation Scheme Analyses

Many EPFM analyses have been evaluated by comparing the predicted to experi-
mental loads and displacements (Refs. 4.1.3, 4.1.7, and 4.1.8). The analyses
used were based on the J-integral or modifications of it. These are relatively
simple engineering estimation schemes used to make approximate predictions of
the pipe fracture behavior. They approximate more advanced EPFM technology
without resorting to elaborate, costly, and time consuming finite element
analyses. An IBM-PC user-friendly computer code called NRCPIPE has been
developed to facilitate analysis efforts. It incorporates all of the currently
accepted J-estimation scheme analyses for cracked pipe. An initial version of
this code has been provided to the U.S. NRC staf f. Currently, changes areI
being made to make the program more user-friendly (Section 3.4). Following
that, a procedure will be incorporated to reduce the computation time greatly
for some of the analysis schemes.

For through-wall cracked pipe, the analyses included in this code are the
EPRI/GE analysis (Ref. 4.1.9), the NUREG/CR-3464 analysis by Paris
(Ref. 4.1.10), the LBB.NRC method (Ref. 4.1.11), two methods developed in this
program LBB.9CL1 and LBB.BCl2 (Ref. 4.1.7), two recent modifications to the
EPRI/GE analysis (Refs. 4.1.7 and 4.1.12), and the CEGB R6 method--revision 3

| (Ref. 4.1.13). One proposed modification to the EPRI/GE method (Section 2.0 of
Ref. 4.1.12) has recently been shown (Ref. 4.1.7) not to provide unique|

predicted loads for a given material stress-strain curve. A correction is
given in our topical report on this subject, NUREG/CR-4853 (Ref. 4.1.7).

Results of several comparisons showed that the most conservative prediction of
the load at crack initiation was obtained using the original EPRI/GE method.
The LBB.NRC and the LBB.BCL methods were the most accurate, but in a few cases
they overpredicted the initiation loads. The Paris analysis was somewhat less
accurcte, which might be expected since it was the only analysis which did not
include the strain-hardening of the material. In regard to fitting the
material stress-strain curve for these analyses, more consistent results were
found when the curve was fit throughout the entire strain region (Ref. 4.1.3).

Usina Maximum Load Rather Than Crack Initiation Load
i Past LBB analyses frequently have been based on the load at crack initiation.

The experimental results in this program show that there may be a higher safetymargin on load in using maximum load. For large diameter and/or low toughness
pipe, the maximum load may be twice as high as the initiation load
(Ref.4.1.3). Maximum load predictions were made using both the standard
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deformation theory J-R curves (Ref. 4.1.14j determined by ASTM procedures, as
well as the Modified J proposed by Ernst (Ref. 4.1.15).

The original EPRI/GE method underpredicted the maximum loads by a range of 0 to
50 percent (depending on the particular pipe analyzed), while the other methods
were reasonably accurate when the deformation theory J-R curves were used.
When the Modified J-R curve was used, the EPRI/GE method became the most
accurate. The other methods using modified J occasionally overpredicted the
maximum loads.

While the comparisons with these data suggest that using the EPRI/GE method
with the Modified J-R curve gives the best agreement with the experimental
data, there is concern that this may be fortuitous. Part of this concern is
based on the fact that even with large amounts of crack growth, the Modified J-
R curve values continue to increase rather than react.ing a steady-state
fracture toughness which is intuitively expected (Ref. 4.1.16). Other more
advanced fracture mechanics parameters, such as the crack tip opening angle

(CT0A) and incremental plasticity versions of J (J and T *) reach a steady-p

state value during crack growth (Ref. 4.1.17). The experimental data support
this in that the observed CT0A reaches a constant in the pipe experiments.
Unfortunately, these more advanced parameters require detailed finite element
analysis, and simple estimation schemes do not exist at this time.

Assessment of Cracks in Welds

Most of the concern for flaws is at locations either adjacent to or in welds.
Sone welds are left in the as-welded condition while others may be stress
relieved or solution annealed. An interesting result from a series of as-
welded and solution-annealed, stainless steel, submerged arc welded (SAW) pipe
experiments showed that the actual strength of the weld needs to be considered
to make more accurate predictions (see Section 2.7 in this report). This is
important, since most analysts use the base metal strength when analyzing
cracks in welds. Hence, they would not predict any difference between as-
welded and solution-annealed welds. In reality, the J-integral estimation
schemes (for both laboratory specimens and pipes) are based upon a homogeneous
material in the structure rather than the composite nature of the welded
structure. The evaluation of cracks in welds involves yet another assumption
in the J-estimation scheme analyses.

Finite Element Analysis Results

To gain further confidence in the estimation schemes, very detailed three-
dimensional elastic-plastic finite element analyses were conducted for three
through-wall cracked pipe experiments. (One of these was used as a problem in
an international round-robin [Ref. 4.1.18].) These results showed that in gen-
eral all the analyses tend to predict the experimental load-displacement record
very well up to crack initiation, but they underpredict the experimental loads
with increasing crack growth. It appears that further efforts are needed to
improve the crack growth modeling procedures. As a result of this work, it is
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anticipated that if prudent finite-element'-analysis procedures are used as the
basis of a licensing submittal, then the predicted leads will be conservative.

Apparent Toughness Reduction Due to Complex-Crack Geometry

Another possible consideration in pipe fracture analysis comes from complex-
cracked-pipe fracture behavior. A complex-crack is a through-wall crack with a
surface crack around the cracked cross-section. This type of crack was found
in a safe end at the Duane Arnold plant in 1978 (Ref. 4.1.19). The results to
date (Ref. 4.1.20) suggest that the presence of even a shallow surface crack
could significantly reduce the apparent initiation toughness and tearingresistance of the pipe. This is believed to be due to a radial crack driving
force contribution and/or additional constraint at the crack which is ignored
in the analyses. The current bounding results show that if there was an
internal surface crack or defect that was 10 percent of the pipe thickness,
then the apparent fracture resistance could be reduced by 25 to 50 percent.
Since the 10-percent defect depth is acceptable by ASME Article IWB-3514.3, its
possible role in reducing the apparent toughness could have some impact on pipefracture behavior.

4.1.2 Possible Future Applications of LBB

There are several potential applications for design improvements based on pipefracture analyses.
these possible applications.Some of this program's results are discussed in light of

Improved Instability Predictions for Secondary Loads

One improvement in current pipe fracture analyses would involve use of more
accurate methods for evaluating the instability of a pipe where there aresignificant thermal expansion stresses. These stresses are secondary or dis-
pla:ement-controlled stresses. Such stresses, when combined with sufficient
pipe lengths and cracks in low toughness materials, cculd have enough stored
elastic energy to create an instability (Ref. 4.1.21). Thermal expansion
stresses are displacement-controlled and, if these stresses are significant,
then the displacement predictive capability of the analyses needs to be eval-uated. The results from this program involved making improvements in the J-
integral estimation schemes to predict the load-displacement (or moment-rota-
tion) relation for through-wall cracked pipe (Ref. 4.1.7). If this relation
can be predicted for a cracked pipe, then structural mechanics can be used to
calculate the compliance of the pipe needed to create an instability. This
approach allows stability predictions to be made in load-displacement space
rather than J-integral / tearing modulus (J/T) space (Section 2.9). J/T space
instability calculations have on occasions in the past led to erroneous con-
clusions since the physical significance of the problem was at obvious, i.e.,stability was predicted for a case where the applied J corresponded to the
material J-R curve where da was twice the ligament of the surface crack (Ref.4.1.5). Hence, in conducting a J/T space instability analysis, one also needs
to examine the physical predictions of load, displacement, and crack growth.
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The energy balance instability method, discussed in Section 2.9, offers an
analysis method that considers the instability for stress components that have
any combination of load-controlled and displacement-controlled stresses.

From the comparison of predicted displacements to actual displacements from
pipe fracture experiments, it has been found that all of the current through-
wall-cracked pipe J-estimation analyses give generally conservative predictions
of compliant instability when the Deformation J-R curve was used. However,
only the original EPRI/GE mett od underpredicts the maximum load by a range of 0
to 25 per.ent (depending on the particular pipe analyzed) if the Modified J-R
curve is used (Ref. 4.1.7). The other methods occasionally overpredict the
experimental load-displacement records, and hence would not be conserva1.ive in
predicting instability.

