August 8, 1383 O e SECY-83-2673
SSUE
(Information)
FOR: The Commissioners
FROM: William J. Dircks .
Executive Director for QOperations
SUBJECT : UPDATE OF STATUS REPORT ON OBSERVATION OF PIPE CRACKING
AT BWRS (SECY 83-267 AND 267A)
PURPOQSE : To provide the Commission with recent results of BWR
- =iy piping inspections.
DISCUSSION: A status report covering results of recent inspections
of BWR piping was furnished to the Commission by
SECY 83-267 dated July 1, 1983, and updated by SECY 83-267A.
The enclosed tables summarize all data received to date.
The most recent inspection results are as follows:
FitzPatrick - A total of 54 welds have been examined;
no IGSCC has been reported.
Peach Bottom 2 - Preliminary information indicatas that
15 out of 38 welds examined snowed
indication of cracking (eight 12* riser
welds, one 28" weld, and six 20" RHR
welds).
On August 4 the staff met with the BWR Owners Group, EPRI
and General Electric cn results of the EPRI-sponsored ultra-
sonic sizing round robin. The EPRI report on this program
is enclosed.
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[. INTRODUCTION

The owners and operators of nuclear power plants in the U.S. are required dy law
to perform pericdic inservice inspection of components of the primary pressure
boundary (l)" S8asic inspection requirements in terms of specific components,
frequency of inspection, covenage, etc. are contained in the American Society of
Mechanical Engineers (ASME) Boiler and Pressure Yessel Code Section XI "Rules ‘or
Inservice Inspection of Nuclear Power Plant Components.” The basic code require-
ments can also be augmentad by the NRC through the issuance of Regulatory Guides,
Inspection and Enforcement (IE) Bulletins, and other documents such as NUREG
Reports. ;

Generally these documents treat the inspection process of detaction, signal
discrimination, and flaw sizing as a composita function. In reality, each step fis
a distinct function. Oetection consists of using the appropriate gear to defect
signals that could be indicative of the presence of flaws. The discrimination
process consists of analyzing the signal identified in the detection process and
making a decision of whether the signal either indicates the presence of a “law or
originates from benign sources that are peculiar to the weld geometry. Once the
signal indicates presence of a flaw, the third step of the inspection process,
sizing, must be compieted. For the remainder of this report only ultrasonic
inspection methods will be considered.

In piping, sizing consists of determining the lengtn of the flaw, 2.3. its circum-
farential extent, plus its depth, i.e. the through-wall penetration.

Schematically this is shown in Figure l-1. For circumferentially oriented cracks

the normally apolied ultrasonic inspection procedure for detection and discrimina-
tion also determines the flaw length.

* () [ndicates article listed in Reference Section.
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Figqure 1-1. Cross Sectional Representation Of An [GSCC Flaw
In A Pipe Wall.

With this background, it is appropriata to review prior svents regarding the
detection, discrimination and sizing of intergranular stress corrosion cracks
(IGSCC) in BWR power plants.

Stress Corrosion cracking of piping in BWR's first received attention in the U.S.
in January 1975 when all BWR's were shut down for inspection of the by-pass and
core spray piping welds. Numerous indications were observed and the industry took
immediate steps %o deal with the problem. Subsequently the NRC issued a report
(NUREG 0313) (2) that identified "service sensitive" lines requiring augmented
inservice inspection (ISI) beyond that required by the ASME Section XI Code.
Service sensitive lines were identified as those that field experience indicated
were susceptible to IGSCC.

while preparing for the replacement of furnace sensitized safe ends at Nine Mile
Point Unit 1 Power Plant (NMP-1) in early 1982, Niagara Monawk Power Company per-
sonnel reported finding IGSCC in the large diameter piping being inspected under
the normal Code rules. This large diameter 2iping was not covered dy the
augmented ISI requirements. More _«tensive inspections revealed additional

1-2



cracking in the pipe to the point that the owner made a decisfon to replace the
antire main recirculation piping system. Removal and sudbsequent testing provided
positive information that IGSCC was present in the large diameter piping.

