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ABSTRACT

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

Progress for through-wall-cracked pipe involved (1) conducting a 28-inch diameter stainless
steel SAW and 4-inch diameter French TP316 experiments, (2) conducting a matrix of FEM

analyses to dvtermine GE/EPRI functions for short TWC pipe, (3) comparison of uncracked
pipe maximum moments to various analyses and FEM solutions, and (4) development of a J-
estimation scheme that includes the strength of both the weld and base metals.

Progress for surface-crach =d pipe invoived (1) conducting two experiments on 6-inch diameter
(Sch. 40 and XXS) pipe with ¢/t = (.5 and 6/ = 0.25 cracks, (2) comparisons of the pipe
experiments to Net-Section-Collapse predictions, and (3) modification of the SC.TNP and
SC.TKP J-estimation schemes to include external surface cracks.

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

For crack-cpening area analyses, predictive capabilities were expanded so that load versus crack
opening can be calculated from the LBB.NRC, GE/EPRI, LBRB.GE, LBB.ENG, and Tada/Paris
analyses. These include loading due 1o tension, bending, and combined tension and bending,
The LBB.ENG analysis was also modified to account for the weld and base metals strengths.
Elastic FEA showed that for pressure loading, ¢ crack close to a terminal end (i.e., a nozzle) will
have lower crack opening due to restraint of the induced bending. This could affect LBB
analyses.
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Executive Swunmary

EXECUTIVE SUMMARY

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

The term “short cracks” encompasses crack sizes typically considered in leak-before-break
(LBB) or pragmatic in-service flaw evaluations. A typical LBB size crack for a large diameter
pipe is 6 percent of the circumference. This is much less than the circumferential crack lengths
of 20 to 40 percent investigated in many past pipe fracture programs. Hence, the term “short
cracks” in this program does not refer to microscopic cracks often of technical interest to the
acrospace industry.

Additional efforts involve investigating phenomena discovered during the course of conducting
the Degraded Piping Program. These inciude the evaluation of the occurrence of unstable crack
jumps in ferritic steels at light water reactor temperatures and the occurrence of anisotropic
fracture properties causing helical crack growth. Both of these phenomena may reduce the
actual safety margins in LBB analyses when compared to real behavior. Other investigations
deal with the fracture behavior of bi-metallic welds and improvements in crack ope. g area
analyses used in LBB analyses. Some key points from this reporting period are pres. 1ted below.

S ) h-Wall-Cracked

Progress was made in several subtasks, but final conclusions cannot be made yet for most of
these efforts. An experiment on a 28-inch-diameter pipe with a short through-wall crack (TWC)
of 6 percent of the circumference in a stainless steel submerged-are weld (SAW) experiment was
conducted and analyzed. Results differed from the ferritic pipe *=sts on similar size pipe
reported in the last semiannual report in that the experimental failure loads for this stainless
steel SAW experiment were below the predicted loads from the various analyses except for the
predictions based on the IWB-3640 source equations, Conversely, the ferritic pipe tests had
maximum loads above most predictions, except for predictions based on the net-section-collapse
and some J-estimation schemnes for the short cre “k experiment (2¢/xD = 0.06) results.

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

The h, V, and F-functions for the GE/EPRI method were calculated for short TWC pipe under
tension and bending loads. Initial results showed good agreement with elastic solutions, but fully
plastic solutions for the displacement function and the function to calculate J (h;) were higher
than in the original GE/EL'.1 solutions. The higher h; values would result in load predictions
closer to experimental results. Further calculations are under way, A J-estimation scheme
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Nomencis ture

NOMENCIATURE

L SYMBOLS

A Crack area

a Crack length

fi Axial length in LBB.EMG analysis

a, Initial crack length

a, Effective crack length

C Constant in fatigue crack growth equation

¢ Half the circumferential crack length

D Nominal pipe diameter

Dy Mean pipe diameter

D, Outside diameter

d Surface crach depth

E Young's modulus

E' E/1-v¥)

Fy(6) Dimensionless function for calculation of linear elastic stress intensity
factor for pipe in bending with circumferential half crack length of 6.

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

H, Function used in SC.TNP J-estimation scheme for J,

hyhyhy b Funciions tabulated in GE/EPRI method

I Moment of inertia
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'-lamq"ffﬂ-n
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Applied load

Gerneralized load

Generalized displacement

Pipe radius

Mean pipe radius

Outside pipe radius

Plastic-zone radius

ASME design stress

Axial tension load

Thickness of pipe

Effective thickness in LBB.ENG analysis
Electric potential

Initial electric potential

Displacement functions in GE/EPRI analysis
Width of C(T) specimen

e A

Nomencleture

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

Ramberg-Osgood parameter
Displacement for axial tension
Increment of crack growth

Tension component of crack opening

Displacement at center of crack

e e,



vomenciature




90.008

Nomenciature

Stress at a strain of 0.005

2. ACRONYMS AND INITIALISMS

ACO
ASME
ASTM
BHN
BHNgy
BHN
BWR

C-L

COD
CMOD
CTOA

(M

DSA
DPII

Area of crack opening

American Society of Mechanical Engineers
American Society of Testing and Materials
Brinell hardness number

Brinell hardness number at room temperature
Brinell hardness number at 288 C

Boiling water reactor

Commissariat a I'Energie Atomique

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

Crack opening angle

Crack opening displacement

Crack mouth opening displacement
Crack tip opening angle

Compact (tension) specimen
Charpy V-notch

Dynamic strain aging

Degraded Piping Program - Phase II

Electricité de France
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INTRODU “TION

Table L1 Summary of proposed plpe ex eriments

Test™  Task
Expt .Y Dhweter Schedule  Materlai Temperature Date No,
Unpressurized through-wall-cracked pipe experiments
1.1.1.21 2inch 60 AS16 Gr70 288C (550F) 10/25/90 1
1.1.1.22 36inch 160 AS16 Gr70 288C (550¥) (5/93) 1
1.1.1.23 28inch 80 TP316 SAW I88C (590F) 572391 1
1.1.1.24 4inch 100 A333 Gr6 SAW 288C (S50F) (792) 1
1.1.1.26 4 inch 80 TP316LN 20C (72F) 272791 1
Unpressuriz cracke iment
1.1.1.25 28 inch 60 AS16Gr70 288C (550F) (2/92) 1
Bi-metallic wela fusion line experiments - TWC
1.128 Joinch 160 AS16/S5-5AW 28RC (S50F) (1/94) 3
Unpressurized surface-cracked pipe experiments
12.1.20 16 inch 408 TP316 100C (212F) (1/92) 2
12121 6 inch XXS TP 288C (550F) 4/16/91 2
1.2.1.22 6 inch 40 TP34 288C (550F) 31591 2
ressurize Ty Il
12315 8inch 60 AS16 288C (520F) 11/03/91 2
12.3.16 28inch 80 TP316 SAW 288C (550F) 9/05/91 2
123.17 doinch 160 AS16 SAW 288C (550F) (9/93) p:
i-metallic weld fusion li ri
12321 36inch 160 AS16/SS-SAW 288C (550F) (7/94) 3

(a) Experiment numbers are crnsecutive with Degraded Piping Program Daw Record Book entries

(b) Anticipated test dates o . ~hesis.
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Section 2 TASK 1 SHORT TWC PIPE EVALUATIONS

2. TASK1 SHORT TWC PIPE EVALUATIONS

2.1 Task Objective

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

2.2 Task Rationale

The results of this task will help to refine the fracture analyses in BB procedures used to
evaluate through-wall cracks in large diameter pipes.

2.3 Task Approach

The five subtasks in this task are:

Subtask 1.1 Material characterization ot pipes to be tesied

Subtask 1.2 Facility modifications for large diameter pipe experiments
Subtask 1.3 Conduct large diameter pipe experiments

Subtash | .4 Analysis modification and verifications

“aotask 1.5 Topical report,

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

23] Subtask L1 Material Characterization for
Short TWC Pipe Experiments

2311 Objective

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

2312 Rationsle
The material property data needed for the analysis proacdures in Subtask 1.4 will be determined

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

2313 Approach

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

24



TASK 1| SHORT TWC PIPE EVALUATIONS Section ?

SAW used in Subtask 1.3. The 24-inch-diameter pipe weld will be the same as the 36-inch-
diameter pipe weld used in Task 2. }ence, only the larger diameter carbon steel pipe weld
needs 1o be characterized. This chasacterization will be done in Task 2.1. The French TP316LN
stainless steel pipe used in the new 4-inch diameter TWC pipe experiment has been fully
characterized and those results are given in this report, We have the material property data on
the other materials from the Degraded Piping Program (Ref. 2.2).

The full-size Charpy data will be determined as a function of temperature for the carbon steel
weld and at 22 and 288 C (72 and 550 F) for the austenitic stainless steel weld. The tensile and J-
R curve tests will be conducted at room temperature and at 288 C (350 C). Duplicate specimens
will be tested for cach specimen type. The tensile specimens will be longitudinally oriented, and
will be tested for both the base and weld materials. The Charpy and C(T) specimens for the J-R
curve tests will have an L-C orientation. The thickness Of the C(T) specimens will be at least 80
percent of the pipe thickness and wili be the largest planform size that the curvature of the pipe
allows. If weld specimens are taken from plate welds, then the standard size specimen for the
plate thickness will be used.

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

2314 Frogress

During the past reporting period, a submerged-are weldment was prep . d in 25.4-mm- (1-inch)
thick TP31- stainless stee! plate and material characterization tests were completed. The
weldment was prepared at the United MeGill Corporation in Columbus, Ohio, following
procedures that were nominally identical to those employed in girth welding the 28-inch-
diameter stainless steel pipe that is o be subjected to a short TWC pipe experiment.

In addition to the work on the plate weld, characterization tests were completed on the 4-inch-
diameter French pipe, identified as Pipe IP-A2. That pipe was originally thought to be TP316L,
but chemical analysis showed it to meet the ASTM specifications for TP316LN.

Characterization of Submerged-Arc Weld in TP304 Stainless Steel

Chemical analysis, tensile, Charpy V-notch, and J-R curve tests were conducted on a submerged-
arc weld in 25.4-mm- (1-inch) thick TP304 stainless steel plute. The plate in which the weld was
prepared was identified as DP2-A45 and the weld metal as DP2-A4SW2. The tensile tests,
Ch;)rgy tests, and J-R curve tests were conducted in duplicate at room temperature and at 288 C
(S50 F).

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

22
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Table 21 Cremics) composition of the submerged-arc weld (DP2-A4SW2)
10 17204 sustenitic stalnless steel plate

Included for comparison Is the chemical composition
of the base metal plate (DP2.A48)

Element

Percent by Welght of Indicated Element

Weld Metal (DP2-A45W2) Base Metal (DP2-A4S)

C
Mn
P
S
Si

Cu
Sn
Ni
Cr
Mo

0.03
2.26
0.032
0.010
0.89

0.26
0.010
9.6
19.7
0.10

0.015
0.070
0.012
0.01.
0.006

0.0008
0.0008
0.13
0.0
0.00

0.048
1.87
0.027
0.005
0.63

042
0.016
8.0
18.4
0.22

0.002
0.09

0.026
0.002
0.003

0.0008
N.D.
0.12
0.01
N.D.

24



DRR TASK 1 SHORT TWC PIPE EVALUATIONS
Tabiv  © Tensile properties at 288 C (550 F) of submerged-arc weld metal
() P2-A45W2) in & TP304 stainless steel plate
(Properties of the base wotal are included for comparison)
Ultimate

Specimen 12.7 mm of Area,

Number Material MPa ks! MPa ksl (0.5 1n) pet
AdS-] TP304 Base Metal 169 245 475 689 470 790
AdS.2 TP304 Base Metal 145 211 466 676 475 789
AdSW2.3 SAW in TP304 Plate 374 543 510 740 155 63.0
AdSW2.4 SAW in TP3M Plate 357 518 495 71.8 13.7 540

Table 23 Charpy V-notch impact tests on submerged-arc weld
(DP2-A45W2) in TPI04 stainless steel plate

(Full-slze specimens)
Test Temperature, C (F) Energy Absorbed, J (ft-ib)
2 (1) 56 (41)
2 (n) 62 (46)
288 (550) 64 (47)
288 (550) 67 (49.5)

25
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Tabie 2.4 J and dJ/de values obtalned from compact specimens
machined from & subimerged-arc weld (DP2.A4SW2) (n
TP stainless sieel plate

(Included for comparison are results for the TP3 04
base metal plate 'DP2-A48) tested at 288 C (550 F))

Specimen Te Grooves,
Number  Material c%?)' pet K/m’  indb/in? MJ/m'  in-db/in’
A4SW2.1  Weld metal 20 (68) 20 114 (649) M4 (48,400)
AdSW2 2  Weld metal 28K (550) 20 58 (332) 169 (24,500)
A4SW2-3  Weld metal 288 (550) 20 61 (350) 152 (22,000
AdSW2-4  Weld metal 20 (68) 0 106 (605) 289 (41,900)
A4SW2.5  Weld metal 288 (550) 0 38 (215) 111 (16,100)
A4SW2-6  Weld metal 288 (550) 0 57 (326) 183 (26,600)
A45.37 Base meta: 288 (550) 0 2,190  (12,500) 395 (57,300)
A45-38  Base metal 288 (550) 20 1370 (7.830) 556 (80,700)

2:6
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Charscterization of French TPIGLN Pipe

This pipe was furnished 10 Batielle by Commissariat a I'Energie Atomigue (CEA) where a
section of the same pipe had been subjected 10 & room temperature pipe fracture experiment.
The pipe originally was in the possession of Electricité de France (EDF) and carried the
designation 23 CND 18-12 (316L) stainless steel. it came from EDF Tube Experiment No. 24.
Its lameter is approximately 114 mm (4.5 inches) and its wall thickness is approximately

12.7 mm (0.5 inch). The Battelle identification number is IP-A2.

The pipe was subjected to tensile tests, J-R curve tests, and a dynamic test (o determine modulus
of elasticity, all at room temperature. In addition, samples of the pipe were subjected 1o
chemical analysis tests and to metallographic examination.

The room temperature tensile tests were conducted in duplicate on round-bar, threaded-end
specimens machined {rom the midwall region of the pipe; the tensile axis was parallel with the
pipe axis. Each specimen had a 6.35-mm- (0.25-inch) diameter by 31.8-mm- (1.25-inch) long
reduced section. Tests were conducted in a servohydraulic testing machine at an average strain
rate of 107 10 10% 57

T¢ verify the reportedly low values of elastic modulus for this pipe, a dynamic modulus
determination was conducted at room temperature in a Magnaflux Type FM-500 Elastomat.
The specimen was a cylinder having a diameter and lengih of 12.7 and 107 mm (0.€ and 4.2
inches), respectively, Its axis was parallel with the pipe axis. The Elastomat was used o
determine the frequency of longitudina! vibrations in the bar, from whic 1 the modulus of
clasticity could be caleulated

Tu determine the pipe's fracture ressstance, three 0.5T-planform-size compact type specimens,
10.2 mm (0.4 inch) thick, were machined such that crack growth would be in the circumferential
direction (L-C orientation). The specimens were not side-grooved. They were tested at room
temperatire in a screw-driven Instron machine at a crosshead speed of 1.25 mm/min.