LBB of a Surface-Cracked Pipe

The pipe fracture analyses described above deal with through-wall cracks. An
equally important concern is with the fracture of a surface-cracked pipe. If a
surface crack could initiate at a faulted load, then LBB might not occur.
Laboratory specimen test results to date from this program have shown that one
type of carbon steel stress-relieved SAW failed in a brittle (but not cleavage)
manner at 550 F (288 C) in the through-the-thickness direction (Section 2.10).
This weld was fabricated using procedures obtained from a PWR vendor in the
United States. This fracture behavior is believed to be due to dynamic strain
aging (DSA).
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4.2 Significance of Results on In-Service Acceptance Criteria for Flaws

For the evaluation of flaws in austenttic piping, an ASME Section XI criterion
currently exists. Since this criterion was developed prior to the results of
this program, the results of this program have been used.to verify the analy-
sis procedure, rather than to provide an initial guidance to the criterion.
Acceptance criteria for flaws in ferritic piping have been nearly completed by
ASME Section XI. In this case, many of the results of this program have been
used in the initial development efforts. These aspects are described below.

4.2.1 Significance of Results on ASME IWB-3640 Acceptance Criteria for Flaws
in Austenitic Piping

Unlike current LBB analyses, in-service acceptance criteria for flaws are
based on the analysis of a surface-cracked pipe. The ASME Section XI IWB-3640
criterion was developed to assess cracks in austenitic piping (Ref. 4.2.1).
This was done mainly to assist boiling-water reactor (BWR) owners in justify-
ing continued operation until the next scheduled outage so that they could
schedule pipe repair or replacement due to intergranular stress corrosion
cracks (IGSCC) at that time. Recently, a procedure for evaluating flaws in
stainless steel pipe was also added to the IWB-3640 analysis procedure
(Refs. 4.2.2 and 4.2.3). Flux welds (SAWS and SMAWs) have a significantly
lowar toughness than the wrought stainless steel base metal (Refs. 4.2.4 and
4.2.5). Since IGSCCs were found in the flux welds of the main recirculation
line of the Nine Mile Point plant, this became a concern with the acceptance
of the ASME austenitic flaw acceptance criteria. As noted below, a series of
fracture experiments were conducted on pipes with cracks in the base metal,
SAWS (donated by EPRI), and a pipe removed from the Nine Mile Point powerplant. The fracture behavior of the weld-overlay repair (WOR) method was also
evaluated by conducting a series of experiments at 8WR conditions. Theresults are discussed in the following four subsections.

Evaluation of Flaws in Wrought Stainless Steel Pipina

Experiments on stainless steel pipe with cracks in the wrought base metal have
been used to assess the IWB-3640 analysis procedure. Tables 4.2.1 and 4.2.2
summarize these data, as well as the rest of the pipe fractura data in this

These results have shown that the anticipated safety margins are notprogram.
minimums. They are better than an average, but the exact level of confidence
has not been determined. This is partially a wording problem, where the
phrase "minimum safety factor" should not have been used in the. technical
basis document (Ref. 4.2.1). The problem originated in the selection of flow
stress to be equal to 3S , as a simplification, without comparison to exper-mimental data. S ,is the ASME design stress which is related to the yield and
ultimate strength. A statistical analysis of the pipe experiments
(Ref. 4.2.6, Section 4.1) has shoxn 'that the flow stress on the average isi

equal to 1.15 (yield + ultimate)/2 which is roughly equal to the average 3S
value for stainless steel at 550 F (288 C). mFor a 95 percent reliability
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Table 4.2.1 Summary of circumferentially cracked pipe experiments.

E.*T PICE OUTEP TEST LCAO tG TEiT INr.E D CUTEP CLAW
10s 10s t1 ATE P ! AL O I f.N . SCHEO. t, TE"P, TYPE. FACILITY SPAN. SPAN. GE:METP

in in F in in
___ - .........___. ._____. .. . ._____.______ . .._____ ...._-_......_.......-...__............--------------------

THROUGH-WALL-CRAD
EPPI-IT Cf2-AS6 SA312 10455 4.500 80 C.354 PT 4PTP PCL-TL 16 60 TWC
EPP!-6T OP2-F34 SA312 30455 2.375 80 0.237 PT 4PTB ECL-TL 16 46 TWC
EP;I-PT DP2-43 SA359 30455 16.290 100 1.03! PT 4PTE ECL-PS 64 540 TWC
D ::FE7 f6 SA106 Gr6CS 8.625 80 0.540 125 4PT5 OTNiEOC 12 40 TWC

4111-1 CD2-F11 SA333 GP6 4.500 80 0.350 550 4PTE E'OL-TL 12 60 TWC
4111-2 EP2-F26 A155 CK70 CLI 28.000 NA O. 9 30 5'O 4PTB ECL-LS 132 456 TWC
4;11-3 CP2-A13 SA353 ?O4 CL1 42.000 NA 0. 2M 20 4PTB BCL-LS I?2 456 TWC
4111-4 CP2-F 32 API ELx65 42.000 NA 0.625 40 4PTB ECL-LS 132 456 TWC
4111-5 9tt!LE PT 31655 STOW 28.330 NA 1.184 550 4PTB ECL-LS 132 456 TWC
4131-5 C#2-A26 SA376 30455 6.254 120 0.549 550 4PTO ECL-PS 49 129 TWC
4131-7 CP2-F9 SA333 GP 6 10.''50 100 0.719 550 4PTB ECL-PS 64 234 TWC

4141-1 CP2-A26 SA376 3G455 6.625 120 0. 5 12 550 4PT6 ECL-PS 45 126 TWC
" SPW WELO

4141-3 OP2-A8 SA350 30455 16.280 100 1.031 550 4PTB ECL-LS 132 456 TWC
SAW WELO"

4141-5 OP2-A26 SA376 30455 6.605 120 0.555 550 4 PTS E2L-PS 48 120 TWC
(arcealed SAW)

GAM 100 304 TIG WELO 4.500 80 0.340 550 JPTB CTN90C 12 42 TWC
GAM 200 304 TIG WELO 4.500 80 0.340 550 4PTB OTNSPCC 12 42 TWC
GAN?OO 304 TIG WELO 4.500 60 0.340 550 4PTB OTNSPOC 12 42 TWC
GAMECO 304 TIG WELO 4.500 80 0.320 550 4PTB OTNSPOC 12 42 TWC
GAM 900 304 TIG E LO 4.500 80 0.330 550 4PTB OTNSPCC 12 42 TWC
GAM 1000 304 TIG LELO 4.500 60 0.320 550 4PTB OTNSPOC 12 42 TWC

GGK100 304 SS 4.500 80 0.327 550 4PTB OTNSPOC 12 42 TWC
GGK200 304 SS 4.500 80 0.330 550 4PTB OTNEPOC 12 42 TWC
GGKIO 304 SS 4.500 eo 0.327 550 4PTB OTNSPOC 12 42 TWC
GGK400 304 SS 4.500 80 0.322 550 RPTB OTNSPOC 12 42 TWC'
GGK!OO 304 SS 4.500 80 0.328 550 4PTB OTNSPOC 12 42 TWC

3 A106 6ASE 8.625 CO 0.551 125 4PTB OTNS;0C 12 48 TWC
8 A106 FASE 8.625 80 0.534 125 4PTB OTNSPOC 12 48 TWC

10 A106 EASE 8.625 80 0.538 125 4PTB OTN55 00 12 48 TWC
11 A106 BASE 8.625 80 0.597 125 4PTB OTNS 2C :2 42 TWC
12 A106 EASE 8.625 e0 0.546 125 4PTB OTNS& CC 12 42 TLC
13 A106 BASE 8.625 80 0.526 125 4PTB OTHSGOC 12 42 TWC
14 A106 BASE 8.625 60 0.573 125 4PTB OTNSPCC 12 42 TWC
15 A106 tiASE 8.625 80 0.560 125 4PTB OTNSPOC 12 42 TWC

PIPE
4121-1 CP2-A23 SA376 30455 6.620 120 0. 50'' 550 INT PP. BrL-WJ te NA

. EXT
TWC

4121-3 CO2-A240 SA376 30455 6.625 120 0.500 550 INT PP. Eu.-W J NA NA
4121-6 OO2-F901 .A333 Gr6 CS 10.750 100 0.645 550 INT PP. ECL-WJ NA NA EXT