As a result of the \MP-1 experience, the NRC decame concerned that the inspection
techniques and procedures being used on large diameter piping mignt not be sen-
sitive enough to detect presence of IGSCC. As a consequence, [E Bulletin 82-03
(3) was issuead on October 13, 1982 requiring that inspection teams demonstrata
their ability to detect [GSCC before the nine plants identified in the bulletin
could return to operation. EPR!I on benalf of the Industry, working through its
Nondestructive Evaluation (NDE) Center, coordinated closely with the NRC to pro-
vide samples, laboratory space, sample documentation, and other logistical support
necessary to conduct the demonstration process. The samples used were actual
sagments of piping removed from NMP-1 with the interior concsaled frocm the inspec-
tion groups. Personnel from the NRC witnessed all performance capability
demonstrations (PCD) and made the final Pass/Fail detarmination. After this round
of capability demonstrations was completed, it was obvious that the process had
generatad more uniform results throughout the industry and also seemed to upgrade
overall performance for botnh detection and discrimination. 3ased on these impro-
vements, a second bulletin [EB 83-02 (3) was issued to address the remaining
8WR's. This second bulletin built on the lessons learned from the first bulletin
and defined the performance capability demonstration in more formal terms. EPRI,
on behalf of the industry, responded by providing a special facility at the EPRI
NDE Center %o handle radicactive samples used in this continuation of the perfor-
mance demonstration process. Again, the NRC monitcred the demonstration process
and rendered the Pass/Fail decision. A preliminary analysis of the results indi-
cate continuing improvement in the detaection and discrimination process.

A review of the procedures used by the utilities and their inspection venders olus
absarvation of the qualification procass indicated that a specific course was
needed to either refine existing inspection personnel skills or train new geople
for detection and discrimination of I[GSCC in large diametar piping. Accordingly
EPRI NDE Centar staff members, aided by a 3roup of utility personnel, initiated
development of such a training course in Decamper 1982, The first sessicn was



w

held tne week of June 27, 1983, The course, now deing offered twice a month,
n

completely subscribed through October.

Thus, since the concern about detection of IGSCC in large diameter piping deve-
loped in September 1982, the industry working in close coordination with the NRC
has made several efforts to assure a high quality reliable inspection of BWR
piping. As a result the detection and 1dentification of IGSCC is no longer a
major concern.

In mid-May sone utilities evidenced growing concern about the status of sizing the

ua

\

GSCC with the ultrasonic testing (UT) method. This concern was
generated by individual utilities experience in conducting their own performance

.

ity dewonstrations to select both contractors and techniques for

r

capabi IGSCC
sizing. As a result, all available information on ultrasonic sizing methods
actually used on power plants that had been positively correlated with actual
crack depth measurements by destructive avaluation were assembled. The number was
small and did not cover a large range of flaw depths. Recognizing the sparseness

of the data and its importance to the flaw evaluation prncess

0
®

requested EPRI to conduct an accelerated effort to determine the adequacy of the
JT sizing methods being used in the field. This exercise, called a round robin,
was initiated on June 1 with a targeted completion date of July 31, and a report

N

t0 the industry on August 4, 1983. This schedule was met.

{t should be emphasized that the round robin was initiated and conducted at the
industry's regquest to generate information necessary to assess the current state
of practice in the industry. Where performance gaps are identified the infor-
mation is useful to indicate the corrective action needed. The effort was not
designed to serve as a qualification program. Any attempt to do so is an

incorrect use of the results.

Sections of the report that follow address the following subjects, summary of

re relation of flaw measurement to flaw evaluation procedure, description of

w
[=
ot
w
-

1

round robin process, presentation of conventional results, results obtained with

o

advanced approaches, training programs, suggested qualification process for




sizing, consideration of radfation exposure limits and available trained pecple
and the possidle deployment of advanced aguipment.



I1. SUMMARY AND CONCLUSIONS

At the request of the utility industry, the Electric Power Research Institute
(EPRI), working through its Nondestructive Evaluation (NDE) Center conducted a
round robin exercise on ultrasonic flaw depth measurements. The objective of the
exercise was to generate information necessary to assess the current state of
practice of ultrasonic depth measurements of intergranular stress corrosion cracks
(1GSCC) found in the piping of some boiling water reactors (BWRs). The exercise
consisted of having all inservice inspection vendor and utility teams who have
worked on BWR's measure the depths of 16 preselected flawed specimens. A per-
manent record of each flaw signal as a function of position was also obtained.
After all data were recorded, the samples were subjected to a destructive eva-
Juation process to establish the true depth of the flaws. This true depth was
then compared to the nondestructive ultrasonic measurements.