005 in. min.). Quantities recorded during each test included load, load-line displacement, and
direct-current electrical potentiai. The latter was obtained to indicate the point of crack
wnitiztion and the amount of crack extension. The procedures used to calculate J values were
those specified in ASTM E1152-87, Standard Test Method for Determining J-R Curves.

The chiemicz! analysis of Pipe IP-A2 is show " in Table 2.5. Included in the snalysis is nitrogen
because metallographic evidence suggested the presence of nitrogen in the steel. The nitrogen

o atent of 0.164 percent by weight, shown in Table 2.5, indicates that nitrogen was added
deliberately and that the steel meets the composition specifications for TP316LN in ASTM A376,
Seamless Austenitic Steel Pipe for High Temperature Central-Station Service.

Tensile properties of Pipe IP-A2 at room temperature are shown in Table 2.6. Engineering
stress-strain curves are presented in Figure 2.4. The dynamic modulus of ¢lasticity test produced
a value of 157.5 GPa (22.84 x 10° psi). That value is significantly lower than the handbook value
of 193 GPa (28 x 10° psi). The most likely expianation for the low modulus value is preferred

2:10
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Table 2.5 Chemical composition of French TPIGLN

stainless steel pipe (Pipe [2.A2)
Percent by Welght
ASTM A376 Requirement for
Element Pipe [P-A2 TPA6LN
C 0.02 0.035 max
Mn 1.68 2.00 max
y 0.024 0.040 max
S 0.009 0.030 max
Si 0.48 (.75 max
Cu 0.13 (a)
Sn 0.008 (a)
Ni 129 11.0-14.0
Cr 17.0 16.0-18.0
Mo 2.5 2.00-3.00
Al 0.015 (a)
Vv 0.059 (a)
Nb 0.008 (a)
Zr 0.000 (4)
Ti 0.014 (a)
B 0.0012 (a)
Ca 0.0009 (a)
Co LAO76 (a)
Y 0.0 (a)
Se 0.00 (a)
N 0.164® 0.10-0.16
() Not specified.

(b) Determined by Kjeldah! analysis.
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ornientation, or texture, of the individual crystalline grains making up the pipe. Rather than being
randomly oriented, cach gr in is hypothesized to be crystallographically oriented sim:lar to
neighboring grains. This ¢ adition can give rise to significant directionality in elastic modulus
values. X-ray diffraction studies would be required (o confirm that a preferred orientation
condition is present. A consequence of preferred orientation in this particular pipe is that the
unusually low modulus value in the axial direction is almost certainly accompanied by an
unusually high modulus value in another direction, probably the circumferential direction. If
that is the case, hoop strains arising from internal pressure would be lower than values calculated
on the basis of typical elastic modulus values.

J-resistance curves from room temperature tests on compact specimens are shown in Figure 2.5,
Included in the figure is a line which indicates the point at which the crack extension reaches

30 percent of the original uncracked ligament. Values of J, aad dJ/da from the compact
specimen tests are summarized in Table 2.7. The values of dJ/da were for crack extension values
in the range of approximately 0.15 to 1.5 mm (0.006 to 0.060 inch).

Table 2.6 Tenslie properties of French TPIIGLN steel pipe prc IP-A2)
in the longitudinal direction at room mnpumm

02 1
Spec. Pct Offset ‘. Tenslle g tos,
Yield Str. Str. onga Area
Ident. Strain MPa pet.in 284 mm  Reduction
No. Rl“, .-l ksl MP.‘ ksl (l .uh) m
IP-A2-1  1.6x10° 250 362 536 717 5§ =~ R4
IP-A2-2  3.1x10* 258 374 527 765 58 ~g3®
Avg. 254 368 5315 771 56.5 ~ %35

(8) The modulus of elasticity in the direct'on of the pipe &xis was found o be 157.5 GPa (2284 x 108 pai) on the basis of 8
resonant frequency experiment.

(b) The final cross section was elliptical; the ratio of the ellipse minor exis to the ellipse mujor axis was approximately 0.58,
The sverage of the two values was used in the calculation of the reduction of krea

Table 2.7 Summavy of J, and dJ/da values fer French TP3IGLN
stainl=ss steel pipe (Pipe IP.A2) obtalned from compact

specimens tested at room temperature
L-C orientation; no side grooves
Ident. No. kJ/m* in-1Vin* MJ/m” In-lb/in’
IP-A2-1 105y 6000 90.3 131,000
IP-A2-2 910 5195 70.3 102,000
IP-A2-3 680 3865 758 110,000
Avg. 880 5020 78.8 114,300

2:12
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TASK 1 SHORT TWC PIPE EVALUATIONS Secton 2

232 Subtask 13 Large Diameter Pipe Fracture Experiments
2321 Objective

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

2322 Ratlonale

Past work in the Degraded Piping Program (Ref. 2.2) on long circumferential through-wall
ciacks showed different results for thinner versus thicker large diameter pipe. A thin steam-line
pipe had failure stresses well below those predict: d by net-section-collapse (NSC) but agreed
well with the prediction of J-estimation scheme. On the other hand, a thicker cold-leg pipe
reached the NSC stress, which is much higher thar that predicted by the J-estimation scheme
predictions. In the thicker cold-leg pipe, however, the circumferential crack grew in the axial
direction even though it was unpressurized. This was an unexpected failure mode, and is
believed to be due to the toughness anisotropy of that pipe. Additional large diameter pipe
experiments with shorter through-wall crack lengths and sufficiently low enough toughness are
needed to assess the elastic-plastic fracture analyses.

2325 Approach

Four through-wall-cracked pipe experiments and one uncracked-pipe experiment on large
diameter pipe will be conc icted as part of the initial program. These are on 24-, 28-, and 36-
inch-diameter pipe with ditierent R/ ratios. Battelle's large pipe bending frame will be used in
these experiments. The pipe bend test system will be upgraded for the 36-inch-diameter, cold-
leg experiments in this subtask and the bi-meta! weld subtask. The upgrading of the large-pipe
test frame (strong-back) system was described in the last Semiannual Report (November 1990),

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

General Test Procedures

As with the prior Degraded Piping Program pipe fracture experiments, the large diameter pipe
experiments are being conducted with a sharp machine notch, except for the test involving the
carbon steel weld and the new French pipe experiment. The carbon steel weld is sufficiently low
in toughness that it is susceptible to notch acuity effects. High toughness steelr are not sensitive
to notch acuity effects, as seen in the data on fatigue and sharp machine notches in the Degraded
Piping Program (Ref. 2.2). The through-wall crack in the 4-inch-diameter pipe section was
f~*igue precracked to duplicate the French test procedures.

2-14



Section 2 TASK 1 SHORT TWC PIPE EVALUATIONS
The data 1o be recorded in these experiments include:

load-line displacement,
rotation due to the crack,
crack-opening displacement at the crack center line, initial crack tips, and one
location betweer 1 initial crack tip and the center of the crack
ovalization of the pipe in the horizontal and vertical directions at the crack plane,
e d-cclectric potential at the crack centerline and each
crack tip, and
. temperature at various locations along the pipe.

2324 Progress

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

1
applied load, 1
|

Experiment 1.1.1.26 - 4-inch Diameter French TP316 Pipe

The specific objective of this experiment was to conduct a comparison of a French pipe test
tem with one of the Battelle pipe test systems. The French experiment was conducted at the

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

EDF Test Results

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

EDF Experiment Number 24 was another EDF experiment. In this case there was remaining
malterial for a comparison experiment. The remaining material was from the moment arms of

the specimen (see Figure 2.6). The pipe used in EDF Experiment 24 was from a different heat
than the pipe used in EDF Experiment §.

2-15
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EDF Experiment 24 had a TWC with a length of 25 percent of the circumference. As not~d in
Figure 2.6, the center span had a reduced thickness, where the pipe was machined on th _.tside
diameter. The pipe dimensions are given in Table 2.8 The crack was fatigue precracked.
Moment-rotation data are shown in Figure 2.7.

Experiment 111.26 Results

This ¢ gperiment was intended to duplicate EDF Experiment 24. The specimen was machined (o
the dimensions shown in Table 2.8 and as indicated in Figure 2.8. Since the inside surface was
very rough, a small amount of inside machining was done. This allowed for the thickness of the
pipe to be the same as the EDF specimen, but the diameter differed slightly. It is believed that
EDF only machined the outside of the pipe.

L1

Teat machine 150 KN

Figure 2.6 Schematic of experimental setup for EDF-24
SC-SA-19..F26

2:16
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Figure 2.8 Schematic of Experiment 11126
DRB/1.1.1.26/F1

As with the EDF pipe. this specimen was fatigue precrach, ‘d. The specimen was instrumented 1o
nicasure load, load-line displacement, rotation, crack opening at the tips and the center of the
crack, and d-¢ clectric potential measurements 1o determine crack initiation and crack growth,
Both experiments were conducted at room temperature

Alter chemical analyses, it was found that the material was a TP316LN stainless steel. The
material properties from the pipe sent to Battelle are given in Tables 2.5 t0 2.7, This pipe was
given a battelle pipe number of IP-A2.

he experinental load versus Joad-line displacement record from Experiment 1.1.1.26 is shown
in Figure 2.9. The two major unloadings were done 1¢ wark the crack, while the other smaller
unioadings were done to measure the ovalization of the pipe during the test. No unstable crack
jumps oceurred during the experiment,

The maximum moment was calculated using & kinematic correction for the rollers used at the
outside load g}ims. The maximum moment is given in Table 2.8. Because of slight differences
between the EDF specimen and this experiment, due to actual pipe dimensions from the

2-18
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Figure 2.9 Total load versus load-time displacement
from Experiment 11126
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machining and flaw length, the maximum moments were normalized by the predicted NSC
momenis. A comparison of the maximum moments normalized by the NSC moments shows that
these was 3.6 percent difference in the two experiments. This is within the typical £5 percent
dirference chserved in multiple experiments at Battelle on ihe same test frame or experiments
conducied on different tost systems at Battelle.

Consequently, the Battelic and EDF systems compare well. This means that the discrepancies
between the FEA and many stainiess steel TWC pipe experiments are not due 1o pipe test
experimental differences. Hence, the differences must be in the computer modelling, ie., mesh
refinement, constitutive law representation of the materials being analyzed, etc.

Experiment L1123 « 28-inch-Diameter TP304 SAW

The objective of this experiment was 1o develop data to be used in assessing the load-carrying
capacity of an LBB size through-wall crack. This size of pipe was used in a similar test in the
Degraded Piping Program, Experiment 4111-5, The pipe was a BWR recirculation line pipe.
Experiment 4111-5 involved a 2R-inch-diameter TP316 stainless steel pipe with 8 SMAW that was
a section of pipe removed from the recirculation system at the Nine Mile Point Plant. The pipe
sectior was decontaminated before testing. That experiment had a 37-percent long

circumferc ntial through-wal’ crack in the center of the weld. The weld crown was left on.

Details of that experiment are in Reference 2.7,
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Table 2.9 Material properties of 28-inch-diameter stainless

steel weld wt 288 C
Weld Metal Base Metal™
(A45W2) (AS0)
Yield Strength,™ MPa (ksi) 366 (53.1) 289 (33.2)
Ultimate Strength,® MPa (ksi) S03 (729) 5013 (72.7)
Reduction of Area,® percent 58.5 673
1,9 MJ/m? (in-Ib/in®) 475 (270) N.D.
dJ/da, %) MJ/m? (in-Ib/in®) 147 (21,350) N.D.

(s)

®)
(c)
()
(e)

T.tal Lood, MN

To be determined for Pipe AS1 Appraturate values from snother
pipe (AS0) given for reference. N.D. = not determined.

Average of two specimens for weld data. One specimen for Pipe AS0.
635 -mm-diameter round-bar specinen.

No side grooves, average of two specimens.
Caleulated within the ASTM exclusion lines.

1.8
1.4
13
1.2 4
11 =

08 -
Ob -
0.7
0.6
0.5 -
0.4 ~
0.3
0.2 -
0.1 ~

0

bl

/WT\

y 1 ‘3 T T T -

0.2 0.4 0.6
Lood -line Displocement, m
Figure 211 Total load versus load-line displacement data from

Experiment 11123 (Stainiess steel SAW with short crack)
DRB/1.1.1.23/F7
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Table 210 Critical parameters from Experiments 4111.8 and LLL2)

Luler
Diameter Ihickness, Maximum Moment,
Exp. No mm mim 2¢/nD MN-m

TipB

Figure 2.12 Photographs of crack growth from stainless steel SAW

Experiment 11123
'



TASK 1 SHORT TWC PIPE EVALUATIONS Section 2

233 Subtask L4 Analyses for Short Through-Wall Cracks in Pipes

2.33.1 Objective

1332 Rationale

2333 Approach
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se.d.g 2'2
J A (2-2)

where
o= f'w (e) dv - I.Q . q ds, (23

ie, I1 = straine. v - work of external forces.
A is the crack arca, g are the generalized displace ments due to the generalized load Q™ and
wie) = f:o“ de,, (24)

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

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

This definition holds only for nonlinear elasticity in forms for which the potential energy is
defined, and for non-growing cracks. A second basic hypothesis (H,) is then formulated, which
extends the previous definition of J assuming the product (J-A) is given by the difference
between the two potential energies of the cracked body before and after the small crack
extension AA. Thus, under fixed displacement loading:

-8 y
' [a;\f:Q ""L (2-3)

or

BN

dg . (2-6)
q

(w) For through-wall cracked pipes of coucern here, O i the moment (M) and q is the rotation (¢) for bending; Q is the total
axial te" sion load (T) and g i the snal displacement (A) for tension loading,

2.25
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theoretical foundation beyond small-scale vielding and even in this case is redundant with J .
The discrepancy noticed in GE/EPRI estimation scheme may be due to Poisson's ratio changes
oceurring in an elastic-plastic material, which are neglected in this simplified approach based on
deformation theory of plasticity. As explained in Reference 2.20, any plastic-zone correction
violates Ilyushin's theorem, which should be verified in deformation plasticity computations.

Activity L41 Improve Short-Through-Wall-Cracked Pipe Analysis
and Compare to Existing Data

Objective

This activity will involve several efforts o identify shortcomings, and then to make and verify
improvements in existing analyses. In general, the objective of this activity is to make needed
improvements to the analyses prior 1o developing an: new experimental data.

Approach

The four separate efforts in this activity are:

(a) Numerically assess the effeet of plastic evalization on the vahdity of J
(b) Dewrmine pipe ovalization effects on limit-load analysis

(¢) Improve F-, V- and h-functions

(d) Compare predictions from improved analyses 10 existing data.