(1) Pi = toad at erxk initiation (7) Outside diaseter ci pipe without overlag
(2) Pm = maximum Ica$ (8) Combined thukness of pipe and overl 69
(3) P1 = load calculated by net-section-collapse analysis (9) Inst:41 outer span for test; span length was
(4) Flow Stress = (yield stress + ultimate stress)/2 experse+nt due to large deformations reacte f
(5) Flow stress = (gleid stress + yltimate stress >1.15/2
(6) Flow stress = 35

W %
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INT. 2C/
f PCE3., ' P I .' O , da. Pt, (1) Pm, (2) FLOW STEESS, ksi Pt/P1, (3) Pm/P1lbs=1000 lbs.1000 (4? (5) (6) (4)rst <

------.--.-----_-----------------------------------------------------------------(5) (6) (4) W (6)
---------------------------~~-------------

XE0 PIPE EXPERIMENTS UNDER FOUR-POINT BENOING
C 37.1 100.0 14.32 14.57 63.6 73.1 60.0 1.065 0.943 1.149 1.104 0.960 1.1690 22.9 1C0.0 5. 71 5.74 65.5 75.3 60.0 0.996 0.866 1.086 1.C01 0.870 1.0920 36.9 100.0 51.20 53.70 75.3 86.6 60.0 0.3&e 0.773 1.125 0.932 0.e10 i.i690 32.8 100.0 69.50 42.50 56.4 64.9 60.0 NA NA NA 0.947 0.823 0.890
0 37.0 100.0 16.50 19.52 50.2 57.7 5 4 . ~. 1.001 0.871 0.925 1.216 1.058 1.1230 3'.0 100.0 8 9. 30 131.60 56.2 64.6 69.3 0.499 0.434 0.411 0.733 0.642 0.6C90 37.0 100.0 67.18 99.5s 65.4 75.2 60.0 0.453 0.394 0.494 0.671 0.594 0.7320 37.0 1C0.0 161.30 291.50 72.7 83.6 NA 0.446 0.387 NA 0. 8 ':5 0.700 NA0 37.0 100.0 105.74 139.33 NA NA 52.5 NA NA 0.434 NA NA 0.6510 33.8 100.0 12.30 16.70 42.' 49.0 50.9 0.958 0.833 0.804 1.250 1.087 1.0490 34.5 100.0 23.40 32.30 55.6 63.9 54.3 0.590 0.520 0.613 0.826 0.718 0.846
0 37.1 100.0 12.30 16.60 42.7 49.0 50 9 C 034 0 725 0 700 1 004 C 373 0 34257.4 66.0 NA 0.620 0.540 NA 0. 74 t> 0.649 NA0 36.7 100.0 ' 1 ' 'RO 41.20 46.3 53.2 50.9 0.4C8 0.354 0.371 0.789 0.695 0.718

'

57.4 66.0 NA 0.329 0.286 NA 0.636 0.553 NA0 38.6 100.0 10.40 13.60 47.9 55.1 NR 0.605 0.526 NR 0.791 0.688 N.

0 27.8 100.0 NA 17.30 54.1 62.2 51.0 NA NA NR 0.7EO 0.678 0.8270 30.6 100.0 NA 13.70 54.1 62.2 51.0 NA NA NA 0.914 0.795 0.9690 26.8 100.0 NA 17.90 54.1 62.2 51 0 NA NA NA 0.782 0.660 0.8290 32.8 100.0 NA 16.50 54.1 62.2 51.0 NA NA NA 0.928 0.807 0.9830 29.7 100.0 NA 16.90 54.1 62.2 51.0 NA NA NA 0.930 0.809 0.9960 29.0 100.0 NA 18.17 54.1 62.2 51.0 NA NA NA 0.921 0.801 0.976NA
0 16.0 100.0 NA 23.40 # 5. 3 52.1 51.0 NA NA NR O.935 0.813 0.8300 21.8 100.0 NA 19.55 45.3 52.1 51.0 NA NA NA 0.902 0.784 0.6010 27.2 100.0 NA 16.93 45.3 52.1 51.0 NA NA NR 0.926 0.805 0.8230 33.1 100.0 NA 14.19 45.3 52.1 51.0 NA NA NA 0.956 0.832 0.0500 38.6 100.0 No 12.60 45.3 52.1 51.0 NA NH NA 1.C50 0.913 0.933NA NA0 30.0 100.0 NA 106.29 56.4 64.4 60.0 NA NA NA 0.971 0.844 0.9120 30.2 100.0 NA 6?.94 56.4 64.9 60.0 NA NA NA C.837 0.728 0.7870 26.2 100.0 NA 117.57 56.4 64.9 60.0 NA NA NA 0.970 0.84s 0.9120 24.9 100.0 NA 145.23 56.4 64.9 60.0 NA Na NA 0.875 0.760 0.8220 23.2 1C0.0 NA 152.50 56.4 64.9 60.0 NA Na NA 0.946 0.822 0.8900 21.5 100.0 NA 156.87 56.4 64.9 60.0 NA NA NA 0.971 0.843 0.9120 19.2 100.0 157.50 175.57 56.4 64.9 60.0 NA NA NA 0.936 0.814 0.8600 21.0 100.0 NA 162.79 56.4 64.9 60.0 NA NA NA 0.929 0.807 0.873

_.---._ - _ - - - . . - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - . - - - - - - . - - - - - - - - - - - - - - . - - - - - - - - - - . - - - - - - - - -
XPERIMENTS UNDER RXI AL MEMBPANE STRESS

NA 38.5 100.0 96. N 107.74 42.7 49.0 50.9 0.763 0.664 0.640 0.854 0.743 0.716NA 50.0 70.0 150.I5 150.97 42.7 49.0 50.9 0.867 0.754 0.72A O.871 0.757 0.731NA 50.0 68.0 4m9.75 442.81 55.6 63.9 54.3 0.858 0.746 0.873 0.986 0.770 0.907
- - - - - . . - - . - - - - - - - - - - - - - - _ . - - - . - - - - - - - - _ - - - - - - - - - - - - - - - - . . _ - - - . - - - - _ - . - - - - . - - - - - - - - - - . - - . . . - - . - - . - - - . . - - - - - - - - - - . . . . - - -
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Table 4.2.1 (Continued)

Fypr Pier insTFP 104I f nev o ra , il 51 f r eir P OUTEP Fl 4JLD s (De ta li f P D t. O l Ht t , '.'A I ll D. t. IfMP. T /f1 IisIlIlY '11 'H . EPHN. GEf#'E ilu. I
-

i,.
u. te._ .. . .._... ..._. . . . . . . . . .. -... -. . ._- - - _ - - - - - - - - -----_-

4112-1 CP2- A5D '7m t 3thL ( G . 'e s 4tri n . w, n"O 4 Pin t a. L t ' 1 12 456 SC
SUPFFCE-CPfkJED 1

41(2-2 Db '1- A ? 50 3.~h 30455 6.9hF 4U t i . / .'h 5'dJ 4PID 01.1 IL 24 60 SC4112 3 f P2. A2 W sn376 '6455 6.64n 120 n.5 % tra 4PTP P.L-fL ?4 60 SC
i

4112-4 f t?- u r8 5A 17. . 'J) t05 6.6)I .75 ll.fets r.%s t 4PTB AI.1 IL 24 FC Sf4tt2-5 DP2 F1 n i s CB h . v.7n 40 t i . .N i grJ t 4P1Fi K L-TL 24 60 SC4112-6 [?2.r no n i ne .g h, w s 120 i t. nal 5cJ F 4DiB n.. l . - T L .' 4 no M
s

4112 F [P2-F2D H 11 %0 h . 62t l 9% 16.H15 5'o (PfD K L TL 24 m Sr
41!2 8 DP2 8H50 n r.. f *c.n 1 081 1.h4n 550 4PID f(t -l i ! J2 456 MDP2_-f Mtift 9 r13 ri l s + 0 15. 94 r l 40 n. n n; 5nii 4rre to. L - l . 1 12 4% M
4116-1 (C2 f '4 EB3'41 Gr 6 10.44U IlWJ f l . Lit t SCO 4PIO KL-IG 64 175 SC4115-2 UP2- M 50 313 I;r 6 10.710 11 0 U.s 7/ Sra 4DfD KL - Pi 13J 454 564115-4 DP2-A27 5837s. YJ455 6. 6 211 120 0.517 E50 4PID PFL-IS 4 Ft li)0 SC4115-5 OP2-A27 5A376 M4 ? S 6 f.20 120 0. r #O Sno 4 Pip pr. L - b du 74 SC4115-7 DP2-R27 Sn370

a
045% 6.600 120 U.549 5%O 4PTH K L - I l> 41 %' SC

4

4115-0 DP2-A23 SA376 M 4 -3 '., 6.61, 120 0.553 550 4PID Pft-il Jt 60 K4115-9 DP2-A23 SA 176 304sc. 6.00 120 u.r51 vn 4 DIP ECL- T L 24 40 SC4131-6 DP2 A26 5A376 304 5~. 6.I54 14 0 4. ~r31 %u 4PiB KL42 41 1% SC4131-0 DP2-F9 SH 3 H GP 6 1:1.655 li ed I. I . *M 3 C'JJ 4DID Di.L-P3 64 216 5C
EPPi l 35 DP2 5A ?58 30455 t e. 200 100 1.115 PT 4PfC ECL-Is 64 54C SC
..____. -_-_-_-fH.....--___._._........__. ._____._.... ..... _-.__ . . ... ... .....-..__. . - . . .