A total of seventeen teams participated, 13 of them are active in the inspection
of US BWR's, one represented a foreign BWR utility owner and one was from a
regional US Muclear Regulatory Commission (NRC) office. The final two teams were
evaluating advanced approaches.

The data from 2]] teams was subjected to a statistical analysis whereby a linear
regression line was generated to represent the performance of each team. Figure
2-1 presents these curves for all teams. Teams 15 and 17 represent the advanced
systems.

2-1
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The resuits show the following:

0 The number of teams doing an adequate job is much lower than
anticipated

0 The range of performance from best to worst is very large

) The advanced techniques provide verification that the crack-tip
diffraction sizing approach is the most viable method

0 The influence of the ultrasonic measurement uncertainty to the
flaw evaluation results must be assessed on case-by-case basis.

0 Corrective actions are needed.

The recommended corrective actions are:

0 Develop and implement a training program for people who size
[GSCC

0 Implement a qualification program that requires all people who
perform sizing operations demonstrate their capability prior to
making field measurements

0 Accelerate completion, evaluation, and deployment of advanced
systems.

The planning required to implement these recommendations is presently underway.

2-3



III. RELATIONSHIP OF FLAW SIZING TO THE FLAW EVALUATION PROCEDURE

Introduction

Intergranular stress corrosion cracks (IGSCC) in BWR piping pose no threat to the
health and safety of the public. The inherent toughness of the stainless steel
insures that IGSCC will not precipitata pipe rupture even during extreme accident
conditions. There is some small probability that susceptible pipes may leak due
to IGSCC, but even the leaking pipes will not rupture during these postulatad
accident conditions. 8

Acceptance of a flawed pipe for continued service using the evaluation procedures
of Code Section XI [WB 3640 and Appendix X requires initial flaw size geter-
mination using UT. 3ecause of the uncertainty associated with current UT sizing
techniques, the procedure may lead to erronecus conclusicns for flaws exceeding
about 30% of pipe circumference. In the following, we discuss how these uncer-
tainties affect the safety margins inherent in these procedures and propose a
sizing criteria based on crack area that reduces this uncertainty. We focus here
only on circumferential flaws since axial flaws pose nc safety issue.

Flaw Evaluation Procedure

Evaluation procedures ind acceptance criteria for flaws in austenitic steel piping
nave recently seen approved for incorporation into ASME Section (I (Article
IWB-3640 and Appendix X). Appendix C provides a detailed description of the tech-
niecal sasis for these procedures and criterfa. The 2lements of the procadure are
as follows:

1. DOetermination of maximum allowable flaw size at the end of a
defined period of operation based on a net-section collapse
theory of structural failure. This ensures that the presence of
a flaw does not reduce the margin-to-failure delow that implicit
in the original design code for construction of the piping.

3-1



2. Subcritical flaw-growth analysis to determine the size flaw that
would grow to the allowadble flaw size during the cefined

operating neriod.

These elements are illustrated graphically in Figure 3-1. In this figure, a flaw
of given depth (defined as a fraction of pipe wall thickness, 9/¢) and length
(defined as a fraction of the pipe circumference, '/1) is predicted to cause
failure if the length and depth exceed the net-section collapse line. The
collapse line is a function of load, chosen here to be equal to the Code allowable
design stress. Imposing the design code safety factor on this collapse line
results in the code allowable curve which has been truncated at a depth of 4/, of
0.75 to preclude acceptance of a leaking flaw. These data are presented as tables

in [WB-3640.

| \
\
\ \\
\ ~
\ ™
08 - ~
Pm+Pp=Sm T eee

(COLLAPSE LINE FROM
EQUATIONS (1) AND (2))

Pm+Pp=2.773 Sm

SAFETY FACTOR
22.773) 04|

o
»
:l;

FRACTION OF WALL THICKNESS (d/y)