Activities 1.4.1(b) and 1 .4.1(c) were the only active efforts during this progress report.
Activity 141(b) Determine pipe ovalization effects on limit-load analysis

One consideration is the possible effect of pipe ovalization on the maxiraum load-carrying
capacity based on plastic buckling. Existing closed-form solutions on pipe buckling were used to
esamate the load-carr . g capacity and compared to that predicted by the net-section-collapse
(NSC) analysis for uncracked pipe. From this, an ovalization correction function will be
eventually developed. Such a function would depend on (1) the ratio of apphied oending ioad to
the maximum bending load predicted by NSC analysis, (2) the ratio of tension to beuding load,
(3) the pipe s R/t ratio, and (4) the strain-hardening characteristics of the pipe material.

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

Progress
This subtask has (wo specific objectives. The first is to provide a sinple method that can be used
10 account for buckling loads being below those predicted by the simple NSC equation. The

second is to verify a method to predict moment-rotation response of uncracked pipe wnen the
bending stresses are above yield. This correction is necessary if n-factor analyses are (0 be used

2-29
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to calculate the J-R curves from the short through-wall-cracked pipe experiments. The need for
sech a correction was first illustrated by Bruckner et al. (Ref. 2.21).

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

(1)

)

(4)

The NSC Method: The maximu m moment, M, is predicted by
Mo = 40,R 2F(8) (2-14)

where

o = (o, + 0,)2

R, = mean radius

t = pipe thickness

F(8) = 1 for uncracked pipe.

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

Mpee = D tog s [S00/(445 + D)) (2-15)

where

D, = outer diameier

Op00 = Stress at 0.5 percent strain, ~ o,
This equation was developed for design purposcs and contained some inherent
safety margin.

The “"COLAPS” Code: This computer program was written to study buckling of
pipes under bending loads (Ref. 2.24). Tue method incorporates strain-hardening
characteristics of the material into the analysis. This code vas developed at Battelle
for the offshore pipeline industry.

Fully Plastic Solution: This method is used 1o predict the moment-rotation behavior
of an u cracked pipe using a fully plastic analysis. The rotation of the pipe is given
by

¢ (2-16a)

1 2loe] M P
R [loGR’tB]

where
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Activity 1.41(c) Linprove F-, V- and h-functions

The Sander's F-function (Ref. 2.26) is known to be applicable for relatively long crack lengths,
which are longer than the lengths used in LBB analyses for large diameter pipe. Figure 2.16
shows that the Sander’s solution approaches zero as the crack length approaches zero. Typically,
such F-functions for other geometries approach values of 1 to 1.3 as the crack length approaches
zero (Ref. 2.27). It was assumed by Paris and Tada in Reference 2.28, and subsequently by Brust
in Reference 2.20, that Sander's solution should approach a value of one as the crack length
approaches zero. Assessment of this assumpiion is one of the objectives of this activity,

The GE/EPRI Estimation Scheme

The GE/EPRI method takes advantage of the scaling properties in linear and nonlinear elasticity
to interpolate over the range from small-scale yielding to large-scale yielding and to normalize
fracture parameters such as J, COD, and displucements due to the crack. The elastic-plastic
solution is obtained by superposition of a small-scale yielding solution and of the fully plastic
solution. The stress-strain law is defined by a Ramberg-Osgood relation:
L]
.9, a(l) (2-18)
to oo oO.

where o is an arbitrary reference stress usually defined as the yield stress, a and n are curve
fitting parameters, and g, = o /E.

S
Wies

4 S
g o |
O '

t

£ 2 | s
(™

1| 7, (Sanders)

!.(ln.ﬂ)
a s ' = =N i

e 28 42 B2 82 100
CRACK ANGLE, &

Figure 2.16 Comparison of Sanders’ F-functions for F/t = $ and
polynominal fit ussuming F = 1 as crack angle approaches zero
T-4572-FA4
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Table 212 Matrix of finite element calculations

fodel Model Name

Remarks Loading
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{a)

(t)

Figure 217 Typical finite element (a) mesh used for analysis (14 model),

and (b) circumferential cracked pipe geometry

SC-8A-7/91-F2.17
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h JT = J.
e a1 (2-28)
. 9 M
& o, z,a(l t)(M.).
& - 8,
b - M (229)
Bl

[M ° 2-30)
ae, )

In Equations 2-28 1o 2-30, respectively, Jy, 8, and ¢y are results from the ABAQUS solution,
Also, Equation 2-30, the “nc” superscript, refers 10 “no crack”. The dimensionless elastic
functions are compiled first (F, V,, V) to determine J,, 8, ,°. Then the results of the
ABAQUS solution provides Jy, 81, ¢, from which Equations 2-28 to 2-30 provide by, hy, h,,

Results

Table 2.12 earlier showed the matrix of finite element calculations to be performed. A complete
set of analyses was performed using ABAQUS on Battelle's VAX Computer for Model 2 (n = 1

3,5, 7). Both elastic and fully plastic (Deformation Theory) computations were made for
bending loads.

To verify our analysis procedure, it was decided to conduct a pure tension analysis, for which the
GE/EPRI solutions were believed to be accurate. Table 2.13 shows the F and V functions
obtained from the ABAQUS analysis (tension - elastic). The GE/EPRI results are also included
in Table 2.13 for comparison purposes.
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Table 213 F, V,, V,. V. lunctions (tension - elastic

Function 1D Solid ABAQUS GIEPRI

1=

Tabie 214 h functions (tension-fully plastic) (n = 3

Function 3D Solid ABAQUS GE/EPRI

4
+
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For tension Joading P is the total applied tensile load and P, is the limit load defmed in
Reference 2.18,

Bending solutions were also performed for the Model 2 case for n = 1,3, S, 7 using the
ABAQUS code. Table 2.15 shows the F and V functions obtained from the ABAQUS analysis
(bending - elastic). The GE/EFRI 12sults are also included in Table 2.15 for comparison
purposes.

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

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

Tabie 2.1 F, V), V, functions'*’ (bending-elastic)

aD Solid
Function ABAQUS Shell - GE/EPRI
F 1.0490 10700
v, 1.2060 1.0810
v, 0.0351 -0.0430

(a) There s no Vz (tension) displacement function for
pure bending.

Table 216 b functions™’ (bending - fully plastic ) (n = 3)

Function 3D Solid ABAQUS Shell - GE/EPRI

h, 6.207 6.7430
h, 7.385 6.9060
hy 1140 0.1440

(a) There b no hy (tension) function for pure bending.

2-42



Section 2 TASK 1 SHORT TW(

Table 217 b tunctions'®’ (bending - fully plastic

rYunction

Shell - GEVEPRI

3D Solid ABAQUS

{

Table 218

i n functions

bending

D Solid ABAQUS

Function

Activity L4.2 Analyze Large Diameter Pipe TWC Test Results

Objective

Rationale

4pproach

PIPE EVALUATIONS
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Figure 218 Plasticity function h; (ABAQUS - Solid Element Results) for
pipe under bending. R/t = 10,n = 3, an/ -~ = 0.0628
SC-M-591-F4

Comparisons will also be made bewween the experimental data and the following analyses: net-
section-collapse, ASME Section XI flaw evaluation criteria, and the dimensionless plastic-zone
criteria.

Progress

The maximum load predictions using current calculational methods were made for Experiment
1.1.1.21 and 1.1.1.23 as well as their companion Experiments from the L. .graded Piping Program
(4111-2 and 4111-5). The comparisons between various existing analyses and the maximum loads
in the Experiments 1.1.1.21 «ad 4111-3 were made in the last semiannual report. All of the
experiments were on 711-mm- (28-inch) diameter pipe under four-point bending at 288 C

(550 F). The difference, other than pipe material, is the crack lengh of 6 pereent (for
Experiments 1.1.1.21 and 1.1.1.23) versus 37 percent of the circumference for Experiments 4111-3
and 4111-5.

The analyses evaluated were:

- The EPRI NP-192 net-section-collapse (NSC) analysis (Ref 2.30),
- the GE/EPRI estimation scheme (Ref. 2.18),
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Figure 209 Comparison of maximum loads from Experiments 11121 and 4111-2
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()

(4)

(6)

(7)

The Tada-Paris method (Ref. 2.28) was developed for NRC licensing staff to check
calculations by others for licensing submittals. For the ferritic pipe (Figure 2.19) it was
found that this method very slightly underpredicted the long cracked pipe failure load.,
but overpredicted the short crack failure loaas. For the stainless steel SAW, the Tada-
Paris methiod overpredicied the maximurm experimental loads for boih the short and long
crack experiments.

‘The LBB.NRC analysis is frequently used by NRC licensing staff 1o check caleulations fur
licensing submittals. It is a modification of the Tada-Paris method. It was found that this
method underpredicted both the long and short cracked pipe experimental maximum
loads for the ferritic pipe (Figure 2.19), but overpredicted the raximum loads for both the
stainless steel SAW expenments (Figure 2.20).

The GE/EPRI method was the technical basis of the ASME ITWB-3650 analysis, and is
frequently used in licensing submittals, It was found that this was the most conservative of
the J-estimation scheme predictions, but it still overpredicted both the stainless steel pipe
experiments (Figure 2.20). This is consistent with predictions made in the Degraded
Piping Program (Ref. 2.2).

The LBB.GE method was developed at Battelle in the Degraded Piping Program and is
incorporated in the NRCPIPE Code; sce discussion in Task 7. The comparisons show
similar agreement with the LBB.NRC aualysis. It was found that the moment versus crack
length curves for this analysis were not sniooth. This comes from problems in the
GE/EPRI plastic rotation function, V,, being negative at short crack lengths. This
problem with the V4 fuaction was one reason for the finite element analyses for short
through-wall cracks in Activity 1.4.1(¢).

The ! BB.ENG2 method was uriginally developed in the NRC’s Degraded Piping program
as an independent method to check the other solutions. Two versions of this analysis were
developed. The LBB.ENG1 method uses a numerical integration method to calculate the
area under a calculated moment-rotation curve to determine J applied. The LBB.LENG2
method uses direct integral equations of the moment-rotation functions 10 give an
analytical solution without need for numerical integration. The LBB.ENG2 method gives
much faster solutions on a PC than the LBB.ENG1, LBB.NRC, or Tada-Paris methods.
The comparison of the experimental results to the existing LBB.ENG2 solution show that
for the ferritic pipe experiments (Figure 2.19), the predicted maximum loads were slightly
underpredicted for the long crack, and slightly overpredicted the short crack. For the
stainless steel SAW experiments (Figure 2.20), the analysis overpredicted the short crack
experiment significantly. The moment versus crack length curve is not smooth for crack
lengths from 30 to 40 percent of the circumference. This needs to be investigated,

In general, (a) the NSC analysis overpredicted the failure loads for these pipe experiments,

(b) the TWB-3650 analysis procedure appears overly conservative for short through-wall cracks,
(¢) the IWB-3640 analysis was slightly conservative for both short and long through-wall cracks in
an SAW, and (d) as the crack becomes shorter some of the current J-estimation scheme analyses
tend to become nonconservative. Corrections to the J-estimation analyses for short crack effects
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Figure 223 Schematics of pipe weldments with a circum ferential flaw
SC-M-1/91-F8
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radial bimaterial intecface line for development of this model. Residual stresses and altered
HAZ properties are not included, although they could be considered with rather minor modi-
fications. The total length of the weldment (Figures 2.22 and 2.23) is assumed 1o be an average
length, L, which is often best approximated (as a rule of thumb) to be the pipe wall thickness

(ie, Ly s 1)
General Background

Consider a simply supported TWC pipe under remote bending moment M (Figure 2.24), with
length L, mean radius R, thickness t, and crack angle 26 with the crack circumferentially located
in the weld material of length L. In the developient of a J-estimation scheme, it is generally
assumed that the load point rotation due to the presence of the crack, ¢°, anu the crack driving
force, J, admit additive decomposition of elastic and plastic components

o = 8- 8 Geid)

121,41, (2-34)

where the subscripts “e™ and “p"” refer to elastic and plastic contributions. In the elastic range,
¢, and M are uniquely related. In addition, if the deformation theory of plasticity holds, a
unique relationship also exists between ¢°, and M. Once these relationships are determined, the
elastic component I, and the plastic component J; of the total energy release rate J can be
obtained readily.

wing
of
symmetry

Figure 2.24 Reduced section analogy
SC-M-1/91-F9
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Determiration of t,: The equivalent reduced thickness t, can be obtained by forcing the limit
moment of reduced pipe section in

M, ? = 40, R%, (2-40)
to be equivalent to the limit moment of cracked pipe section

M,© - 4o,,n=u(ea -g -%dn o) (241)

giving (Ref. 2.20)

3 st(eoag ; %ma). (2-42)

However, in Reference 2.20 it has been observed that Equation 2-42 provides fairly good
approximation only for small crack angles (0 degrees < 26 < 90 degrees). For large crack angles
(28 < 120 degrees), t, is better represented by

g = [mé -1 .me) (2-43)
r - e

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

Estimation of J,: Having estimated the M-o‘P relationship, J, can then be evaluated by the
following algebra,

a Ay
Gl 5L
4 nR Lo 0 s 90 M™ Ln‘“xln

X
L s *tig, n - n
2(n, + 1) l'.-l}m a"" lb)‘ 3 Blool l(‘th)l
‘El%: ‘

where the derivatives alg/98 and aL‘,/aa are explicitly described in Appendix C. These
analytic forms are very convenent for both deterministic and probabilistic clastic-plastic fracture
mechanics.

ek
L]

(2-44)
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Quaniification of @

Several finite clement anulyses were carried out to det*rmine & Following extensive
comparisons with the results of finite eler ent aualysis, § was found 10 be relatively insensitive 1o
the vanations in the hardening parameters ny and n, of the Ramherg-Osgood models for the
base and weld metils, respectively. It was also found that the optimum value of /1, was roughly
in the neighborhood of 4 where L, was the average length of weld metal in the pipe.

Figures 2.28 10 2.31 exhibit the plots of crack driving force J versus applied bending moment M
for some of the combinations of n, and 1, considered in this *udy. Other input parameters are
kept the same as in the example problem illustrated previously. Both estimation and finite
element methods are applied to compute J for a given applied moment, Comparisons of the
results suggest that the estimation method with the calibrated value of /1, =4 (used in
Figuies 2.28 10 2.31) provides simple ye! satisfactory measures of energy release rate J,

Nolte that the calibration procedure conducted here provides only a preliminary estimate of .
Morte refined calibration will need to be performed to investigate dependency on geometry
facter (e.g., RA ratio), crack size (¢.g., 8/n ratio), flow stress ratio (e.g., 00/ 0g), and other perti-
nent parameters.