4131-2 DP2-A27 SA376 304s3 6.027 120 d.%?9 %D 4Pild' FL.P; 41 100 SC4131-4 DP2-r9 5A333 heb L3 10.741 100 0.i.54 W 4P N 4' Dr L -t s b< 216 SC4141-2 DP.'-A26 SA376 W455 6.5A2 120 U . 9.4 4 %O 4D1lo KL -P; 41 160 SC
*

SAW WELD4141-4 DP2-fif3 STOSA %)455 l b . 2>p s l f f0 1. U 31 %"O APOP KL - L 'i iU 456 SC
*

SfM WELO4141-6 DP2-RU 5A358 30455 16. Thi 100 1.040 5'a 4PflO Dr.1 -t 3 I ?2 456 SC( am+ a l e d SAW )4142-1 DP2-R25 SFG76 30455 6. 625 ( 7 > 120 0.079 <H' 550 4PihP ECL-P5 40 122 '9' SCDP2-R25uo 3 rial. up
4142-2 DP2-R25 59376 N45 6.62% (7) Ic0 0.891 'n' 5"a 4 P il 'P DCL -M 41 122 N SCDP2-H25WU 300L 294142-3 OP2-A25 SA376 30455 6.62% (7s 120 0.fm ini vn 4Pito DCL-Ps 40 122 '9) SCDP2-A25WO s0OL Wi 94142-4 DP2-RO 58 35R 1045% 16.340 (7) 100 1.542 40' 7.0 4 ' I I 'P Ert -t s 132 456 (9) SCDP2-R29JO 30ril Wlp

_______.......____. _..______.___....._____.___. ....___.....__ ... .. ._ _ _ . . _. ____._....___. _

4113-1 DP2-A24C Sn376 30455 6.625 120 0.570 5'J i 4Pif- DCL - il. 24 60 (C4113-2 OP2-R24D SA376 30455 h.bJ5 120 U.570 5 51: 4Pih DCt -11. 24 *il (C4113-3 DP2-!!C ltCDr(L FEJJ 6.6J5 th) 0. 4 35 Y.o 4PfD DCL ' 24 hu LC
4113-4 DP2-!!R INCrwiEL 600 h . 6 'S 00 U . 4 3% 550 4PfD BC1 fL 24 LD 6C4113-5 DP2-F 33C RIO6 GP B 6. h '5 120 0. %n 59: 4P1D OCL-1L .' 4 r.0 CC4113-6 DP2 -F 308 0106 (A 9 6.625 I?O O. %n MD 4P1b PCL-fL 24 60 CC
4114-1 DP2-F31A A106 Gr0 CS 6.62% 120 0.501 500 4PID DCL-PS 49 N2 fC4114-2 DP2-A23 Sail 6 30455 6.545 120 Unm %n 4piD DCL.ps 40 tr4 fr
GAH400 304 55 i:9 LELD 4. ro l PO 0 . 14 0 %U 4PTh OTrGW 12 4 .' LCGroro 304 55 TIG WELO 4.50n DO n. 4 3n 550 4PID Of trTOC 1. 42 (CGAMllOO 30 4 55 1 ! G WE L D 4 80 U.1 H %50 4P1D 1. 4J CC__.__._________. .......___..________... 000.__.._......______...._......___._._.DTPrMIC. . . . . . . . _ _ _ _ _ . ' . . . _ _ _ _ . . - _ _ . . _ _ .
4131-1 DP2-A26 SfG 78 304 $5 6.553 120 n.ncu %n THROUGH-WfLL CPFV__.__.__.___... ..___.....__ _..___ ......_.. 4P Tl4'_ _ E -i t - P5 44 126 Tla;...__....____.. ......__ ___. .. __ ..... ....____... __._-______...
(1) Pt : load it cr e uit t i gt tm
(2) Pm m a- Unv.s lod (?* Avts 4. .fi n tar of pip wit tmt nver l y

(0) 6 3.sh i r 1 t h i . 6 . .. " of pipe wwl os ** Iay(3) P1 : load calculat ed ty 1.e t -r ec t a vo ev i l ., . w wglo.., (4* Ini t i al wt ar vp v. For tert; sp y. l.4.gth was(4) Flov Stress : (yial.! sf raes + ultimate etea v > 2
(5) Fl.w stress : evp.w i .-e d da to I m ga da t ne m e t u m r emo t e' yield st ress * ul t e eat e stiau 't.15 ' *

(6) Flow stress = 1.w
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| INT. 2Cs
a MT.S. . ' PI )D. @t . Pt. (li N. (2) FLOW STPESS. ksi DirPI, (3) PvP 1p<a % lbs=1000 lbs=1 (4) (5) (6) (4) (5) (6) (4) (p..--------- ....--..--------...----- 000- --.---------.---------------- .---------..--------- ----- --------.5) (6)

,

'IPE EXPERIMENTS Ut0E9 FOUR-POINT DEPOING ......-.------

0 51. i> 56.0 22.00 25.16 46.2 53.1 41.9 0.773 0.672 9.853 0.864 0.769 0.9760 50.0 61.0 25.46 30.10 43.2 49.7 5G.9 0.853 0.742 0.725 1.009 0.877 0.8570 52.0 66.0 57.40 61.95 42.7 49.0 50.9 1.157 1.006 0.970 1.238 1.076 1.0380 44.0 65.0 106.80 110.35 45.6 52.4 50.9 1.242 1.080 1.113 1 284 1.116 1.150
0 51.0 63.0 23.90 33.20 49.3 56.7 54.3 0.653 0.568 0.593 1.044 0.908 0.948

,

; O 50.0 68.0 67.00 00.30 68.2 78.4 54.3 0.818 0.711 1.027 0.969 0.843 1.2170 53.0 8 3. u 98.60 119.40 60.1 69.1 54.3 0.949 0.826 1.051 1.149 1.000 1.272
0 53.0 66.0 75.30 81.76 81.4 70.6 54.3 0.831 0.722 0.939 0.902 0.784 1.020U 54.0 56.0 32.85 39.94 63.3 72.8 54.3 0.678 0.590 0.791 0.025 0.717 0.961,

0 RO 70.0 65.40 70.50 55.6 63. 54.3 0.869 0.755 0.889 0.9 36 0.814 0.9590 43.0 7'.O 22. 30 25.00 55.6 63.9 54.3 0.880 0.765 0.901 1.017 0.885 1.042U 38.0 50.0 Pe; 47.70 42.7 49.0 50.9 NR fM N9 0.940 0.819 0.7890 30. 0 75.0 t*3 25.50 42.7 49.0 50.9 NR NR tM 0.581 0.506 0.4880 100.0 64.7 48.74 52.45 42.7 49.0 50.9 1.186 1.034 0.996 1.277 1.113 1.0720 100.0 m2. 6 61.40 63.4n 42.6 49.0 50.9 . 162 1.010 0.974 1.200 1.043 1.0050 10'] . 0 65.5 141.-75 178.30 42.6 49.0 50.9 1.267 1.10,| 1.062 1.594 1.306 1.3350 54.0 59.0 17.5u 17.e0 42.7 49.0 50.9 1.cdu 1. tNS 1.U5d 1.291 1.114 1.0750 40.0 68.0 42.25 45.40 55.6 63.9 54.3 0.404 0.786 0.926 0.971 0.845 0.995
U 47.5 66.0 72.16 93.75 75. s 86.6 60.0 0.805 0.7

.