0.4 =
0.2 - IwB 3514.3
STANDARD
0 0.2 0.4 06 o8 1.0

FRACTION OF CIRCUMFERENCE (e/n)

Figure 3-1, Flaw Evaluation Diagram (IWB-364Q) For Normal
Conditions And A Stress Ratio = 1.0
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Flaw Characterization Based on Area

A simple method to evaluate flaw size that accounts for length and depth uncer-
tainty can be achieved through the use of cracked area as a single flaw charac-
terizing parameter, a direct measure of the load carrying capability of the
structure. For example, on a 20-inch diameter pipe the maximum possible crack
depth-to-length ratio is one to 66 and therefore it is less important how accura-
tely a UT inspection characterizes crack depth than how accurately it charac-
terizes crack area.

Consider, for example, a 20-inch diameter schedule 30 pipe with a crack 8 inches
long and 0.30 inches deep. It is assumed for this example that crack depth can be
determined to within = 0,25-inch. This is a = 83% uncertainty in crack depth
sizing. Although crack lengths can be measured with greater accuracy than crack
depth we assume a = 0.25 inch uncertainty for both length and depth. This example
is plotted in Figure 3-3 on the standard flaw evaluation diagram. The diagram is
areparad for normal conditions that are genarilly limi<ing for pipe flaws, and
assumes axial stress equal to the Code allowable design stress. The sizing uncer-
tainty is clearly illustrated.

This evaluation curve is translated into crack area in Figure 3-4. The plot goes
from 18% of pipe area for short through-wall flaws to 41% crack area for fully
circumferential flaws. The uncertainty based on area is plotted for this example
crack. [t becomes cbvious that even an = 33% origin uncertainty when properly
perceived does not pose a structural integrity concern. The sizing round robin
illustrates that this = 0.25-inch sizing ability is achieveable.
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lines 4-12 inches in diameter. Type B joints occur in large diameter lines (18
inches and greatar) because of their large heat dissipation capacity. dJnints in
the range 12-18 inches can be of either variety depending upon the specific

welding conditions of the joint.

Type A joints can leak but will not rupture

because of the limited circumferential extent of the crack.
symmetric residual stress field and have a large compressive stress region

beginning about 20% through the wall and IGSCC will not continue far into this
compressive region. Consequently, type 8 joints will neither leak nor bieak.

Type 8 joints have a

TYPICAL STRESS RATIO = 0.8

2.70
%s0p
STRESS RATIO =
.", asop
x
<
e
& 0.40p
a
a —— enn ——
g o.”,ﬁum RATIC = 0.4
Q
: r-—‘
2 a.20 [ STRSS RATIO = 0.8
—
& | Fraess aano =10
0.10
° - .
9 2.2 9.4

FRACTION OF CIRCUMFERENCE

2.4

2.3

1.9

Figure 3-3. Permissible Crack Areas Developed For Normal
Conditions And Yarious Stress Ratios
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The flaw avaluation procedure requires the bounding of the IGSCL in 2 rectangle
that is the maximum crack depth in width and the maximum crack length in length.
IGSCC tends to be much less uniform. Figure 3-7 illustrates this idealized versus
real situation. The evaluation rectangle is shown along with the actual crack
gecmetry. The difference between these cracks is unrealized margin.

Conclusions

Ultimate safety relies on the stiong leak-before-break arguments made in Appendix
C that show for the steady intergranular stress corrosion crack growth from normal
loads or the tearing growth from postulated accident conditions, leak, not break
is the failure mechanism. These leak rates are readily detectable before the
crack reaches a critical size. Crack sizing uncertainty may be placed in a more
favorable aspect when viewed from an allowable crack area perspective that shows
the large safety margins available in stainless steel piping.

AREA USED FOR CODE
EVALUATION

AREA OF ACTUAL CRACK

AREA OF UNREALIZED
MARGIN

Figure 3-7, Schematic Of [dealized And
Actual IGSCC Crack
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IV. ROUND ROBIN PROCESS

The round robin process consists of gathering a group of representative samples
and having teams inspect them as if they were in a field environment. It is an
imperfect process but often is the most efficient method of gquickly generating
information about the current state of practice. The major product of any round
robin is information. Additional work is needed to analyze this information to
generate a smaller body of knowledge. The latter then becomes the basis on which
decisions are made regarding the future actions needed to resolve any performance
gaps noted. This round robin was conceived on May 18, 1983 initiated on Jure 1,
and completed on August 4, 1983,

The material that fcllows describes the samples, participants, instructions to
participants, role of data acquisition for advanced approaches, advanced signal
processing, and destructive evaluation.