Discussion

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

Figure 2.32 shows the through-wall crack in the weld of a pipe. If the plastic zone is small in
comparison to the weld width, L, , then it is clear that an estimation scheme solvtion should
depend only on the weld material and the corresponding Ramberg Osgood properties,
However, as the plastic zone reaches and penetrates the base metal, the far-field rotation due (o
the crack {icreases (or decreases), depending on the ratio of weld 1o base metal strength proper-
ties. For many types of welded nuclear piping, the bas. metal is of lower strength, and can
accommodate waore plastic flow compared to weld metal. This additional softening or plastic
flow that ocours in the base metal would not oceur if not for the presence of the crack. It is for
this reason that the reduced thickness section included both weld and base material, i.c., the
additional rotation due o crack in the base metal is caused by (weld) crack-induced plasticity.
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Plastic Zones
Small

Figure 232 Clircumferential through-wali crack In a
weld showing plastic zone slzes

SC-SA-7/91-F2.32
2.4 Plans for Next Fiscal Year

During next fiscal year the following efforts will be undertaken.

2.4.1 Subtask L1 Material Characterization for
Short TWC Pipe Experiments

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

2.4.2 Subtask L2 Upgrading of the Large-Pipe Testing System

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

2-6]



TASK 1 SHORT TWC PIPE EVALUATIONS Secton I

243 Subtask L3 Large Diameter Pipe Fraciure Experiments
The welds in the 24- and 36-inch-diameter pipes will be fabricated in FY92.

2A4 Subtask L4 Analyses for Short Tarough-Wall
Cracks in Pipes

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

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

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

Activity 14.1(c) - Improve F, V', and h-Functions. The matrix of ¥ “ite clement
analyses will be completed in FY91.

Activity 14.1(d) - Compare Predictions to Existing Data. This will not be initiated
until all the short crack corrections have been implemented. This will be started at
the end of next fiscal year, with efforts continuing the following fiscal year.

Activity 14.2 - Analyze Large Diameter Pipe TWC Test Results. The efforts for next
year will involve analyzing the experiments completed with the current analysis
methods. Once all the short crack analysis corrections have been implemented into
the analyses, then all the experiments will be analyzed with those corrected methods.

Activity 14.3 - Analyze Through-wall Cracks in Welds. The efforts next year will

involve analyzing severa of the past pipe weld crack experiments from the Degraded
Piping Program and Experiment 1.1.1.23,
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Section 3 TASK 2 SMORT SC PIPE EVALUATIONS

Note that the three pipe geome:ries selected in this study are pipes obtained from canceled
nuclear plants and, hence, represen’ the range of R/t geometries that may be used in nuclear
piping. The largest radius to thickness (K1) ratio is 21.3 and the smallest is 3 8.

Table 31 Smaller dlumeter pine with short cracks »ader
bending for Subtask 2.2

Test No.'  Diameter  Schedule Rt Materlal  Temperature &', at™
1.2.1.20 16 inches 408 213 TP316 2BBC(5S0F) 0.25, 0.5
12121 6 inches XX§ 38 TP3M 288 C (550 F) 0.25, 0.5
1.21.22 6 inches 40 11.8 TP304 288 C (550 F) 0.25,0.5

(8) Test uumbers are consecutive with those in the Degraded Piping Dats Record Books.
(b) d/t = purface crack deptivpipe thickness &/n = circumferential crack length/pipe ctreumicrence.

The surface flaw size 10 be used will be determiied by parametric analysis. The smallest flaw
size that will fractore before the pipe begins (o buckle will be assessed by estimating the buckling
and fracture moments of the cracked pipe and comparing ths two.

The data to be collected during these experiments a*e

applied Joad,

- load-line displacement,

= rotation due to the crack and the uncracked pipe rotation,
crack-opening displacement at the center of the surface crack (at two heights from
the pipe surface),
ovalization of the pipe in the horizontal and vertical directions at the crack plane
and remote from i,
d-¢ electric potential at the crack centerline and at threc other locations along the
surface crack, and
lemperature at various locations along the pipe.

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

24,

3324 Progress

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

33
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Figure 3.2 Pretest calculations for 6-inch-diameter Schedule 40

stainless steel pipe tost (Experiment 121.22)
SC-SA-791-F3.2

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

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

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

The maximum load at which buckling occurred agreed excellently with the predicted buckling
Joads. Interestingly, fracture still occurred. Previously it was believed that once buckling started,
a fracture would not start because the energy would be going toward making tie buckle.
However, the CMOD data showed that the surface crack was continually loaded during the

buckling process.
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Figure 53 Total load versus load-iine displacement of Experiment 12122
O-inch-diameter Schedule 40 TP304 pipe with short surface crack
(d/t = 0.5 8/x = 028)

SC.SA.791-F3.,
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Figure 3.4 Posi-test photograph of 6-inch Schedule 40 stainless steel internal
surface crack showing buckling (Experiment 1.2.1.22)
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Results of Experiment 1.2.1.21 - 6-inch-diameter Sch, XXS TP304

The pipe was used in a prior long surface-cracked pipe experiment in the Degnded Piping
Program (41124 and had a Battelle pipc number of DP2-A35. The flaw in Experiment 1.2.1.21
had a constant : pth of 50 percent of the wall thickness, and a length of 25 percent of the pipe
circumference. The flaw was made by electric discharge machining from the inside of the pipe
with a notch root radius of 0,127 mm (0.005 inch). Because of the internal flaw machining and
instrumentation requirements, a girth weld 100 mm (4 inches) from the crack plane was required.

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

The dlata recorded were the same as Expeiimont 1.2.1.21. The total load versus load-line
displacement data are stiown in Figure 3.5. The second major unload occurred because the
loads were %0 high that alignment pins were breaking. The specimen was unloaded and
reinforcing Gn the test frame was made. The reloading on the second cycle occurred several days
later. 1 this experiment, no buckling of the pipe occurred. Crack initiation occurred right at
maximum load, hence limit-load requirements were met.

Analyses of these experiments are described in Activity 2.4.3.

L

Dapgnempnt, v

Figure 3.4 Total load versus load-line displacement of Experimer.: 12121
6-inch-diameter Schedule XXS TP304 pipe with short surface
crack (dt = 0.5, 8/x = 02§)
SC-SA-791-F3.5
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Approach

Several improvements need 1o be made in the existing surface-cracked pipe J-estimation scheme
solutions. Some of the more significant ones are:

(a) Verify ], solutions by FEM analyses

(b) AddJ, fo the SC.TNP and SC.TKP solutions

(¢) Improve rotation predictions

(d) Include ovalization correction for surface-cracked pipe

(¢) Extend LBBENG approach to circumferentially surface cracked pipe
() Include pressure and bending effects in surface-cracked pipe solutions
(8) Develop a J-estimation scheme for an external surface crack.

Significant progress was completed for Activities 2.4.2.(N and (g) and are presented below.

Activity 2.4.2(f) Include Pressure and Bending EjJects
in Surface-Cracked Pipe Solutions

The current SC.TKP and SC.TNP solutions are for pipe in prre bending (Ref. 3.1). The general
analysis procedure can handle combined loading, but new Hy anud G, functions will be derived.
A numerical integration method to determine their values wi'il be implemented in the computer
ccde. This is a relatively simple effort because the equations to caleulate the Hy and G
functions already exist and were published in Reference 3.1,

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

Activity 2.4.2(g) J-Estimation Scheme for an External Surace Crack

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

J-estimation schemes pertinent (o piping have been developed principally for circumferential
through-wall and internal surface cracks, However, fatigue crack loading can result in
circumferentially oriented external surface cracks. Unfortunately, these are not suitable J-
estimation schemes for such cracks.

The development of an external SC J-estimation scheme involves extending the analysis
previously developed at Battelle in the NRC's Degraded Piping Program for internal surface
cracks. This involves relatively small modifications to account for the external crack geometry,
but extensive changes to account for internal pressure. To include tension-induced loading from
pressure, the assumption will be made that pressure and bending are applied simultancously in a
manner that stresses in the pipe vary proportionally to the applied Joad. Note that this
assumption is inherent in the use of any J-integral based approach to elastic-plastic fracture
mechanics. In addition to the above changes, lincer-clastic solutions available in the literature
will be used to provide an estimate of the elastic component of J.

3.9
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Progress

The technical work in this activity has been completed. Two programs EXTCRK7.EXE and
INTCRK7.EXE that can be used 1o analyze external and internal circumferential surface cracks,
respectively, were developed. Each of the programs provides the option of using either th'ck-
wall (SC.TKP) or thin-wall (SC.TNP) analysis.

The SC.TNP and SC.TKP predictions were compared (o the results from the pure bending,
internal SC pipe experiments (Ref. 3.1) in the Degraded Piping Program. These results showed
that SC.TKP un¢' >rpredicted he experimental maximum loads by 20 10 40 percent. This
effectively means that SC.TKP was overpredicting the applied J. The SC.TNP analysis was more
accurate. The SCTNP predicted maximum loads were <10 10 4 20 percent of the experimental
maximum loads.

The estimation scheme developed in this subtask can be used to analyze <urface flaws of constant
depth as well as elliptically shaped flaws ander either pure bcndin% loads or under combined
bending and internal pressure. Note that in the Degraded Piping m only constant depth
internal surface crack analyses were developed. Figure 3.6 shows the flaw geometries and loading
configurations.

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

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

/"

NS

(b) Interna)l Surface flaw Geometry

( &__'l-_e.u_.__-.___ N
M¢/2 )M.¢/2

(¢) Surface-cracked Pipe Under Bending and Pressur: Loads

Figure 3.6 Flaw geometry and loading configuration for
surface-cracked pipe
SC-£A-7/91-F3.6
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It shovild be recognized that even with the current method, the error in predicting the load at a
given J value would not be as large as the error in predicting J for a given load. For example, at
the J, value of (.155 MJ/m? (885 pounds/inch) for the material, Figure 3.8 gives an initiation load
(P)) to be 51.2 kN (11,520 pounds) by the thick-wall estimation formula and 66.0 kN (14,830
pounds) by the finite element results. The experimental value for Py is 73.4 kN (16,510 pounds).

Since FE results for the case of an external surface crack are not available at this time, a
comparison with the pre.  ons of the estimations scheme cannot be made. There are some
older, very thick-walled. external surface-cracked pipe experiments conducted at Battelle that
could be used for verification of EXTCRK7.EXE if desired (Ref. 3.4). However, the analytical
development for the external and internal crack cases is very similar and should provide similar
results,

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

lement analysis or pipe J- stimation schemes. “Adjustments” to the pipe J applied values are
needed to give an operational J consistent with the Dowling values.

The computer programs initially developed, EXTCRK7.EXE and INTCRK7.EXE, will
eventually be incorporated into a user-friendly framework of a surface crack version of
NRCPIPE.

Activity 2.43. Compare Improved Limit-Load Solutions to
Short-Surface-Cracked Small-Diameter Pipe Data

The objective of this activity is to determine if corrections (o the net-section-collapse (NSC)
ar 1lysis are needed for pipe with short circumferential surface cracks. The NSC analysis

assy "es the pipe remains circular. However, with short cracks the load increases, causing the
pipe 10 ovalize. This ovalization causes the loads to be less than if the pipe remained circular.

Progress

Two short surface-cracked pipe experiments have been conducted 1o date. These experiments
were on relatively small diameter TP304 stainless steel that were high in toughness so that limit-
load, not elastic-plastic fracture, should occur. Details of the experimental data were given in
Subtask 2.2.
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Past efforts in the Degraded Piping Program showed that a correction to the NSC analysis, which
15 & function of the R/t ratio, is needed for surface-cracked pipe. This relation is shown in Figure
3.1 where, at that time, a least squares fit was drawn through the pipe test data for which the
toughness was sufficient 1o cause failure at limit-load conditions. All of these experiments were
for the same dimensionless flaw size of d/t = 0.66 and /x = 0.5. It was felt that smaller Naws
would have aigher failure loads; hence, pipe ovalization may become a more sigaificant factor in
potentially reducing the experimental failure stresses. Since the NSC analysis assumes the pipe
remains circular, and ovalization reduces the stiffness of the pipe, the tendency would be for the
NSC analysis to overpredict the failure loads for pipe experiencing ovalization during fracture.
The ovalization and pipe buckling for uncracked pipe is known to be a function of the pipe mean
radius-1o-thickness ratio, R/t

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

The two 6-inch nominal diameter short surface crack experiments from this program are also
shown in Figure 3.9, as well as two 4-inch nominal diameter short surface crack expeniments from
an older EPRI program conducted at Battelle (Ref. 3.6). Table 3.2 gives the data for several
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Figure 3.9 Comparison of experiment  ~ximum momentnet-section-collapse

moment versus R/t for short and long surface-cracked pipe experiments
SC-SA-791-F39
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Table 32 Short versus long surface crack maximum
momentnet-section-collapse predicted moments

E’y‘e’ﬂ?&" d/t 2wWnD Ry/t Exp/NSCY
41124® 0,653 0.44 324 1.16
4112.2® 0.634 0.50 11.4 0.98
12121 0.50 0.22 3.49 1.M
12122 0.50 0.25 11.4 1.01

58 0.39 0.25 6.20 1.08
68 0.61 0.2% 5.98 1.02

(a) Experinental magimum moment/netsectioncollapse predicted naximum moment (og = [o, + 0 )2).

()] From Degraded Piping Program, Ref 3.1,
(¢) From EPRI NP-234., Vol 2, Ref 36.

short surface crack experiments reflected in Figure 3.9. It can be seen from Figure 3.9 1 at the
short surface crack data from this program and the previous Battelle/EPRI program agree well
with the long surface crack data from the Degraded Piping Program. In fact, the lincar
regression line for the entire data set (long and short surface cracks) agrees remarkably well with
the linear regression line for the data set that includes only the long surface crack data from the
Degraded Piping Program. Consequently, it appears a single correction factor (independent of
flaw size) to the net-section-collapse analysis to account for ovalization effects may be
appropriate. During the next reporting period a 16-inch-diameter Schedule 30 (1 = 9.52 mm
[0.3%. inch]) stainless steel short surface crack experiment will be conducted. The R/t ratio for
this experiment is app  ‘'mately 20. This experiment, with its large R/ ratio, will provide further
insight as to whether a single correction factor exists.

3.4 PLANS FOR NEXT FISCAL YEAR

The efforts described belo 1l be undertaken during next fiscal year,

34.1 Subtask 21 Material Characterization for Surface-Cracked
Pipe Experiments

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

3.15
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5. TASK 4 DYNAMIC STRAIN AGING
51 Task Objective

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

5,2 Task Rationale

The methodology developed here will be applicable - both LBB and in-service flaw evaluations.
1t will also be valuable for slection of materials for tuture advanced reactor designs.