-- -.------------- .---. ........-----....-- -.---.---..... -..-- . . .....- .--.. 00 1.011 1.046 0.910 1.313
.----...--.--.....--...- ..-- ......--

GIMENTS UNDER FOUR-POINT DEPOING WITH INTEENRL PRE 55UPE
3* 5d i 52.1 70.9 19.95 20.13 42.7 49.1 50.9 1.245 0.970 0.914 1.322 1.031 0.971. 2Wi 52.5 65.4 33.14 37.25 *S.6 63.9 54.3 0.917 0. 751 0.950 1.031 0.844 1.068

.'
22ni ' 50.0 64.n 12.60 13.00 42.7 49.0 50.9 0.051 0.719 0.689 0.078 0.742 0.711 ;

,

57.4 %.0 NR 0.599 0.311 NR 0.618 0.321 NR ltwo 50.0 67.0 54.40 54.90 46.3 53.2 50.9 0.93 0.778 0.823 0.931 0.783 0.829 '
57.4 66.0 NR O.711 0.603 NR 0.716 0.608 NR

'|
19 m i 50.0 50.b 48. 36 48.67 47.9 55.1 NR 1.282 0.673 NR 1.290 0.677 HR

'

! ! *.a 50.0 55.0 fM 51.00 42.7 49.0 50.9 to to NR 1.049 0.910 0.87650.4 57.9 NR NR NA PM NR NR NR4750 50.0 63.5 30.70 31.19 42.7 49.0 50.9 0.027 0.706 0.661 0.841 0.717 0.671*s0. 4 57.9 NR NR NR NR NR NR NR5701 50.0 64.9 NR 29.30 42.7 49.0 50.9 NR NR PM 0.806 0. 6% 0.63050.4 57.9 HR NR NR NR HR NR NR3250 30.0 65.4 PW 115.47 4%3 53.2 50.9 NR NR NR 0.956 0.016 0.850i

50.4 57.9 to NR to NR IM W NR
. . . . . . . . . _ . - - - - - - - . - - - . . . . . - - - - . . - - . - - - - - - - - - - - - - - - - - . . - - . _ - - . . . . . - - . . . . . . - - . - - . . . . . . - . . . . . - . . . - - - - . . - - - - - . . . . -
'IPE EXFIRIt1ENTS UNDED FOUP-POINT DEt0!NG

o 37.0 31.6 24.70 J 7. 90 42.7 49.0 50.9 0.912 0.793 0.765 1. 0 30 0.896 0.064o 37.0 63.2 17.00 19.20 42.7 49.0 50.9 1.102 0.959 0.925 1.100 1.006 0.9900 37.0 34.0 2 3. W 26.50 58.5 67.2 60.0 0.047 0.736 0.825 0.9 39 0.016 0.914,

'

O 37.0 61.0 17 Tu 19.50 50.5 67.2 60.0 1.023 0.889 0.996 1.127 0.980 1.0480 37.0 31, 3 20.60 33.10 68.2 78.4 54.3 0.622 0.541 0.781 0.774 0.673 0.972U 37.0 64.3 12.40 13.90 68.2 79.4 54.3 0.526 0.457 0.661 0.844 0.734 1.0600 37.0 47.0 14.00 18.65 68.2 78.4 50.9 0.558 0.485 0.748 0.743 0.646 0.9970 37.0 32.0 0.00 0.00 42.7 49.0 50.9 0.000 0.000 0.000 0.000 0.000 0.000,

|

U 42.9 38.0 NH 9.40 54.1 62.2 51.0 N8 NR NR 1.140 0.991 1.200
O 35.6 25.6 NH 11.95 54.1 62.2 51.0 Na FM NR 0.938 0.815 0.934i

! O 40.R 24.5 fM 19.70 54.1 62.2 51.0 NR NR NR 1.884 1.638 1.997
. . - - . . . . . . - - . - - . - . . . - . . - . . . . . . - . _ . . . . - - . - . - . . . . - . . . . . . - - _ . - - . . . - - . . - - - _ . . . . . . . . . . . - . . . . . - - . . - - . . . . - - - . - . . . . . . . . . . . -
NED PIPE EXPERIMENTS WOEQ FOUR-POINT BENDING WITH INTEPNRL WE55URE

20U0 37.0 100.0 6.90 0.9? 42.7 49.0 50.9 to PM NR NA NR PM
. . - - . - . . . . . . . . - - - . - . . . . . - - - - - - . . - - - - - - - - . . . . . . . . . . . - - . . - - . . . . . . . . . . - . . . . . . . - . . . . . . . . . . . . . . . . - - - - . . . - - - . . . - - - . - - - - -
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Table 3.1.2 Material characterization data for ferritic pipe mater

Average.
..............

TestPipe size Charpy V Notch
Pipe !.D. Pipe Mat. Dia. in. Wall in. Spec size USE,ft-lb FATT, F Temp.,F YS, ksi UTS, k
....................................................................................... ...-...--- --~~~~--' m

OP2-F29 A1068 16 1.031 Full 75 e8 72 40.1 75.@

300 36.5 87.5'
300

550 34.4 88.5
550
550

DP2 F9 SA333.Gr6 10 0.719 Full 115 4 72 40.8 65.7

300 39.8 70.0
300

550 34.7 76.5
550
550
550
550

DP2-F30 A1068 6 0.562 Full 110 100 77 45.6 75.4

300 44.7 91. ]

550 46.4 90.(
550
550

CP2 F26 A155 28 0.875 Full !?2 60 72 39.1 63.I

300 38.9 76.:
300

550 33.5 78.
550
550
550

CP2 F32 API-5LX65 42 0.875 Full 72 50 72 63.0 82.

OP2.F1 A1063 6 0.280 0.58 70 140 75 42.8 68.

300 37.2 62.1

550 30.8 67.
550
550

CP2 F40 A516,Gr.70 Plate 1.0 550 34.1 79,

550

CP2.F40W2 SAW;A516,Gr.70 Plate 1.0 full 58 68 550 64.2 104.

550
550
550
550
550
550
550

'

% %
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Tensile Properties Fracture Toughness Data
....................-............. ..................................... ..................................................Gage Length, %. Red Spec. Notch % Sice. Orienta- W, 8, No. of Ji. ave. dJm/da, ave..i 's Elceg. inches of Area Type Type grcoves tion inches inches Tests in..l in..lb/in.^3..................................................................................-..--................b/in.^2

29.5 1.0 61.4 ......................

18.6 1.0 44.5 C(T) FC 0 L.C 2.00 0.85 1 660 11020
C(T) FC 20 L-C 2.00 0.55 1 295 10750

24.0 1.0 41.4 C(T) FC 0 L.C 2.00 0.85 1 635 16410
C(T) FC 20 L.C 2.00 0.85 1 850 12910

FWFN(T) SMN 10 L.R 0.71 1.6 2 2025 60950

39.' 1.0 73.0

24.3 1.0 63.6 C(T) FC 0 L-C 2.00 0.55 1 861 23490
C(T) FC 20 L.C 2.00 0.55 1 966 8700

27.3 1.0 60.0 C(T) FC 0 L-C 2.00 0.55 1 835 31950
C(T) FC 20 L.C 2.00 0.55 1 900 19180
C(T) SMN O L-C 2.00 0.52 1 1700 22950
C(T) SMN 20 L-C 2.00 0.52 1 1120 10500

FWFN(T) SMN 10 L.R 0.57 2.4 4 1160 74500
]

33.6 0.5 62.2
{

23.6 0.5 37.6 C(T) FC 0 L-C 1.0 0.36 2 732 19350

24.0 0.5 34.4 C(T) FC 0 L-C 1.00 0.36 2 fj I!!gC(T) FC 20 L-C 1.00 0.36 2
"

~1456 3 "3025
i

FWN(T) SMN 10 L-R 0.44 1.60 2 |

34.3 1.0 69.5

22.3 1.0 51.6 C(T) FC 0 L-C 2.00 0.76 1
610 20670

C(i) FC 20 L-C 2.00 0.76 1
628 13650

29.3 1.0 53.6 C)T) FC 0 L-C 2.00 0.76 1 1030 N.D.
C(T) FC 20 L-C 2.00 0.76 1 1240 19500
C(T) SMN C L.C 2.00 0.83 1 1483 N.U.
C(T) SMN 20 L-C 2.00 0.83 1 1180 18200