Samples

Sixteen sections of welded 304 stainless steel pipe were chosen for this exercise.
The original pipe diameters ranged from 10-inth to 28-inch. In order to conserve
time, the round robin was structured so that sizing the depth of a flaw was the
only point of issue. Accordingly, 1.5 inch long circumferential zones were iden-
tified on each sample and all measurements were macde within this region. Where
flaws axist on both sides of a selected weld region, the flaw on the side near the
stamped identification number is called "near" and the flaw on the opposite side
of the identification number is called "far". This is illustrated in Figure &4-1
which shows a sample with two measursment regions in which both have flaws on the
“near” and "far" side of the weld. The four flaws in the figure are identified as
3N, 9F, 1ON and 10F.
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Figure &1, Typical Areas Of Inspection On Pipe Sample

Table 4-1 describes the specifics of each flaw regicn salectad. In some cases
#laws existad on both sides of the weld or thers were more than one *aw Jer
sample. [t should e noted that although UT data were collectad from all of the
16 regions listad, it was decided not to perform destructive tasts of regions
13-16. This may occur at a later time. This is not telieved %o de 3 sarious
1oss as these samples should be very similar to the four Tlaws contained in
samples 11 and 12. A maximum of 16 fTaws were 2xamined Dy iny team.
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TABLE 4-1

Flaw Samples Used in Round
Robin on UT Sizing of IGSCC

Schedule/
Nominal Nominal
Sample Diameter, Wall, Manufacturer, Current
_MNo.  Flaw Type Configuration Flaw Side(s)  _Inches _Inches __Origin___ Location

1 1GSCC Pipe-Pipe One 12 100/0.90 IH1 NDEC (2)

2 1GSCC Pipe-Pipe One 12 100/0.88 IH1 NDEC

3 EDM Notch (1) Pipe-Pipe One 12 8070.70 IHI NDEC

4 EDM Notch Pipe-Pipe One 12 80/0.70 IH1 NDEC

5 EDM Notch Pipe-Pipe One 12 80/0.70 IHI NDEC

6 1GSCC Pipe-Pipe One 10 80/0.55 BNWL (3) NDEC

/ 1GSCC Safe end-Elbow Safe end 28 80/1.0 Nine Mile Point NDEC

8 1GSCC Elbow-Riser Elbow 28 80/1.3 Nine Mile Point NDEC
- 9 1GSCC ipe-Pipe Both 12 100/0.9 IH1 BNWL /NDEC
. 10 1GSCC Pipe-Pipe Both 12 100/0.9 TH1 BNWL /NDEC

11 1GSCC Pipe-Pipe Both 24 80/1.3 BNWL BNWL

12 1GSCC Pipe-Pipe Both 24 80/1.3 BNWL BNWL

13 1GSCC Pipe-Pipe Both 24 80/1.3 BNWL BNWL

14 1GSCC Pipe-Pipe Both 24 80/1.3 BNWL BNWL

15 1GSCC Pipe-Pipe Roth 24 80/1.3 BNWL BNWL

16 1GSCC Pipe-Pipe Both 24 80/1.3 BNWL BNWL

Footnotes:

1) EDM = Electro discharge machined
2) NDEC = EPRI NDE Center, Charlotte, North Carolina
(3) BNWL = Battelle Pacific Northwest Laboratories, Richland, Washington




Participants

This activity was organized, implemented and completed in a very short time. As a
consequencea, priority was given %o assuring that personnel from companies active
in pipe examinations of 3WR's were involved. This goal was achieved as all teams
who had conducted recent 2xaminations on US 3WR's were involved as well as one
team representing a foreign 3WR owner. Thus, a total of fourteen teams from the
ISI vendors and utilities participated in all or portions of the round robin acti-
vities at the NDE Cantar and 3attalle Northwest. I[n addition, an MRC Inspector
from Region II in Atlanta also took part in the Round Robin at the NDE Center.