8.3 Task Approach

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

Subtask 4.1 Establish a screening criterion to predict unsta ‘e crack jumps in
ferritic steels

Subtask 4.2 Evaluate procedures for characterizing fraciure resistance during crack
jumps in Jaboratory specimens

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

Subtask 4.4 Prepare interim and topical report on dynamic strain aging induced
crack instabilities in ferritic nuclear piping steeis at LWR temperatures

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

Subtask 4.6 (7 “tional Subtask) Refine procedures for predicting crack jump

magnitude in pipes
Significant efforts were made only in Subtask 4.1 during the past reporting period.
£3.1 Background
The approach in Task 4 is based on experimental data cbtained in the Degraded Piping Progiam
(Ref. 5.1), In several pipe steels tested at 288 C (550 F), both in laboratory and pipe specimens,
crack instabilities were observed, interspersed between periods of stable, ductile tearing. These

instabilities have been assumed to be related 1o a steel's susceptibility 10 DSA (Ref. 5.2). DSA is
a pinning of dislocation movement by free nitrogen or carbon atoms in the crystallographic
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structure. This increases the flow properties and reduces the ductility. However, no firm proof
of that tie-in betweci. DSA and crack instabilities presently exists. Information abot crack
instabilities is lacking in other arcas as well. Some guestions include:

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

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

(3) Are there simple ways (o predict the occurrence and severity of crack instabilities
in a particular steel?

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

(5) How reproducible is the phenomenon?

(6) Do the fracture surfaces or microstructures # -~ iated with crack instabilities have
any unusual features?

The sige (cance oi crack instabilities in flawed-pipe safety analyses has already been
demonstrated in at least one 288 C (550 F) pipe tca conducted at David Tayler Research
Cener. In this experiment, a crack jump of approximately one-fouth of the pipe circumference
was observed for a through-wall circumferential crack. Such an ins. .oility in a nuclear plant
would lead to a large loss of cooling waier. Therefore, it is important in this program to
determine how to predict the occurrence and magnitude of crack instabilities. Subtask 4.3
represents an attempt to tackle these issues in a logical manner,

A limited number of laboratory experiments are being conducted in Subtask 4.1. The results of
those experiments, when combined with existing data, will be used to establish a direct link
between crack instabilities and DSA. 1If that link can be established, then it should be possible to
assess a steel's propensity for crack jumps by conducting a few tensile tests or, even better, a few
hardness tests. Hardness tests would be especially attractive in nondestructive, in plant testing of
pipes for which no archival material exists. Within Subtask 4.1, data also are being obtained on
correlating crack jumps in C(T) and pipe specimens, on determining the reproducibility of crack
jumps in replicate tests, and on determining the presence of any unusual fractographic or
microstructural features in specimens that display crack instabilities.

The activities involved in developing the screening critcria for dynamic strain aging in Subtask
4.1 will also determine whe! .riggers dynamic crack jumps. From a global sense, the dynamic
crack jumps could be triggered by being at the proper temperature and strain rate, and by having
a material sufficiently susceptit - . v+ amic strain-aging. The laiter can be determined by the
screenming criteria, iceally witha (0 - west such as the hardness ratio at high temperature to
room temperature. From a micre siructura; viewpoint, metallographic investigations of past
fracture surfaces from Degraded Piping Prograin test specimens at the points of initiation and
arrest of the crack jumps may shed further nght on how 10 predict the start of an instability, or
better yet, how to manufacture steels that would not produce instabilities for future plant
construction.

In addition to the work in Subtask 4.1, efforts will be undertaken in Subtask 4.2 to modify
analytical procedures for calculating fracture resistance in laboratory specimens during a crack
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instability. Included in this activity will be an evaluation of a J-resistance curve approach, an
evaleation of alternate measures of fi 1 _.ure resistance (CTOA, for example), and an assessment
of plausible analisis methods to account for crack jumps. The results of Subtask 4.2 will provide
information on the variability of the toughness during the instability event and at the end of the

crack jump.

The results of Subtask 4.2 will then be used in Subtask 4.3 to make engineering predictions of the
length of crack jumps in pipe, using several approaches. One approach will apply the NRCPIPE
code (see Task 7) and another will use an energy balance method (Ref. 5.3). The success of
these engineering approaches will be evaluated and a determination will be made as to whether
improved methods should be recommended tor study in optional activities. The firs: optional
subtask is aimed at improving the analytical procedures for calculating fracture resistance during
unstable cracki., i1 laboratory specimens. The second seeks 1o improve the ability 1o analyze

crack jumps in pipes.

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

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

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

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

v 4,12 Using the results of Activity 4.1.1, formulate a practical screening
criterion for predicting crack instabilities in pipes.

The « = #1i: 0 aese activ.des are given below,

5§321 “.' y 411 Conduct Laboratory Tests to Determine Correlations
Among Tenslle Properties, Hardness, DSA, and the Occurrence of Crack
Instabilities in Both C(T) Specimens and Pipes

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

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



TASK 4 DYNAMIC STRAIN AGING Section §

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

Experimental Procedures
Conduct Tensile T: ...

Tensile iests were conducted over a range of temperatures from room temperature to 385 C

(725 F} 1o encompass the range in which DSA effects are commonly observed. Round-bar,
threaded-end tensile specimens were machined from five different carbon steel pipes, described
in Table 5.1. These steews came from the Degraded Piping Program where laboratory specimen
and pipe fracture experiments were conducted. They represent a range of s'eels that had little
DSA to significant DSA, as observed by limited past tensile tests. Chemical compositions of the
pipes are given in Table 5.2. Tensile tests were conducted at a strain rate of approximately 3 x
104 5 in a servohydraulic test machine. The data were analyzed to obtain 0.2-percent offset
yield strength, ultimate tensile strength, elongation, and reduction of arca. In addition, complete
stress-strain curves were obtained from each test.

Table 5.1 Description of Activity 4.1 pipes used In study of dynamic strain aging

Pipe Dimensions, mm (inch)
Pipe Ident. Wall
No. Material Type Schedule  Dirmeter Thickness

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

DP2-Fli ASTM A233 Grade 6 80 102 (4) B.6 (0.337)
carbon steel

DP2-F26 ASTM AS516 Grade 60 711 (28) 22.2 (0.875)
70 carbon steel

DP2-F30 ASTM A106 Grade B 120 152 (6) 14.3 (0.562)
carbon steel

DP2-F29W  Submerged-arc girth 100 406 (16) 26.2 (1.031)
weld in ASTM A106
Grade B®

(a) The ferritic steel girth weld was prepared by United MeGill Cocporation: of Calumbus, Ohio, using
procedures recommended by Babenck and Wileax. [t was a single-Vee weld having & 6.4 mm (0.25 inch)
glpuu-m-(mtnch)mmucm;uﬂpv-mdhmcmm The filler metal met
Specification SFA-5.23, Class EF2 (Linde 44) and the flux was Linde 80. The weld was stress relieved at
605 C (1225 F) for 1 hour.

5-4
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Teble £2 Chemical composition of Activity 4.11 pipes used in study of dynamic strain aging

Weight Percentage for Indicated Pipe
Pipe  Pipe Pipe Pipe Pipe
Element DP2-F$¢ DP2-Fl1  DP:F26 DP2FM DP2-F29W
C 0.14 0.21 0.13 0.15 0.068
Mn (.99 0.84 0.80 0.65 131
P 0,008 0.010 0.009 0,012 0.016
S 0.024 0015 0.027 0014 0.015
Si 0.20 0.19 0.25 0.20 0.57
Cr 0.076 0.035 0.12 0.28 0.14
Sn 0.014 0.001 0.007 0,018 0.028
Ni 012 0.006 0.13 0.14 0.59
Cr 0.12 0.027 0.13 (.18 0.027
Mo 0.042 0.012 0.040 0.055 0.43
Al 0.01%8 0.030 0.003 0.010 0.003
v 0.000 0.000 0.000 0.001 0.002
Ch 0.000 0.000 0.000 0.000 0.000
Zr 0.000 0.000 0.000 0.000 0.001
Ti 0.0 0.000 0.000 0.000 0.001
B 0.0001 0.0000) 0.0001 0.0000 0.0003
Co 0.006 0.000 0.006 0.008 0.007
W 0.00 0.00 0.00 0.00 N.D.
Ph 0.00 0.00 0.00 0.00 0.0
Ca N.D. N.D. N.D. N.D. 000
Conduct Hardness Tests

Brinell hardness tests were conducted on the same group of five carbon steels that were
subjected to tensile tests. Special procedures were devised to permit these tests to be conducted
over a range of temperatures, from room temperature to approximately 450 C (840 F). The
upper end of that , “nge was somewhat higher than that used in the tensile tests because it was
believed that DSA effects in the hardness :2sts would be shifted to higher temperatures than in
the tensile tests, due to the higher strain rates in the hardness tests.

Specimens for the hardness tests were flat, rectangular plates of sufficient size (0 permit a
number of Brinell hardness impressions to be made within the requirements of Test Method
ASTM E10-84, Brinell Hardness of Metallic Materials. Each plate specimen had a thickness of
approximately 12.7 mm (0.5 inch) except for Pipe DP2-F11, wi.ich had a thickness of only
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Aun additional important observation in the compact-specimen tests was the occurrence of crack
jumps and the relation between test temperaturs and the nature of the erack jump phenomenon,
to assess whether correlations exist between susceptibility 10 DSA, as revealed by tensile or
hardness tests, and the occurrence of crack jumps in C(T) tests.

Corveiate Crack Jumps in C(T) ar 1 Pipe Tests

Test records from both pipe tests and C(T) tests conducted on carbon steel pipes in the
Degraded Piping Program, the Short Crack Program, and the IPIRG Program were examined
for evidence of crack instabilities during the tests. The best indicator of & crack jump was a
sudden drop in the load. The number and magnitude of individual load drops, the latter
:xpressed as a percentage of both the existing load and the maximum load, were tabulated for
each test record examined. A tota: of 24 pipe test records and 58 C(T) test records were
examined, covering base metal tests of 10 different pipes and weld metal tests for three different
pipes. The base metals included A106 Grade B, SA343 Grade 6, and AS16 Grade 70. At the end
of the six-month reporting period, several tests remained (0 be examined and the results
remained to be thoroughly analyzed.

Determine Reproducibility of Crack Jumps

Six additioral precracked and side-grooved C(T) specimens were prepared from Pipe DP2-F26,
which had been found (o exhibit significant crack jumps in C(T) specimens and pipe specimens
tested at 288 C (550 F). Several of those specimens will be tested at 288 C (550 F) during the
next reporting period to obtain two types of information: (1) ar indication of the reproducibility
of the crack jump behavior in a number of nominally identical tests, and (2) accurate load,
displacement, and electric potentia! data during a crack jump. The instrumentation used in
carlier tests was not designed 10 record events that occurred as rapidly as the crack jumps.

Examine Tested Specimens to Reveal Unusual Fractographic or Metaliographic
Features Associated with Crack Jumps

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

Experimental Findings

Tensile and Brinell Hardness Tests

The results of tensile and Brinell hardness tests over a range of temperatures are presented in
Figures 5.2, 5.3, and 5.4, Figure 5.2 shows yield strength, ultimate tensile strength, and Brinell
hardness number as functions of temperature, Figure 5.3 shows fracture elongation and

reduction of area versus temperature, and Figure 5.4 shows engincering stress-strain curves for
the various test temperatures.

58
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Figure 52 Yield strength, ultimat strength, and Brinell hardness

as functions of temperature for five carbon steels
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Examination of the curves in Figure 5.2 indicates several interesting features.

Four of the five carbon steel pipes tested exhibited a significant UTS peak, which
is indicative of DSA at an clevated temperature; the fifth pipe, DP2-F11, showed a
relatively flat curve of UTS versus temperature. That result indicates that Pipe
DP2-F11 is less susceptible to DSA than are the other four pipes, even though it is
the same type of pipe (A333 Grade 6) s Pipe DP2-F9. Note in Table 5.2 that
those two pipes have slightly different ~  mical compositions. Pipe DP2-F11 has
more carbon and aluminum and less chro...ium and molybdenum than does Pipe
DP2-F9. However, of those differences, only the increased aluminum would be
expected to make DP2-F11 less susceptible to DSA by tying up more of the
nitrogen. Nitrogen along with carbon, is believed to be responsible for DSA. The
other differences would be expected to have an opposite, if any, effect by making
carbon inc reasingly available for promoting DSA.

The submerged-arc weld metal (DP2-F29W) exhibited a peak in UTS at a
temperature of approximately 340 C (645 F); the base metals (DP2-F9, -F26, and
-F30) exhibited a UTS peak at a temperature in the range of 220 to 260 C (436 to
500 F). From Table 5.2, it can be seen that the chemical composition of the weld
metal differs from that of the four base metals in several respects: the carbon and
chromium contents are relatively low and the manganese, silicon, nickel, and
molybdenum contents are relatively high. Of those differences, only the high
silicon and molybdenum contents might be thought to contribute to shifting the
UTS peak 10 a higher temperature,

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

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

For the submerged-arc weld metal (DP2-F29W), the hardness rersus temperature
curve haa not yet reached a peak value at the highest test temperature of
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approximately 450 C (840 F). That result is a consequence of the unusually high
peak in the UTS versus temperature curve described carlier.

With respect to the ductility versus temperature curves shown in Figure 5.3, each of the four base
metals exhibited a trend toward decreased ductility as the temperature was increased from room
temperature, followed by an increase in ductility as temperature was increased further. For the

submerged-arc weld m 1l (DP2-F29W), changing the test temperature had only a modest effect

on tensile ductility,

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

Compact Specimen Tests

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

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

However, it is not known whether the small size, in particular the small thickness, of the DP2-F11
specimens (04T x 5.1 mm [0.2 inch] thick) might have played a role in the results by way of
favoring stable crack growth over crack jumps The DP2-F26 and -F30 specimers, which did
exhibit crack jumps, were 1T x 21 mm (0.82 inch) thick and G.5T (full thickness), respectively.
The implication of these results is that a stuc'y on the effect of specimen size on the occurrence of

instabilitics may be of value.

J-resistance curves for the three pipe materials are shown in Figure 5.6. Valvwe, of J, and dJ/ds
obtained from the curves in Figure 5.6 a.¢ presented in Figures 5.7, 5.8, and 3.9 for Pipe DP2-
F11, -F26, and -F30, respecuvely. In Figure 5.7, Pipe DP2-F11 appears to exhibit a minimum in
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steels tested at various temperatures
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Figure §.5 J, and dJ/da versus test temperature for ( specimens
from Pipe DP2-F26
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Table 3 Tenslle strength ratios and hardness ratios for carbon steel

pipes at selected temperatures
Crack Jumps ‘

Pipe ident. W C(T) Tests LIS (max)  UTS (288) BHN (max) BHN (388)

No. Type w288 C UTS (RT)  UTS (RT) BHN (min) BHN (RT)
DPLFY SAI Gré Yes 123 1.16 122 109
DP2-F11 SA3IIGré No 1.09 0.98 1.07 091
DP2-F26 AS516 Gr 70 Yes 1.3 1.24 122 1.16
DPRFX  A16GrB Yes 130 120 126® 1130 12,8 ™
DP2-F29W  SAWin A106 Gr B No 123 0.9 » 1L.10 0.0

(#) Brinel) hardness Spec. No. 1
(b) Brinell hardness Spec. No. 2.