25.1 1.0 66.9 3Pt Bend SMN O L-C 3.50 0.53 1 2275 37000

38.7 0.5 64.6
32.S 0.5 70.9 C(T) FC 0 L-C 0.80 0.23 2 2095 32260

25.0 0.5 54.7 C(T) FC 0 L-C 0.80 0.23 2 2303 40390
C(T) FC 20 L-C 0.80 0.23 2 1333 23350

FhFN(T) SMN 10 L.R 0.22 1.00 2 1960 109600

33.0 1.0 69.5 C(T) FC 0 L.T 2.0 1.00 1 1645 35300
C(T) FC 20 L.T 2.0 1.00 1 1305 20800

31.0 0.5 43.4 C(T) FC 0 WCL 2.0 1.0 1 335 8900
C(T) FC 20 WCL 2.0 1.0 1 356 8370

T[ C(T) SMN O WCL 2.0 1.0 1 735 N.D.
C(T) SMN 20 WCL 2.0 1.0 1 690 N.0

1iP~ ERTt1Rb* Cm rc 0 wCL 19.0 10 1 1010 79 *
C(T) FC 20 WCL 19.0 1.0 1 564 2230CARD Cm rc 0 WCt c0 11 2 534 1w70
C(T) FC 20 WCL 6.0 !.i 1 537 6240

diso dVR11ahle Ori 3-
hpertuTe Card hh 25;@
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level, (that is, two standard deviatio: telow the average of the failure
stresses) the flow stress was found to ce very close to the average of the
yield and ultimate strengths.

Evaluation of the ASME IWB-3640 Stainless Steel Criterion for Flux Weld

Recently the ASME Code IWB-3640 analysis procedure was modified to include a
criterion for low-toughness flux welds (Ref. 4.2.2). This was based on a
through-wall crack analysis using the EPRI/GE J-estimation scheme (Ref. 4.2.2).
As previously noted, the EPRI/GE method for through-wall-cracked pipes is the
most conservative J-estimation analysis. Another source of conservatism is
pointed out in the PZSC, developed in this program. This has shown that
through-wall-cracked pipes are more sensitive to toughness than surface-cracked
pipe (Figure 2.7.8). These two points make the flux weld criterion inherently
conservative. In comparing the experimental data from this program to the ASME
flux weld criterion, it was found that the experimental loads were from 1
percent to 47 percent above the predicted loads when no safety factors were
included in the analysis. Hence, these results tended to verify the procedure
for flaws in flux welds.

An interesting recent discovery during the course of conducting these experi-
ments was that the SAW J-R curve used in the development of this flux weld
criterion was found to actually be from an SMAW (Ref. 4.2.7). The SAW

2
2 (96 kJ/m ) which isJj-values from this program are approximately 550 in-lb/in

lower than the "SAW" J-R curve believed to have been used in the ASME flux weld
3 criterion. The more representative values of Jj for submerged arc and SAWS

2that should have been used are 550 in-lb/in2 (96 kJ/m ), and
2 2650 in-lb/in2 (114 kJ/m ), respectively, rather than the 650 in-lb/in-

(114 kJ/m ) and 990 in-lb/in2 (174 kJ/m ) values used in the ASME IWB-3640
2 2

technical basis document.1 The inherent safety factor in using the EPRI/GE
through-wall analysis probably compensated for these errors, especially if the'

,
Code safety margins are considered as average rather than minimum values.

Stainless Steel Heat-Affected Zone and Fusion Line Toughness

Laboratory specimens tested to simulate circumferential surface crack growth in
a pipe showed that the initiation and crack growth resistance was as high in
the heat-af fected zone (HAZ) as it was in the base metal. Hence, sensitization
of the stainless steel does not affect the ductile fracture toughness. This is
consistent with findings in a past EPRI program (Ref. 4.2.8).

During this program we also found that for a stainless steel SMAW, the crack
propagation resistance along the fusion line was approximately half of the

IJj is used rather than Jyc since ASTM E-813 specifically excludes
stainless steels from being within the standard's scope. Hence, these values
are not valid J Ic values.
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crack growth resistance even in the lower-toughness flux weld (Section 2.7).
Current flaw assessment and pipe fracture analyses consider weld metal proper-
ties, but fusion line toughness is not considered. Since IGSCCs that initiate
in the HAZ more frequently grow along the fusion line than into the weld metal,
this observed lower crack propagation resistance in the fusion line may be of

In the laboratory experiment conducted, the crack initiated away fromconcern.
the fusion line, so the fusion line initiation toughness is still an unknown.
This is an area where no further research activities are currently planned, but
the results could affect the ASME Code flaw acceptance criteria and the NRC's
nipe fracture analyses and LBB acceptance in BWR piping.

Evaluation of the Fracture Behavior of Weld-Overlay Repairs

A series of experiments was conducted to evaluate the load carrying capacity of ;cracked pipes with weld overlay repairs (WORs). WORs have been used in BWRs as !a remedial repair method, and there is interest in leaving the WORs in place as
a permanent repair. There are currently no prescribed analysis methods in the
ASME IWB-3640 procedurcs for WORs, although they are designed in the spirit of
IWB-3640. Hon.ever, in the absence of firm criteria, the exact design proce-
dures apparently have ben variable. For example, one could use the total
thickness in the calculations, either the mean or outside radius of either thei

pipe or the overlay, and if the crack is considered to be completely through
the pipe one might try to use the strength of the weld metal rather than the
base metal in the limit-load calculations. Three 6-inch- (152-mm-) diameterj and one 16-inch- (406-mm-) diameter pipe experiments have been conducted (Ref.

} 4.2.9). The overlays were fabricated by NUTECH according to in-plant proce-dures. The results show that using the IW8-3641 tables without the safetyfactor is a conservative analysis. If the source equations were used, per ASME
Code Case N-436 (Raf. 4.2.3), then the experiments failed at loads 9 percent
below the Source Equation predictions when the safety factors were not used.
If the weld metal strength was used, then the specimens used in the experiments
failed well below the source equation predictions. If the thickness of the
overlay is ignored, that is, the pipe thickness is used with the actual crack-
depth-to thickness ratio, then all procedures would be conservative.

4.2.2 Significance of Results on Acceptance Criteria
for Flaws in Ferritic Piping

Evaluation procedures for flaws in ferritic piping have been nearly completedby the ASME Section XI Committee. This procedure will be referred to as
Article IWB-3650 once it has been accepted. Some aspects of this program's
results relative to ferritic piping criteria in general are discussed below.

Database for Acceptance Criteria for Flaws in Ferritic Piping

Data from carbon steel pipes with surface cracks in the base metal have been
developed for comparison with tentative carbon steel criteria being evaluated
in the ASME Section XI Committee. This database is given in Table 4.2.1 for
circumferentially cracked pipe, and Table 4.2.2 for axially cracked pipe

4-18
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experiments from an older AEC program conducted at Battelle (Ref. 4.2.10). A

lack of data, however, exists for carbon steel welds and large diameter'

thermally aged pipe. Such experiments are currently being prepared in this
program (Sections 2.10 and 2.11).

Development of a Unified Statistical Criterion

One of the eventual goals of the ASME Section XI Pipe Flaw Task Group is to
develop a single criterion for both austenitic and carbon steel piping. From
the database in this program, we have developed a load-carrying cap uity
analysis that could be used for predicting the behavior of stainless steel as
well as carbon steel piping and their weldments at the 95 percent reliability
level (two standard deviations below the average of the failure stresses).
This analysis is based upon a simplified dimensionless plastic-zone parameter.
The procedure is relatively simple and is described in Reference 4.2.6, Section
4.1. It incorporates the use of a dimensionless plastic-zone parameter to
determine if fully plastic or net-section-collapse conditions exist, in which
case the existing IWB-3640 Source Equations would be used. If fully plastic
conditions do not prevail, then a stress multiplier is used to account for the
lower failure stresses. Fracture toughness is incorporated using either J-
integral or Charpy data. An empirical ovalization correction function defined
from the surface-cracked pipe fracture database was also included. Statistical
data from this program and others were used to provide conservative correla-
tions between Charpy data and J. If neither J-integral nor Charpy data are
available, then generic lower bounds need to be established. Such lower bounds
could be established from the NRC's Piping Fracture Mechanics Data Base
developed for the NRC at Materials Engineering Associates (MEA) (Ref 4.2.11).