The unusual opportunity to have access %o this large a sample selection and a
definite commitment to confirmation Dy destructive testing was also used to eva-
luate some advanced conc2pts at various stages of development. Two series of
results are included. Table 4-2 lists the teams and the specific samples that
they axamined.

Table 2

Participating Teams in Round Robin
on UT Sizing of IGSCC

Flaws Examined Flaws Examined
TEAM at NDEC at 3NWL
SWRI 1-3 3-16
Magnaflux 1-3 9-16
Ebasco 1-3
NES 1-3 9-18
LMT 1-3 3-16
GE/San Jose 1-3 3-15
GE/King of Prussia 1-3
CeECo 1-3 9-16
NUSCO 1-3 9-16
TVA 1-3 3-15
aPYy 1-3
KXM (Switzerland) 1-10
SCS I 1-3 3-15
SCS II 6,9,410
NRC Region [I 1-10
General Research Corp. 3-6 (Data on tape!) 3-12 (Data on tape)
{Adaptronics)
Amdata (Axicon transducer) 3-5, 7, 8
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Instructions to Participants

Upon arrival at the NDE Center each participant was given the sheet of instruc-
tions shown in Figure 4-2. Similar instructions were given for the exercise at
Battelle Northwest. As the exercise progressed each team was required to fill out
a data sheet reproduced on Figure 4-3. The information from this sheet was then
transferred to the data sheets contained in Appendix A. During this transfor-
mation the team corporate identities were removed.
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ROUND ROBIN ON UT SIZING OF [GSCC
EPRI NDE Center
Cnarlotte, NC

INFORMATION FOR PARTICIPANTS

There are eight (8) cracks to be sized at the NDE Lenter. All
eracks are circumfarential and their locations as well as the
region of interest (1.5 inches wide) in which “hey must De sized
are clearly marked on 2ach of the 2ight specimens. Wde only want
the maximum crack deg™7 in the specified region. Clear all
questions befaore you proceed.

Use your cwn 2quipment and procedure(s) and report the results for
each crack on the forms that are provided to you.

Size each crack from the near side and far side (through the weld)
if possible.

You are strongly encouraged to size each crack with more than one
tachnique to allow yoursalf the chance of evaluating the applica-
bility of your different tachniques to the same crack once the
destructive results are out.

Given below are the list of cracks and informatisn on the
specimens.

Crack Nominal Schedule/Neminal
No. Confiquration Dia. (in.) Wall Thickness
l Pipe-pipe 12 100/0.90"
2 Pipe-pipe 12 100/0.88"
3 Pipe-pipe 12 80/0.70"
1 Pipe-pipe 12 80/0.72"
E Pipe-pipe 12 30/0.71"
5 Pipe-pipe 10 30/0.53"
7 Safe end-elbow 28 80/1.06" Safe and

80/1.32" Elbow
3 Slbow=riser 28 80/1.29" Elbow
30/ -= Riser

The cracks Yo. 7 and No. 3 are in specimens that are radiocactive
and should e examined in the controlled area under 4P super-
vision. The other six cracks will be examined in the ultrasenic
laboratory.

Figure 4-2, Instructions Given To Roynd Rodin Participants,

AR



ROUND ROBIN ON UT SIZING OF IGSCC
EPRI NDE Center
Charlotte, NC

Inspector/Lavel

Crack No. ISI Company

Utility

Date

UT Instrument, Make % Model

Transducer: Single ( ) DOual ( )

Make % Model
Size
Frequency
8and width, if Xnown

Angle ’
Mode: shear ( ), longitudinal ( )

Method of Sizing:
( ) Amplitude drop, at % of Peak ( ) DAC ( )

{ ) Crack tip diffraction
( ) Others, describe briefly

Measurements f-om: Near Side ( ) Far Side ( )
Sound Path: 1/2v ( ), 3/2v ( ), other
Beam Spread: Accounted for | ) Not accounted for ( )

Measured crack depth: inch

Figure 4-3, Data Sheet Completed For Each Flaw.
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Data Acguisition for Advanced Approaches

The integrated EFRI-3WR0G nongestructive R&D affort has pursued development of the
necessary hardware and software to automate the IGSCC inspection process. The
hardware for the system control and data recording electronics, transducer
housing, and mechanical scanner have all bdeen developed and are undergoing eva-
luation and eventual qualification under the auspices of the NOE Center. See
Figure 4-4 for a schematic representation of the systam. The systam has thus far
been avaluated in the data acguisition mode. This permitted an appraisal of all
the electronic and mechanical functions of the systam independent of the sutomatic
deciston software, which is in the final development stage.