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

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

The remaining columns in Table 5.3 show hardness ratios. Hardness tests would be preferred
over tensile tests for two reasons: (1) they are simpler and less expensive to perform, and (2) it is
believed that they could be conducted in sitw on pipe already in service, though special
procedures would have to be developed. If the hardness data from Specimen No. 2 of the DP2-
F30 pipe were to be ignored, it could be noncluded that BHN(max)/BHN(min) ratios of 1.22 or
greater in base metals were associated with crack jumps at 288 C (550 F), while ratios of 1.07 or
less resulted in no crack jumps. A similar conclusion could be reached for the
BHN(288)/BHN(\T) ratios, except that they would apply to the wel” metal as well as 10 the base
metal. For the BHN(288)/BHN(RT) ratio, values of 1.09 or greater would be associated with
crack jumps; values of 0.91 or less would not. Thus, it wouid appear feasible to assess a pipe's
propensity for crack jumps at 288 C (550 F) simply by performing hardness tests at room
temperature and at 288 C (550 F).

Inciusion of the second hardness test for Pipe DP2-F30, that on Specimen No. 2, requires some
adjustment to several of the statements made above. Those adjustments would lower the
BHN(max)/BHN(min) and RHN(288)/BHN(RT) values associated with crack jumps to 1.13 and
1.02, respectively, from their initial values of 1.22 and 1.09. Nonetheless, even considering the
variability in the hardness data for Pipe DP2-F30), it sull appears reasonable to conclude that
hardness data at two temperatures can act as an indicator of crack jump tendencics in carbon
steel pipes operating at <88 C (550 F).
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Because work in several areas is ongoing, no conclusions can be drawn at this time with respect
to: (a) the ability of C(T) tests to predict crack jumps in pipe tests, (b) the reproducibility of
crack jumps in C(T) tests, and (¢) the presence o1 unusual fractographic or metallographic
features associated with crack jumps.

5.4 Plans for Next Fiscal Year

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

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

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

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

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

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

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

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

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

Activity 4.2.3 - Assess Plausible Analysis Methods to Account for Crack Jumps. These
efforts will start next fiscal year but will not be completed until the following fiscal year.

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

There ai. ..o specific activities in this subtask. The plans for next fiscal year are:
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Activity 43.1 - Predict “he Magnitude of Crack Jumps in Pipes using Current Analysis
Methods, These efforts will start in FY93.

Activity 4.3.2 - Assess the Success of the Current Approximate Approaches and laentify if
Optional Efforts are Warranted. These efforts v 'l start in FY92.

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

These reports will be written in FY93,

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

If this subtask is undertaken, it will start in FY93.

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

If this subtask is undertaken, it will start in FY93.

5.5 References
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6. TASK § FRACTURE EVALUATIONS OF PIPE ANISOTROPY
6.1 Task Objective

The objective of this subtask is 1o assess if anisotropic fracture properties (where the toughness is
typically lower in a helical direction or the axial direction for ferritic seamless pipe) together with
having high principc] stresses in a helical direction can cause a lower failure stress than
calculated using the toughness in the L-C orientation and using only the longitudinal stresses.

6.2 Task Rationaie

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

6.3 Task Approach

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

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

Subtask 5.2 Determine magnitude of tonghness anisotropy and establish a screening
criterion to predict out-of-puane crack growth

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

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

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

63.1 Background

The approach is based on the following two facts: (a) out-of-plane (angled) crack growth under
nominally Mode I loading has been observed in both laboratory and pipe specimens of ferritic
pipe materials (Refs. 6.1 and ¢.2) and (b) the data and observations have not yet been adequately
analyzed to assess the ramifications of the phenomenon under realistic loading conditioas and
for large diameter pipes.

Existing data suggest that the out-of-plane crack growth observed in the Degraded Piping
Program experiments was due to toughness (or, more precisely, crack growth resistance )
anisotropy (Ref. 6.2). The toughness anisotropy arises from nonmetallic inclusions, waich tend
to be aligned parallel 0 the principa’ wotking direction. In the Degraded Piping Program, an ad
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hoc modification to existing J-estimation analysis methods was made by using projected rather
than actual crack l=ngth in J-R curve calculations for pipe experiment data. It is not known if
this procedure would be reasonably accurate for larger diameter pipes under combined bending,
internal pressure, and torsional loads.

A prudent overall approach is to first assess the ramifications of toughness anisotropy on the
behavior of pipes under a sufficiently broad range of service loading conditions. This assessment
will be accomplished using parametric analyses (Subtask 5.1). The analyses will be performed
using the finite element method on a pipe involving bending, internal pressure, torsion, and :
combined loadings. Crack driving force will be computed under each loading type as a function
of angle from the crack plane. Using existing data and engineering judgment, the results will be
used to identify realistic service loading conditions, which may require modifications to existing
analysis methods to avuid nonconservative predictions. So that the assessment is realistic,
Subtask 5.2 is focusing on determining the realistic magnitude of anisotropy in representative
ferritic piping materials. This determination will be done mostly by using available data. A
minimum number of laboratory specimens are being tested to generate the necessary
Quantitative information for analysis. Subtask 5.2 also is attempting to develop a screening test
that would make it possible to predict the occurrence of toughness anisotropy or out-of-plaae
crack growth in pipes.

An interim report will be prepared (Subtask 5.3) using the findings in Subtasks 5.1 ana 5.2. The
report will provide the technical bases for a decision by the NRC as to the subsequent course of
action. For example, the findings may indicate that there is no practical need for modifying
existing analys’s methods. But assuming that, for certain realistic situations, modifications in
analysis methods are called for, our approach contains Optional Subtasks 5.4 and 5.5. These
activities are aimed at providing the NRC with a validated analysis procedure for predicting
crack growth behavior in nuclear power plant piping of maierials with significant maierial
anisotropy.

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

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

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

Activity 5.1.1 Determine driving force for angled stationary crack

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

Activity 5.1.3 Determine driving force for angled growing crack

Activity 5.1.4 Determine angled crack principal stresses

6-2
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63.2.1 Activity 512 Conduct tensile tests at different crientations, and additional skewed
orientation C(T) specimens on a 4-inch diameter pipe to assess strength and toughness
variations

The objectives of this activity are to provide tensiic stress-strain curves and J-resistance curves at
288 C (550 F) at severa' different specimen orientations for a 4-inch-diameter seamless carbon
steel pipe, DP2-F11 (SA333 Grade 6). That pipe was shown previously (Ref. 6.2) to have
stringer-type inclusions that are at an angle of approximately 24 degrees 10 the pipe axis. The
data obtained will be used in several analytical activiies within Subtask 5.1.

All work under this activity was completed during the past six-month period.
Experimental Procedures
Conduct Tensile Tests

Tensile tests were conducted at 288 C (550 5 ) on round-bar threaded-end tensile specimens
machined from Pipe DP2-F11 in four different orientations. The tensile axis in those four
different orientations was at 0, 45, 66, and %0 degrees to the pipe axis, as is illustrated
schematically in Figure 6.1a. Note in that figure that the 66-degree specimen had its tensile axis
perpendicular to the long axis of the stringer-type inclusions. Tensile tests were conducted at a
strair rate of approximately 3 x 10 5! in & servohydraulic test machine. The data were analyzed
to obtain 0.2 percent offset yield strength, ultimate tensils strength, elongation, and reduction of
area. In addition, complete stress-strain curves were obtained from each test.

Conduct Compact Specirnen Tests

The crack growth resistance was assessed in four different orientations (0, 24, 45, and 90 degrees,
as is illustrated schematically in Figure 6.1b). Note in the figure that the 24-degree specimen had
the crack extending along the long axis of the stringer-type inclusions. The compact specimens
were 0.4T x 5.1 mm (0.2 inch) thick.

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

The compact specimens were tested in crosshead control in a screw-driven Instron machine at
288 C (550 F). The crosshead speed was selected to cause crack initiation in approximately S to
10 minutes. Data ohtained during each test included load, load-line displacement, and direct-
curre” ! electric potential, the latter to indicate the point of crack initiation and the amount of
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crack extension. Anclysis of the data and calculation of J values and J-resistance curves wire
carried out in the manner described in Activity 4.1.1.

Experimental Findings
Tensile Tests

The resul's of tensile tosts at four different orientations are presented in Figures 1.2 and 6.3.
Figure 6.2 shows yield strength, ultimate tensile strength, longation, and reduction of area as
functions of specimen angle relative to the pipe axis. Figure 6.3 shows engineering stress-strain
curves for the various orientations.

The most noteworthy feature of the tensile resalts is the relatively high yield sirength and ow
fracture elongation of the specimen whose tensile axis was perpendicular to the axis of the
inclusions, that is, the 66-degree specimen. This would result in a muck highe~ Tow stress for
fracture calculations.

Compact Specimen Tests

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

Results for Pipe DP2-F20, tested at two different orientations, are presented in Figures 6.7
through 6.9. Figure 6.7 shows load-displacement curves; Figure 6.8 shows J-resistance curves;
and Figure 6.9 shows J;, J at 2 mm (0.08 inch) of crack extension, and dJ/da values at the two
different orientations. As would be expected, the resistance to crack extension was lower in the
C-L orientation than in the L-C orientation.

633 Subtask 52 Determine Magnitude of Toughness Anisotropy and Establish a
Screening Criterion to Predict Out-of-Plane Crack Growth

The establishment of a screening criterion is necessary to determine which materials are
susceptibie to out-of-plane crack growth. It involves establishing procedures that would enable
an evaluation of anisotropic fracture to be made on piping in a plant without archival material.
This activity requires a small amount of material property testing. The actual magnitude of this
activity is much smalier than the other activities, but it has a high significance. We hav- ivided
this subtask into three activities.

6-6
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Activity 5.2.1 Document inclusion size, shape, distribution, and orientation in carbon-
steel pipes

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

Activity 5.2.3 Assess uselulness of screening tests o predict out-of-plane crack
growth

Progress during the past six-month petiod on cach of these activities is described below.

6331 Actlvity 821 Document inclusion size, shape, distribution, and
orientation In carbon-steel pipes

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

whethet correlations exist,

Work conducted during the past six months included metallographic examination of specimens
machined from four different carbon steel pipes to determine the inclusion characteristics. A
fifth pipe had been examined earlier in the Degraded Piping Program. The five carbon stecl
pipes are described in Table 6.1 and their chemical compositions are given in Table 6.2. In
addition to the metallographic studies, cach of the carbon stee] pipes tesied in the Degraded
Piping Program, the IPIRG Program an the Short Cracks Program were carefully examined for
skewed crack growth 1o sec if the pipes’ propensity for out-of-plane crack growth could be
correlated with inclusion charactenstics.

Experimental Procedures
Conduct Metallographic Examinations

Specimens that measured approximately 38 x 25 mm (1-172 x 1 inch) were cut from four carbon
stee] pipes (DP2-F9, -F26, -F29, and -F30; sec Table 6.1), such that the longer dimension was
parallel with the pipe axis. The outside surface of cach specimen was ground flat and that
surface was then prepared metallographically. The unetched polished surface was examined in
an optical microscope to determine the nature of the nonmetallic inclusions. Photomicrographs
at 100X and S00X. magnitication were taken of at least three areas selected at random on ¢ach
specimen, Subsequent to the examination in the optical microscope, the specimens were
subjected to imaging and X-tay mapping in a JEOL 840A scanning electron microseope 1o
determine the chemical makeup of selected inclusions, using energy dispersive X-ray

spectrometry.
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Table 61 Description of Activity 2.1 pipes used lo study of enisotropy

Pipe 1dent. Pipe Dimensions, mm (inch)

Ne. Matertal Type Schedule  Diameter  Wall Thickness
DP2-F9 ASTM A333 Grade 6 carbon steel 100 254 (10) 183 (0.719)
DP2-F11 ASTM A333 Grade 6 carbon stec] 80 102 (4) 86 (0.337)
DP2.F26  ASTM AS16 Grade 70 carbon steel NA. 711 (28) 222 (0.875)
DP2.F29  ASTM A106 Grade B carbon steel 100 406 (16) 262 (1.031)
DP2-FX0  ASTM A106 Grade B carbon steel 120 152 (€) 14.3 (0.562)

Tuble 62 Chemical composition of Activity £2.1 pipes used in study of anisotropy

Weight Percentage for Indicated Pipe
Pipe Pipe Pipe Pipe Pipe
Element DP2-F9 DP2.Fu1 DP2-F26 DP2.F29 DP2-F30
o 0.14 0.21 0.13 0.28 0.15
Mn 0.99 (.84 (.80 0.82 0.65
P 0.008 0.010 0.000 0.010 0.012
S 0.024 0,015 0.027 0.023 0014
Si 0.20 0.19 0.25 0.18 0.20
Cu 0.076 0.035 0.12 0.088 0.28
Sn 0.014 0.061 0.007 0011 0018
Ni 012 0.006 0.13 011 0.14
Cr 0.12 0.027 0.13 0.14 0.18
Mo 0.042 0.012 0.040 0041 0.055
Al 0018 (LO30 0.003 0.000 0.010
A% 0000 0000 0.000 0.001 0.001
Cb 0.000) 0.000 0.000 0.000) 0.00x)
Lr 0.000 0,000 0.000 0.00%) 0.000
Ti 0.000 0.000 0.000 (L0600 0.000
B 0.0001 0.0000) 0.0001 0.0001 00000
Co 0.006 0000 0.006 0.005 0.008
| W 0.00 0.00 0.00 0.00 0.00
Pb 0.0 0.00 0.00 0.00 0.00
Ca ND. N.D. N.D, N.D. N.D.
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Conduct Examinations of Fractured Pipes and C(T) Specimens

“ach carbon sieel pipe that had been subjected to a pipe frecture experiment in the Degraded
Piping Program, the IPIRG Program, and the Short Crack Program was examined 10 determine
the fracture path. Cracks at each end of the starting flaw were measured for length and angle
and for the type of shear fracture, namely, single or double shear, as will be discussed later.
Sketches were prepared 10 document the fracture features.

Similarly, fractured carbon steel compact specimens without side grooves, which had been tested
at Battelle, were examined for skewed crack growth and skeiches were prepared 1o document the

fracture features.
Experimental Findings

Metallographic Examinations

Of the five carbon steel pipes examined (four in this study and one in the Degraded Piping
Program), only one was found to have inclusions that were at a significant angle 1o the pipe axis.
That pipe was DP2-F11, a 4-inch-diameter A333 Grade 6 pipe, which was subjected 1o tensile
and C(T) tests in Activity 5.1.2 to determine the effect of specimen orientation on strength and
crack growth resistance. The results of those (ests were described previously in this report and
indicated that the minimum toughness was associated with a crack growing parallel with the
inclusions, which were inclined at an angle of approximately 24 degrees 1o the pipe axis. This
pipe was also cxamined during the course of the Degraded Piping Program (see Appendix C in
Ref. 6.2). In cach of the other pipes examined, the inclusions were nominally aligned with the

pipe axis.