Analytical Verification of Surface-Cracked Pipe Criteria

For the evaluation of surface-cracked pipe, there are very few existing
analyses. Those used in the ASME Code are either limit-load analyses
(Ref. 4.2.12), or are approximate fracture mechanics approaches. One surface-
cracked pipe fracture mechanics analysis is the EPRI/GE estimation scheme (Ref.
4.2.13). This is limited to 360-degree surface-cracked pipe in tension.
Consequently, a finite length surface-cracked pipe estimation scheme has been
developed in this program, see Reference 4.2.14 and Section 2.2 in this report.'

Thick shell and thin shell analyses have been developed. The thin shell
analysis tends to overpredict the experimental failure stresses, while the
thick shell analysis underpredicts the experimental failure stresses. This
method could be used in the future as a technical basis to improve or provide
confidence in surface-cracked pipe criteria. Specifically, the ASME approach
does not consider the effect of the length of the surface crack in their tough-
ness reduction parameter.

A new specimen type has been developed to provide J-R curves that are needed to
evaluate surface cracks in pipe. This specimen, described as a full-width
face-notched (tension) [FWFN(T)] specimen, simulates the tension loading that
occurs in the ligament of a surface crack and has the crack growing in the same
direction. To the extent that orientation and geometry effects are important,
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this specimen should provide better material property data for use in surface-
cracked pipe fracture analyses.

To help guide and evaluate the surface-cracked pipe J-estimation scheme devel-
opment discussed above, one finite length surface-cracked pipe finite element
analysis was performed, modeling a carbon steel pipe experiment conducted in
this program. The same pipe experiment was used in an analytical round-robin
where both J-estimation schemes and finite element analyses were compared, see
Section 3.5.5 in this report. These results showed that the surface-cracked
finite element results are sensitive to the mesh refinement in the ligament of
the surface crack. The results that appear to have the proper amount of mesh
refinement, however, have J values at crack initiation (where crack initiation
was determined from the experimental data) that are 60 percent of the J from a

3compact (tension) [C(T)] speciman or the full-width-face-notched (tension)
[FWFN(T)) specimen. This implies that there may be a geometry effect on the J
at crack initiation. Furthermore, if such an analysis were used with a given
J-R curve to predict the failure loads, it would overpredict the failure
stresses of the surface-cracked pipe.

References for Section 4.2

4.2.1 "Evaluation of Flaws in Austenitic Steel Pipin
document for ASME IWB-3640 analysis procedure)g" (Technical basis,

, prepared by Section XI I| Task Group for Piping Flaw Evaluation, EPRI Report NP-4690-SR, April
1986. |

4.2.2 ASME Boiler and Pressure Vessel Code, Section XI, "Rules for In-
Service Inspection of Nuclear Power Plant Components", Article IWB-
3640, Evaluation Procedures and Acceptance Criteria for Austenitic
Piping, Winter 1983 Addendum.

4.2.3 ASME Boiler and Pressure Vessel Code, Section XI, Division 1, Case N-
436, "Alternativ: Methods for Evaluation of Flaws in Austenitic
Piping", May 14, 1986, pp. 763-765.

4.2.4 Wilkowski, G. M., and others, "Analysis of Experiments on Stainless
Steel Flux Welds", NUREG/CR-4878, April 1987.

4.2.5 Gudas, J. P., and Anderson, D. R., "J-R Characterization of Piping
Materials and Welds", U.S. NRC 9th Water Reactor Safety Research
Information Meeting, Washington, DC, October 1981.

4.2.6 Wilkowski, G. M., and others, "Degraded Piping Program - Phase II",
Semiannual Report, April 1986-September 1986, NUREG/CR-4082, Vol. 5,April 1987.

4.2.7 Delwiche, D. E., and Gordon, G. M. (chair), General Electri:. San Jose
CA (compilers), "Nine Mile Point 1 Pipe Crack Task Force Report",
sponsored by Niagra Mohawk Power Corporation, Syracuse, N.Y., June 20,1983, pp. 5-4 and 5-5.
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4.2.8 Kanninen, M. F., and others, "Instability Predictions for
Circumferential1y Cracked Type 304 Stainless Steel Pipes Under
Dynamic Loading", Final Report on EPRI Project T118-2, EPRI Report
Number NP-2347, April 1982.

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

4.2.10 Eiber, R. J., Maxey, W. A., and Duffy, A., "Investigation of the
Initiation and Extent of Ductile Pipe Rupture", BMI Report 1908 to the
AEC, June 1971.

4.2.11 Hiser, A. L., and Callahan, G. M., "A User's Guide to the NRC's Piping
Fracture Mechanics Data Base (PIFRAC)", NUREG/CR-4894, May 1987.

4.2.12 Kanninen, M. F., and others, "Mechanical Fracture Predictions for
Sensitized Stainless Steel Piping with Circumferential Cracks", EPRI
NP-192, September 1976.a

4.2.13 Kumar, V., and others, "Advances in Elastic-Plastic Fracture Analysis",
EPRI NP-3607, August 1984.

l 4.2.14 Scott, P. M., and Ahmad, J. A., "Experimental and Analytical Assessment
of Circumferentially Surface-Cracked Pipes Under Bending", NUREG/CR-
4872, April 1972.

4-21

_ - - _ _ __



_ __ ._ . - .

t

,

i

j

4.3 Potential Impact of Material Characterization Evaluations
and Unusual Fracture Modes Observed in Nuclear Piping
Materials on Pipe Fracture Analysis and Pipe Flaw
Evaluation Procedures

During the course of this program, numerous evaluations of material properties
were conducted. In some of the pipe experiments and laboratory specimen
tests, unexpe.cted results were obtained. The significance of these results is
discussed below. '

4.L 1 Material Characterization and Database Efforts '
,

l To evaluate pipe fracture or flaw assessment anslyses, it is recessary to doc-
. ument material property data carefully. This information is used to evaluate
i the pipe fracture experiments and also provides a valuable database for use in'

assessing Coac analysis procedures. The following cata were developed for
every pipe specimen tested in this program: .nemical analysis; tensile test
C)gineering and true stress-true strain curves at room temperature, 300 F (149
en

, and 550 F (288 C); and Deformation. Theory J-R curves and Modified J-R
curves for standard compact specimens at 300 F (149 C) and 550 F (288 C). The +

orientation of these specimens simulated circumferential through-wall crack
|g rowth . For ferritic steels, Charpy transition curves were developed. Also

for pipes tested with surface cracks, full-width-face-notched tension,
! FWFN(T), specimens have been tested at the pipe test temperature. These data
: have been included in the NRC Piping Tracture Mechanics Data Base

(Ref. 4.3.1). Such information will be useful in establishing generic j
i

material lower bound or statistically acceptable toughness values for use in
the ASME Code or LBB applications such as noted in NRC Standard Review Pld
3.6.3 "Leak-Before-Break Procedures".

Data that currently appear to be lacking include ferritic weld toughness
(especially SMAWs), thermally aged material data, and fusion line toughness j

idata.
4

Some observations made during from the material characterization efforts mayimpact piping analyses. These observations are described below.

Reproducibility of Tensile Test Data

In many fracture mechanics analyses, the crack driving force calculations are.

'

sensitive to the fit between the stress-strain curve data and the Ramberg-Osgood relation. To assess the reproducibility of tensile stress-strain
curves, a round-robin wac carried out with several NRC contractors. This,

; showed that the varius labs reasonably reproduced the true stress-strain
curyv. at 550 F (288 C) (Section 3.5.1). These data might also be useful at

me in the future to asscss the sensitivity of the pipe J-estimationsome
i scherns to statistical variations of the material strength. Currently these
! data are being used to assess the sensitivity of pipe fracture analyses if

average, rather tnan lower bound, stress-strain curves are used.