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

Examination of the metallographically prepared specimens in the scanning electron microscope
using energy dispersive X-ray spectrometry indicated the inclusions 1o be mainly manganese
sulfides, along with some aluminum oxides, and occasional silicates. An example of mangancse
sulfide inclusions in Pipe DP2-F9 is shown in Figure 6.11a at 2000X magnification. The X-ray
dot maps in Figures 6.11b_ ¢, and d, in which the bright dots indicate the presence of manganese,
sulfur, and aluminum, respectively, confirm that the inclusions shown in Figure 6.11a are, indeed,

manganese sulfides.
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Figure 6.12 Examples of skewed crack extension In tests or three different

carbon steel pipes
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O

Fo-18

b Secton A-A

(8) Single-shear fracture

\/

Section B-B

(b) Double-shear fracture
Figure 6,13 Comparison of single shear and double shear fractures in carbon

steel C(T) specimens
SC-SA.791-F6.13
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In 22 pipe specimens examined, double-shear fractures were almost nonexistent and yet the
cracks in every cas¢ except one, that being a pipe loaded in axial tension, grew at an angle 10 the
circumference. The reason for the striking difference between the C(T) specimens and the pipe

specimens is not clear at this time,

These results suggest that a C(T) specimen test in which the crack extends in double shear and
veers sharply from the circumferential direction probably has little relevance 10 pipe fracture
tests, for two reasons: (1) double-shear fractures rarely occur in pipe tests and (2) the J-R curve
data obtained from a C(T) test in which the crack grows in double shear are unreliable beyond
crack initiation, du . to the unusually flat load-displacement curve beyond maximum load and
the uncertainty in the length of the growing crack. Hence, where side grooving is not an
acceptable means to achieve straight crack growth in C(T) specimens, it is recommended that
only resul' - from nonside-grooved specimens in which the crack extends in single shear be used

to develop J-R curves.

6332 Activity 522 Examine Literature and Conduct
Tests to Determine Toughness Anlsotropy as a Function
of Inclusion Characteristics

The objective of this activity is to determine the relation between inclusions and toughness
anisotropy in carbon s‘ecls, based on a review of data from the technical literature and on the
results of Charpy V-notch impact tests on specimens machined from pipes at several different
orientations.

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

Experimental Procedures
Conduct Literature Review

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

Conduct Charpy V-Notch Impact Tests

Charpy V-notch impact specimens were machined from four different carbon steel pipes at
angles of 0, 30, 60, and 90 degrees 1o the pipe axis. Duplicate specimens were tested at a
temperature that produced 100 percent shear fracture; for Pipes DP2-F9, -F26, and -¥29, that
tempere ure was J8 C (100 ), wnereas for Pipe DP2-F30, that temperature was 204 C (400 F).
Data recorded included absorbed energy, fraciure appearance, and lateral expansion.

A2l
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Figure 6,14 Fnergy absorbed by Cherpy V-notch impact specimens
as # function of specimen orientation
Note: All fractures were 100 percent ductlle
SC.SA-791.F6.14

Table 6.4 Ratio of transverse o longitudinal toughness in Charpy V-notch impact
specimens machined from carbon steel pipes

Sulfur Inclusion
Pipe Ident. No.  Material Type Comcm‘ Content CVNm/CVNm‘_

DP2-FY A333 Grade 6 024 Mixture 0.40
DP2-F26 AS16 Grade 70 027 Short 0.51
DP2-F29 A106 Grade B 023 Mixture 0.55

DP2-F30 A106 Grade B 014 Long 0.29
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DP2-F30). The sulfur content of the steel, however, does not appear (o be a good indicator of
toughaess anisotropy.

It is possible that Charpy tests could provide useful screening data, but that possibility cannot be
confirmed at this time because none of the carbon steel pipes evaluated to date from the
Degraded Piping Program, the IPIRG Program, or the Short-Crack Program exhibited
circumferential crack growth. Each pipe in which strong toughness anisotropy was observed in
Charpy tests also displayed skewed crack growth in pipe tests. If a pipe were found that
exhibited circumferential crack growth, and Charpy V-notch tests indicated that little toughness
anisotropy was present, then the usefulness of Charpy tests 1o provide screening data would be
confirmed. Data from other experiments and programs will be examined in the future,

6.4 Plans for Next Fiscal Year
During the next fiscal year the following efforts are scheduled.

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

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

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

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

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

Activity 5.14 - Determine Angled Crack Principal Stresses. No efforts are planned for
next fiscal year,

Aciivity 5.1.5 - Formulate Approximawe Corrections. No efforts are planned for next fiscal
year,

Activity 5.1.6 - Assess if Optional Efforts are Necessary. No efforts are planned for next
fiscal year.
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642 Subtask §2 Determine Mugnitude of Toughness

Anisotropy and Estublish 8 Screeuing Ciiterion to
Predict Oui-of-Plane Crack Growth

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

Activity $.2.1 - Document Inclusion Size, Shape, Distribution, and Orientation in Carbon-
steel Pipes. These efforts will be completed next fiscal yea:,

Activity 5.2.2 - Examine Literatuie and Conduct Tests 1o Determine Toughness
Anisotropy as @ Function of Inclusion Characieristics. These efforts will be completed

next fiscal year,

Activity $.2.3 - Asscss Usefulness of Screening Tests to Predict Qut-of-Plane Crack
Growth. These efforts will be staried next year.

643 Subtask 83 Prepare Interim and Topical Reporis

on Anisotropy and Mixed-Mode Studies

No efforts are planned for this subtask nexi fiscal year.

6.4.4 Optional Subtask 5.4 Establish Ductile Crack Growth

Resistance Under Mixed-Mode Loading

No efforts are planned for this optional subtask next fiscal year,

6.4.5 Optional Subtask §.5 Refine J-Estimation Scheme

Analyses for Pipes

No efforts are planned for this optional subtask next fiscal year,
p P ye
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7. TASK 6 CRACK OPENING AREA EVALUATIONS
71 Task Objective

The objective of this subtask is to make improvements in the crack-opening area predictions for
circumferentially cracked pipe, with particular atiention to cracks in welds. The crack opening
~rea (CNA) analyses will be incorporated into the SQUIRT code.

7.2 Task Rationale

From past efforts in the Degraded Piping Program, IPIRG, and ASME Section XI round-robin
efforts, it has been found that the leakage area predictions are reasonably consistent for
circumferential through-wall cracked pipe in bending (with the cracks in the base metal). For
the case of a crack in the center of the weld, the predictions showed mq “¢ scatter in the
intermediate o higher bending load levels. For the case of a crack in the base metal, but with
the pipe in combined bending and tension, the scatter in the results was significantly greater. 1If
the crack had been in a weld under combined loading, the scatter probably we* 1 have increased
even more. The accuracy of the solutions for a crack in a weld and for crackea pipe under
combined loading needs verification and improvement for LBB unalyses.

7.3 Task Approach

The five specific subtasks in this task are:

Subtask 6.1  Create combined loading improvements

Subtask 6.2  Implement short TWC crack-opening improvements
Subtask 63  Improve weld crack evaluations

Subtask 64  Modify SQUIRT Code

Subtask 6.5  Prepare topical repart on crack-opening-area improvements
Subtask 6.6  Leak rate quantification.

Progress was made in Subtasks 6.1, 6.3, and 6.6.
73.1 Subtask 6.1 Create Combined Loading Improvements

The three activities in this subtask are:

Activity 6.1.1 Establish LBB.ENG method for crack opening
Activity 6.1.2 Account for pressure on the crack face
Activity 6.1.3 Verify with existing data.

Progress was made in Activity 6.1.1.
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TALI Activity 611 Establish LBB.ENG Method for Crack Opening

Currently two analysis methods are widely used for the prediction of the crack-opening area for
leak-rate analysis. These are the GE/EPRI method (Ref. 7.1) and the Paris or NURDEG/CR-3464
method (Ref. 7.2). For fracture predictl.  « involving % load-carrying capacity of through-wall-
cracked pipe, the GE/EPRI method gene. 'y underpredicts the experimental loads, and the
NUREG/CR-3464 method frequently overpredicts the experimental loads. The LBBENG
method (Ref. 7.3) was found to give slightly conservative yet reasonably accurate predictions of
the experimental loads.

This activity will involve incorporating a crack-opening-area prediction capability in the
LBB.ENG method.

Progress

The leak-rate prediction models for piping (for example the SQUIRT Code) are based on
knowledge of the area of crack opening (ACO). The ACO is then used as input to the thermal-
fluids models to predict lcak rates through the cracks. Thus, it is important 1o be able to
accurately predict the ACO in the J-estimation models.

Reference 7.4 shows that accurate ACO predictions are obtained if an clliptic opening shape is
assumed. Thus, if we can estimate the total center-crack-opening displacement, 8, with, of
course, knowledge of the total crack length, 2a, the ACO is casily obtained (major ellipse axis =
24, minor axis = 8). Hence, the problem boils down to needing an accurate predictive method
for the crack-opening displacement. Previously, methods for evaluating 8 were provided for by
the GE/EPRI method. ) Here methods are provided for predicting 8, and hence ACO, for
other J-estimation technigues for bending, pressure, and combined loadings. Additionally,
predictions of the crack-opening displacement for a weld crack are generally based on assuming
that base metal Ramberg-Osgood properties prevail throughout and by using a weld metal J-
resistance curve. Here we provide an improved methodology based on the LBB.ENG method,
which accounts for both the base and weld metal properties.

COD Predictions, Base Metal
Bending

In order to make predictions of the area of crack opening so that leak rates may be determined,
it is necessary to predict the center-crack-opening displacement (COD). Reference 7.5 shows
that the area of crack opening is accurately estimated by fitting an elliptic crack opening shape
through the predicted COD and crack length. Thus, our task is to develop the COD jor methods
other than the GE/EPRI technique.

(%) NMMI.BB.NRC(R:Lu)JWMMMACOdelMMwmmm
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The COD may be separated into the elastic and plastic components as:
b=8, +8, . (7-1)

The elastic component (4,) may be obtained from any known solution such as the Sanders (Ref.
7.6 solution, as interpreted by Yoo and Pan (Ref. 7.7). However, when this closed form solution
(based on Shell theory) is compared with both experimental data and the GE/EPRI finite
elemen! solutions, the elastic COD is underpredicted by a factor of about three, Because
Reference 7.4 shows that the GE/EPR] solutions compare well with both experimental data and
scparate finite element solutions, we use these solutions for 8, in Equation (7-1) for the present

method.,

It now remains to determine the plastic component of displacement, 8, After attempting 1o
develop several technigues based upon the works of Smith (Ref. 7.8) and Hasegawa et al. (Ref.
7.9), the following alternative technique was ¢ eveloped. We assume that the plastic component
of COD (8,) may be obtained by assuming

8, = {Ryll + Sin02)} 4 (7:2)

where R, is mean pipe radius, 26 is the total crack angle, and ¢y, is the total plastic rotation of
the pipe due 1o the crack. The term in brackets in Equation (7-2) represents the distance from
the rigid plastic neutral axis to the center of the crack. Hence, it is clear that Equation (7-2)
should, at worst, represent a conservative prediction.

Numerical Example

Bending Analyses: Crack-opening-displacement predictions are provided for the LBB.ENG2
method in Figures 7.1, 7.2, and 7.0. Figures 7.1, 7.2, and 7.3 correspond, respectively 1o
Experiments 4111-1, 4111-2, and 4111-3 from the Degraded Piping Program (Ref. 7.10). It is
seen that comparison between experiment, GE/EPRI, and the LBB.ENG2 method is quite good.
Pipe properties and material data are taken from Reference 7.4.

Combined Loading Analyses: COD predictions can now be implemented into NRCPIPE for all
analysis methods with the exception of the R6 and n-factor analysis.

For the Paris (NUREG/CR-3464) and LBB.NRC methods, the center-crack-opening
displacement is evaluated by calculating the crack-opening area usizig the equation supplied in
References 7.2 and 7.5, and assuming un elliptical, crack-opening shape.

For the LBB.GE, LBB.ENG1, and LBB.ENG2 analyses, the center-crack-opening displacement
is calculzted using Equation (7-1) with the following changes. As before, 8 is the total center-

crack-opening displacement and the subscripts “¢™ and “p" refer to clastic and plastic
components of the center-crack-opening displacement. 8, contributions can be determined

7.3
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Figure 7.3 Crack-opening displacement in Experiment 4111-3 up
1o load at crack initintion
SC-M-11/90-F4

by several different methods. In our approach we used the GE/EPRI displacement functions.
Note that for combined bending and tension loading, 8, has separate contributions for the
bending and tension solutions, which are summed.

The 8, contribution is evaluated using;
by = A + [Ry(1 + sinP)jbpe - (7-3)

In Equation (7-3), Ay is the tension component that naturally arises in the LBE.ENG2
mathematical solution method, Ry is the mean radius, and ¢y, is the plastic rotation of the pipe
due to the crack. For the pure bending case , is equal 10 zer0.™ For pure pressure, both

A.. and ¢, are non-zero. This is because the pressure has an induced bencing contribution.
The term R (1 + sinp) is the moment arm used in the assumption that the bending induced
component of 8, may be obtained by multiplying the distance from the rigid plastic neutral axis
10 the center of rhe crack in the pipe by the plastic rotation due 1o the crack. With the above
assumption pisg .

p =02+ (n2)o/og) (7-4)

(8) A i8 NOt available with the LBB.ENG1 and LBB.GE methods, and thus is not active in Equation
(78) for these methods.
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Figure 7.4 Comparison of various analyses 1o center-crack-opening
displacement for pressurized pipe Experiment 4121.1 on
6-inch-diameter TP304 stalnless steel pipe
SC-M-12/90-F6

methods® with experimental data up to crack initiation. Extremely good agreement was
found.

Pressure and bending Experiments 4131-1 and 41319 from the Degraded Piping Program were
also analyzed. Pertinent material property and geometry data for these experiments are

given in Table 7.1. Comparisons between the experiments and the various analyses are given in
Figures 7.5 and 7.6 for Experiments 4131-1 and 413,-9, respectively. For Experiment 4131-1
(Figure 7.5) it is seen that all methods overpredicted the center-crack-opening displacements
compared (o the experimental data. The Paris and LBB.NRC solutions gave the worst
predictions, while the LBB.ENG2 method gave the best.

For Experiment 4131-9 (see Figure 7.6) it is seen that the Paris and LBB.NRC methods
overpredicted the experimental data, while the LBE.GE and LBB.ENG2 methods
underpredicted the center-crack-opening displacement. Note that the curves should not begin at
the origin (see Figares 7.5 and 7.6), since the pipe was pressurized, then loaded in bending.
These comparisons show that for combined pressure and bending, tae Paris and LBB.NRC
methods provided overpredictions in Figures 7.5 and 7.6. The LBB.GE and LBB.ENG2
methods overpredicted the case in Figure 7.5 and underpredicted the case in Figure 7.6,

(a) These are the only two methods currently available for pressure only analyses.
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'3.20 Activity 6,31 Incorporate Weid Corrections In

Crack-Opening Displacement Analyses

Progress
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Figure 7.7 Schematics of pipe weldments with a cir umferential flaw

Figure 7.8 Reduced section analogy
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The numerical values of flow stress a., modulus of elasticity E, and the Ramberg -Osgood
constants a and n are shown in Table 7.2.

Teble 72 Ramberg-Osgood coefMclents of experiment analyzed

Material oy MPa E, GPa a n
TP304 Base Metal 3033 175.76 3056 382
SAW Mectal 358.5 17576 1196 9370

Figures 7.9 and 7.10 show several plots of total M versus COD obtained from various levels of
approximation for both pipes with R/t = % ~ad R/t = 15, respectivety. Also s'iown in the figures
are the results of finite element analyses (2 Z.M), which can be used as reference solutions for
evaluating the accuracy of analytical methods. Comparisor . of the results of approximate
method solely based on all base or ull weid material properties with ihose of FEM suggest that
they provide only lower and upper bounds of actual COD at any given load M. However, neither
of them can be used 1o predict the actual values of 8 preciscly.

Figures 7.9 and 7.10 also exhibit the results of the proposed method for several values of &
representing the length of reduced thickness section., They all show reasonably good agreement
with the solutions of FEM. Although, @ is treated here as a free parameter, an optimum value

8o = 4 L, appears adequate, and this is the value chosen for the estimation scheme described
in Section 2.0.

Pressure

Figure 7.11 shows several plots of total applied load (P) versus COD (8) obtained from
estimation methods and finite element method (FEM). Comparisons with FEM suggest that the
results of current methods such as LBB.ENG2 based on either all-base or all-weld material
properties may not be satisfactory.

Figure 7.11 also exhibits the results of the proposed method for several representative values of
8. As observed earlier when comparing the energy release rates, COD estimates with 8/1, =2
provide reasonably good agreement with FEM. For larger values of /L. the values of COD are
found to depart significantly from those obtained from FEM. However, in all cases, the
proposed method provides better estimates than those based on current methods.
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imparisons of appiled load versus ._‘«x;w.l'mu-:j

crack-opening displacement

. R T "
< Subtask 6.6 Leak Rate (‘;‘i,;‘,r"\h_’\d’A

2 Rationale




Section 7 TASK 6 CRACK OPENING AREA EVALUATIONS

needs to be considered in any changes to Regulatory Guide 1.45, and the impact of such changes
on structural integrity of piping not approved for LBB needs to be considered.

7333 Approach

The analyses to be performed shall build o other work being done in Task 6. The specific work
to be performed shall include the following activities.

Activity 6.6.1 Develop the technical background information for verification of - nalyses t0

be used
Activity 6.6.2  Evaluate the proposed changes in leak detection requirements in terms of the

potential impact on LBB analyses
Activity 6.6.3  Evaluation of the proposed changes on leak rate for “non-1.BB™ piping

systems
Activity 6.64 Coordination with NRC-RES and NRC-NRR staff

Activity 6.6.5 NUREG report

The approach for the first three activities is described below. Progress to date is limited to & 2m
2(c) in Activity 6.6.1.

Activity 6.61 Develop the Techrical Background Information
for Verificailon of Analyses

The efforts involved in this activity include:

(1)  Obtaining typical system normal plus safe shut-down earthquake (SSE) stresses. This
shall be done i+v reviewing information in technical reports, and through guidance from

NRC-NRL staif.

Material property data to be used shall come trom the NRC's PIFRAC database
(Ref. 7.16), the Degraded Piping Program (Ref. 7.10), and the IPIRG program (Ref. 7.17)

as applicable.

(2) Verification analyses shall be conducted to define the arcas of uncertainty in the analyses
prior to conducting the necessary sensitivity studies. Such verification analyses shall

include:

(a) Comparisons of predictions and experimental data for center-crack-opening
displacement and failure loads for complex-cracked pipe.

(b)  Evaluation of crack morphology effects on the leak-rate analyses. This shall involve
examining photographs of fracture surfaces from various reports and actual surfaces
where obtainable, to assess the different parameters necessary in the leak-ra’:

analyses.
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(¢)  Evaluation of the effect of restraint of induced bending for pressure/tension loads
for TWC pipe. This effect could lower the crack opening displacement from that
calculated in typical LBB analyses.

(3)  To establish confidence in the analysis proceduses, benchmark leak-rate and failure load
predictions shall be conducted for cracks that have been found by leakage in service.

Actlvity 6.62 Evaluate the Proposed Changes In Leak Detectlon Requirements
w0 Terms of the Potential Inpact or. LBB Analyses

This activity will establish leak-rate detection limits for different size piping in the BWR and
PWR systems, assuming a simple through-wall circumferential crack in the ping systems. This
procedure shall consider keeping a safety margin of v2 on the normai plus SSE stresses for flaw
stability. The NRCPIPE code shall be used with the LBB.ENG2 analysis method employing
lower-bound tensile properties and J4-R curves 10 predict the maximum loads. The leak rates at
the normal operating stresses sha!l be determined using the SQUIRT code with average strength
pioperties. These calculated leak rates shall be reduced by a safety factor that shall account for
uncertainties in the SQUIRT leak-rate model as determined from comparison to existing test
data. This safety factor may differ from the current NRC safety factor of 10 on leakage in LBB
analyses. The final leak rate that will have safety margins on failure stress and leakage detection
requirements will be established for selected piping systems in BWR's and PWR's. This
procedure will establish a maximum allowable leak rate for piping systems what are approved for
LBB, and will then set a limit on the smallest diameter pipe where LBB can be accepted.

Activity 6.63 Evaluation of the Proposed Changes on
Leak Rate for “Non-LBB” Piping Systems

Once Activity 6.6.. is compieted, evaluation of the proposed changes on lexk rate for “non-LBB”
piping systers shall be made. This involves assessing the crack sizes that can be detected from
the proposed new leakage detection limits. This shall be done using both the leak-rate limits
detined in Activity 6.6.2 and the current Reg. Guide 1.45 leak-rate limits to detect flaws in non-
LBB approved piping systems.

Such calculations shall be somewhat similar to the LBB-approved-pipe sensitivity studies, but
shall consider both long circumferential surface crack and complex-crack geometries (Ref. 7.18).
This sensitivity study shall define the family of cracks that could be safely detected by leakage,
and how changes in the Reg. Guide 1.45 leak-rate limits affect the inherent flaw detection
capability.

Sensitivity studies shall also be conducted to assess the change in leakage rate. This shall be

done by considering subcritical crack growth rates for the crack at normal operating stresses.
This shall provide a basis for the change in leak-rate requirements in the Reg. Guide 1.45.
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73.3.4 Progress

The progress in this subtask to date involves evaluation of the effect of induced bending restraint
for axial tension loads for circumferentially cracked pipe, Activity 6.6.1(2-¢). Current analyses
assume that for axial stresses (generally pressure induced) the pipe is free 10 rotate. The
restraint of the rotation increases the failure stresses (Ref. 7.19), but can decrease the crack
opening at a given load. If the pipe system restrains the bending (i«., from cracks being close to
a nozzle or restraint from the rest of the piping system) then the leak rate will be less than that
calculated by using analyses that assume that the pipe is free to rotate. This will cause the actual
crack 1o be larger than calculated by the current analyses methods for the same leak rate. Since
normal operating stresses have a large component of the total stress being the pressure stress,
this can have a significant effect on LBB analyses.

As a numerical example, consider a TWC pipe with mean radius R = 355.6 mm (14 inches),
thickness t = 35.56 mm (1.4 inch), R/t = 10, and two distinct cases of initial crack angle 2@ with
@/x = 1/8and 8/x = 1/4. For material properties, it is assumed that the modulus of elasticity

E = 200 GPa and the Poisson’s ratio v = 0.3. The pipe is subjected to remote pressure with the
resultant force applied at the centroid of uncracked pipe cross section. Lincar elastic analyses by
finite element method (FEM) are performed to examine the effects of restraint due to induced
bending in a piping system when the pressure load is applied. Figure 7.12 shows a mesh
representing finite element discretization of the pipe under consideration.

Figure 7.13 presents the results of crack opening displacements (COD) as a function of “restraint
length” normalized with respect to the mean pipe diameter Dy, (where Dy, =2R ). The restratat
length defined here simply represents the location of restrained pipe cross section from the
cracked piane. The COD values are also normalized with reference to the crack opening
displacement when no external constraints are present in the pipe (i.e., when the restraint length
becomes infinity), allowing free rotation and ovalization.

The results suggest that when the crack angle is “small” (6/x = 1/8), the restraint effects may be
neglected. However, for larger crack angles (8/x = 1/4), the restrained COD can be
significantly different than the unrestrained COD and, hence, cannot be ignc.ed in the crack
opening area analysis for leak rate quantification. It is interesting to note that a significant input

parameter like the “restraint length” is not  nsidered in either the current versions of the
thermohydraulic codes SQUIRT or FICEL \Ref. 7.20) or in any other leak-rate analyses.

7.4 Plans for Next Fiscal Year
The plans for efforts in the next fiscal year are summarized below,
7.4] Subtask 6.1 Create Combined Loading Improvements

There are three activities in this subtask.
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of COD study

Figure 702 Finite element analysis in linear elastic restraint

SC-M-5/91-F5
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Figure 713 Lffect of fully restrained bending conditions from crack

location on COD normalized by unrestrained COD

nt Short TWC Crack-Opening Improvements

Subtask 6.3 Improve Weld Crack Evaluations

subtask 6.4 Mouify SQUIRT C )de

Subtask 6.5 Prepare Topical Report on Crack-Opening

Area Lmorovements
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746 Subtask 6.6 Leak Rate Quantification
This subtask will be completed in fiscal year 1991,
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8. TASK 7 NRCPIPE IMPROVEMENTS
8.1 Task Objective

The main objective of this task is to incorporate (he analysis improvements from Subtasks 1.4
and 2.4 into the NRCPIPE code. A secondary objective is to make the NRCPIPE Code more
efficient and also to restructure the code to allow for ease of implementation of the activities

described below.

8.2 Task Rationale

In the Degraded Piping Program, the computer code NRCPIPE was developed «or
circumferential through-wall-cracked pipe fracture analyses. Numerous J -estima’ ‘on sche mes
were developed or modified. The improvements developed in this program need to Ix
incorporated into this code to take advantage of the technology developments, as ~=las i
facilitate the comparisons with the experimental results.

8.3 Task Approach

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

Subtask 7.1 Improve efficiency of current version

Subtask 7.2 Incorporate TWC improvements in NRCPIPE
Subtask 7.3 Make surface crack version of N&CPIPE
Subtask 7.4 Provide new user's manual.

The crack-opening-arca analysis improvem.uts will be incorporated into the SQUIRT code in
Subtask 6.4.

Before and after each of the changes in the following activities, quality assurance calculations will
be made. These will involve cases where experimental data exists, data are being generated in
Tasks 1 and 2, or hypothetical cases, which check critical parameters of interest.

Although some progress was made, the results are not significant to report as yet. These will be
reported in the next program report when there are more results.

8.4 Plaus for Next Fiscal Year

Etforts scheduled for the rest of fiscal year 1991 are discussed below.
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8.4.1 Subtask 7.1 Improve Efficiency of Current Version

Efforts in this subtask will continue next year, including any corrections to the current version of
NRCPIPE.

8.4.2 Subtask 7.2 Incorperate TWC Improvements in NRCPIPE
There are four activities in this subtask.

Activity 7.2.1 - Incorporate F-, V3, and hg-Function Improvements. This activity will start
at the end of fiscal year 1991,

Activity 7.2.2 - Incorporate Ovalization for Short Cracks. No efforts are scheduled for
fiscal year 1991,

Activity 7.2.3 - Incorporate Bending and Tension Improvements. These efforts will be
ongoing in fiscal year 1991.

Activity 7.2.4 - Incorporate Improved Analyses of Weld and Fusion Line Cracks. These
efforts will be ongoing in fiscal year 1991.

843 Subtask 73 Make Surface Crack Version of NRCPIPE
There are seven activities within this subtask.
Activity 7.3.1 - Make Circumferentially Surface-Crack Pipe PC Code of NRCPIPY:. The

initial framework of the program will be taken from the current TWC version of
NRCPIPE in fiscal year 1991.

Activity 7.3.2 - Incorporate ASME Scction X1 Criteria in NRCPIPE. This effort will start
in fiscal year 1991,

Activity 7.3.3 - Add J, to SC.TNP and SC.TKP. This effort will be started and completed
in fiscal year 1991.

Activity 7.3.4 - Add Ovalization. This effort will not start in fiscal year 1991,

Activity 7.3.5 - Incorporate New LBB.ENG Surface-Cracked Pipe Solution. This effort
will not start in fiscal year 1991.

Activity 7.3.6 - Add Pressure and Bending Solutions. This activity will be completed in
fiscal year 1991,

Activity 7.3.7 - Add Surface-Cracked Pipe Weld Criteria. This activity will not start in
fiscal year 1991,
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8.4.4 Subtask 7.4 Provide New User's Manual

This subtask will not start in fiscal year 1991,
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Appendix B PLASTIC SOLUTION OF EQUIVALENT PIPE

APPENDIX B PLASTIC SOLUTION OF EQUIVALENT PIPE

Using classical beam theory for small deformation, the governing differential equations for the
pipe shown in Figure 2.24 are:

1. Segment AB (82 < x < L2)

£ .4 (8 (B1)
dx? RlMol
g = .!.(_.M—]“x + C (8'2)
dx  R{M, '
1 (MM 22
Yy ® o |— — Cx + C 3
i) oS i
2. Segment BC (L2 < x < @R)
dy 1(MP ()" (B-4)
dx: R MOI tc
dy (M), e (B-5)
a R (M) ()
1 (MY (e)"x?
Y'im t-‘:‘,-’cs"Q (B-6)
3. Segment CD (0 < x < L2)
dy L[ M) (B-7)
d.!z R Mm to
ﬂ-l _M_"i‘,x?c (B-8)
dx RIM, rt"’ '
1 (MY [t)"x?
B e | — —] —— C * C




PLASTIC SOLUTION OF EQUIVALENT PIPE

where

with the gamma function

Pw = [ & exp(-E) d

)

Appendix 8

(B-10)

(B-11)

and I ~ xR% is the moment of inertia of original pipe cross-section. Enforcing appropriate
bounauary and compatability conditions, the constants C,-Cq can be casily determined as:
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PLASTIC SOLUTION OF EQUIVALENT PIPE
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Appendix C PARTIAL DERIVATIVES 41,48 AND oL%y50
APPENDIX C PARTIAL DERIVATIVES aly/d0 AND aL‘,/ae

The expression for the derivatives aly/3 and al.%y/a0 are given below:

% « 40F,(0)* (C-1)

d
1 -
ﬂi. . U\,o,m)" a0, (8) [A,G,, (8) + AG,, (8))
AG, (8) [A,G,, (8) « AG, (0))) (©2)

in which

G, (8) = (coa 8- %-inﬂ)_’

G, (8) = %(niu . cose) Gy, (0)

(C-3)
)




PARTIAL DYRIVATIVES 81,/680 AND : Appendix (
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