4-22

1

. . ._. _



Detection of Crack Initiation

for many of the nuclear piping materials evaluated in this program, it was
difficult to detect the start of crack initiation in the laboratory specimen
testing. The direct-current (d-c) electric potential method was used to give
greater sensitivity, but in many caser it was necessary to use engineering
judgment and experience to pick the point of crack initiation. Currently, it
appears that more of the technical community is changing from the unloading
compliance technique to the d-c electric potential nethod for crack growth
moni tori ng. Consequently, there is a need to standardize a d-c electric
potential procedure to detect crack initiation and to monitor crack growth to
provide a verifiable database that can be used in licensing decisions. Cur-
rently, the David Taylor Research Center (DTRC) is conducting a round-robin on
the d-c electric potential method which should help to standardize the method.

Reproducibility of J-R Curve Calculations

In ASTM E1152-87, Standard Test Method for Determining J-R Curves, the
necessary equations to compute J froin the test data are given, but no sample
calculations for verification of computer programs are provided. With the
advent of other versions of J, Modified J for example, it becomes more
important to have a quality assurance check. During the data raduction
efforts in this program, it was deemed worthwhile to conduct a calculat' nal
round-robin to see if all the NRC contractors were indeed calculating Deforma-
tion Theory and Modified J-R curves in exac.ly the same way (Section 3.5.2).
From the given load, displacement, and crack-growth data it was found that
most of the participants were calculating J-R curves that differed only by
round-off error. One participant had a difference of 1 percent, because of
erroneous compliance equations (different from those given) used to calculate
the J-R curves. This sample calculationel problem is a valuable check that
added confidence to the material property data being generated, and should

! perhaps be adopted as an appendix to ASTM E1152-87.
,

Fracture Toughness Correlations with Charpy Data

More often than not, J-R curve toughness data are not available to make a
practical flaw assessment. Hence, if Charpy data are available from mill
reports, they can become valuaole in estimating the actual toughness. Charpy
data could also be used as a quality control toughness requirement for new |
plants, or for flaw assessments if plant records could be retrieved. In
Germany, for instance, Kraf twerke Union has a Charpy energy requirement for '

carbon steel piping (Ref. 4.3.2). :

1

From the data developed for the pipe materials, a lower bound Charpy plateau |
energy versus J correlation was verified for nuclear ferritic steels at 550 F |

(288 C). This correlatior, could be valuable in pipe fracture analyses or flaw
,

assessment criteria. In Reference 4.3.3, Section 4.1 shows now the correla- '

tion was used in tne Simplified Piastic-Zone Statistical analysis.
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In addition, the Charpy data were used to develop a statistical correlation
where the Charpy plateau energy could be detennined if transition temperature
Charpy energy and shear area percent data were available (Ref. 4.3.3,

.pp. 4-16). The calculated plateau energy could then be used to estimate J from
the above noted correlation. This could prove useful in ferritic pipe flaw
assessment criteria.

One point of caution in using Charpy to JIc correlations is that they need to
be sufficiently conservative to account for the effect of dynamic strain aging,
which can reduce the material's toughness. Alternatively, a screening
criterion could be developed to show when a material is not susceptible to
dynamic strain aging, and a less conservative Charpy to Jge correlation could
be developed.

4.3.2 Extrapolation of J-Resistance Curvas to

Larcer Amounts af Crack Growth
,

In the prediction of through-wall pipe fracture experiments and for pipe
fracture analyses, it is sometimes necessary to extrapolate J-R curves from
small specimens to larger amounts of crack growth. In NUREG-1061 Volume 3 ;
(Ref. 4.3.4), one procedure was suggested for deformation theory J-R curves.
This involved a tangent extrapolation of J-R curve data when plotted in terms *

of J versus the tearing modulus, T, (T is proportional to dJ/da.)

To evaluate this aproach, three different specimen sizes of the same thickness
were tested in this program from plate materials, (Section 3.3 and Ref. 4.3.5).
The results showed that the NUREG-1061 Volume 3 method was extremely conserva-
tive and generally unusable because of the restrictions it employs. A further

. assessment involved the use of the Modified J-R curves. In this analysis, it
was found that, contrary to the data of Ernst, who developed the parameter
(Ref. 4.3.6), the Modified J-R curve approach did not eliminate all of the
geometry effects. This may be due to the fact that the nuclear piping mater-
tais tested are believed to fracture under plane stress conditions, whereas

^ plane strain is believed to prevail in the specimens and materials used by,

Ernst.

In order to provide some method that might appear workable, a hyperbolic fit to
the Modified J-R curve was proposed in Reference 4.3.5. This required data
from a standard small specimen which gave lower J values, and data from a
larger specimen of the same thickness which gave a lower i value. Results from
Section 3.3 of this report suggest that a C(T) specimen with a planform size'

larger than 4 times the specimen thickness is needed to get a lowar bound
tearing resistance.,

4.3.3 Determinino J-R Curves for Weld Metal Specimens

In most pipe fracture and flaw assessnhnt analyses, the critical flw loca-
tions are in or near welds. For toughness evaluations of welds, another
consideration is the specimen size selection relatia to the size of the
weldment. The analysis procedures used in reducing these data are bas #. on
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the assumption of a homogeneous specimen. One can imagine that if most of the
specimen consists of a high-strength weld metal, then the current ASTM
analysis procedures will give a J that is close to that of the weld itself.
However, if most of the specimen consists of a lower strength base metal, then
the ASTM calculated J could be much higher because of the deformation con-
tributions in the lower scrength base metal. The J value here is not a
material property, but rather reflects geometry and dissimilar material
structural interactions. Limited studies to date suggest that two specimen
sizes may be needed to evaluate the behavior of a larger structure, such as a
pipe with a flawed girth weld (Ref. 4.3.7). Further efforts are needed to
define weld specimen design considerations, and may evolve from current welded
pipe fracture experimental results.

Another important finding was that for a stainless steel flux weld, the use of
the high-toughness tungsten-inert-gas (TIG) weld metal in the root and initial
hot passes can affect the composite toughness of the weldment. Thinner
stainless steel SAWS have a greater percentage of the tougher TIG weld metal
and hence exhibit a higher coughness. Data from thinner welds should not be
used to assess a thick pipe.

4.3.4 Possible Role of Dynamic Strain Aging in Causing
Metallurgically Induced Instabilities in

Ferritic Steels at 550 F (288 C)_

In pipe fracture experiments and laboratory specimen tests at 550 F (288 C) on
some nuclear grade ferritic piping materials and their weldments, limited
crack instabilities were frequently observed. These crack instabilities
occurred in low compliance experiments. Prior to the start of this program,
such instabilities were not expected to occu.. In one pipe experiment, these
limited crack instabilities were found to lower the crack growth resistar.ce by
60 percent (Ref. 4.3.8). It is believed that these crack instabilities may be

| due to oynamic strain aging (DSA) at the crack tip (Section 3.1.2). One
! concern is how well small specimen data can predict the reduction in the

toughness that can occur from these metallurgically induced instabilities in a
pipe. A second conct n is the effect of higher strain-rates, such as those
that occur in a seismic event, on the fracture resistance. A basic under-
standing of the possible role of DSA on these crack jumps is needed. .

!
l

4.3.5 Anisotropy Effects on Crack Growth i
Behavior in Ferritic Steel Piping Materials

i

|

It was observed in most of the pipe experiments on ferritic pipes that the |
crack grew out of the circumferential plane (Section 3.1.3). For one of these
materials, laboratory specimens were machined out of the pipe in several dif-
ferent orientations. Test data showed that the toughness was lower in the
helical direccion in which the crack grew. This was also confirmed by metallo-
graphic sections which showed inclusions oriented in the direction of that
helical angle. This helical anisotropy probably comes from the hot forming in l
seamless pipe manufacturing. This failure mode was most striking in a circum-
ferential cracked cold-leg pipe test where the pipe was in four-point bending
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without internal pressure, but the crack turned into the axial direction.
Since that pipe was manufactured from rolled and welded plates, the rolling

i direction (and hence the lowest toughness) was in the axial direction in which
the crack grew (S,ection 2.1.3 of Ref. 4.3.3). Further study is needed to

| better assess the significance of the out of-plane crack growth. For example,
is it desirable to have the crack grow in the helical direction, and how can
this growth easily be predicted? Another concern may be that if the low
toughness direction is in the helical direction, then a combined pressure plus

.

bending stress state or torsional loading contributions may result in lower|

failure stresses and become more important to consider in a pipe fracture
analysis.
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4.4 Closure

The Executive Sunaary contains a discussion of the technical issues that may
be considered complete as of the end of this program. The sun ary also<

addresses technical concerns which still exist, or which have 1 een brought to
light by the research conducted to date.
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