In this mode of operation the system records the complete ultrasonic waveform with
position coordinates for each point in a predetarmined scan plan. System calidra-
tion is done in accordance with ASME Section XI requirements. The systam had suc-
cessfully completed it's first field test in a nuclear power plant just prior to
the start of the round robin. Thus it was deciced to use it to obtain magnetic
tape records of UT signals and positicn information for all samples. All of this
information was recorded oy 2 team of NDE Caenter personnel on a non-interfarenca
basis while the teams performed crack sizing by conventional means. In addition,
the NDE Center staff also collected some data with a BNWL suppiied probe for their
processing by the synthetic aperture focusing technique (SAFT) under their NRC
funded program. As a result it will be possible to compare on a very detailed
basis the ultrasonic reflection properties of IGSCC with the destructive eva-
juation results.

A schematic representation of the data acguisition system is shown in Figure -4
wnile additional details on the components can %e found in References % and 5.
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MECHANIZED DATA ACQUISITION SYSTEM

ADAPTRONICS ALN 4000
MULTT PURPOSE PRUCESSING SYSTEM

PUL SER
P — e ———
P [ CETVER
. ALIL 4040
- CUHTROLLER
PROCESSOR UNIT
SCANNER o
CCTROLLER
BONTED Ry
TRANSDUCER\_
A .
AMAPS SCAMNNER
PIPE /\A»\,J\WJ‘W
el .Li"h
T OPERATOR 05C 111 0SCOPE
— CONTROL DISPLAY
TERMINAL
WELD CROWN SCANNER TRACK CONT INUOUS
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Figure 4-4. Mechanized Data Acquisition System,
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Advanced Signal Processing

Some of the digital UT data recorded on magnetic tape by the NDE Centar has
already been sent tc 80D firms to be analyzed by advanced signal processing tach-
niques. The data is also being reformattad to be sent to several Jther research
groups for analysis and development of reliable algorithms for crack sizing.

These groups include Ultrasonics International, General Resaarch Corp. (formerly
Adaptronics, Inc.), Southwest Research Institute, and Battalle's Pacific Northwest
Laboratories. In addition %o the Data Acguisition System data that w#ill De
supplied to Ultrasonics International, a team of their angineers also coilectad
their own digital data from the round robin samples to assess the applicapility of
echo dynamics characteristics of the IGSCC signals %o the crack depth.

Destructive Evaluation

The only way to obtain absolute information about flaw depths to correlate with UT
neasurements is to do destructive analysis. Only a small amount of this type ana-
1ysis nas been performed before because dy definition it destroys the sample’s
usefulness for other activities such as training and equipment development.
However, the importance of the issue dictatad that these samples undergo a
destructive analysis %o confirm actual crack depth.

Samples 1, 2, 6, 7, 8, 3 and 10 were sectioned at Battelle Columbus anc samples L1
and |2 were sectioned at 3attelle Northwest. Samples 3, 4 and 5 cantained ZOM
notches and nenca no destructive sectioning was necessary. Samples 13, 14, 15 and
16 were not sectioned. This will not have a significant effact on the round robin
data since they are very similar to samples 1l and l2.

The seven samples tnat were sant to ldttelle Columbus for destruct’ve assay were
sectioned in the fallowing manner. Noting that each region of interest for flaw
sizing was 1.5 inches wide, each sample was cut at the scribed center line ang,
then at distances of 2.375 and 0.750 inch on either side of that centar line as
shown in Figure 4=5 for a total of 3 cuts per sample. The sactions were then
ground, polished, and ligntly etched to reveal tne crack iand the weld structure.

Photomicrograpns were taken and a scale was incorporatad in 2ach pnotograph %o iid
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in direct measurement of the crack depth, DOetailed information from the destruc-
tive evaluation for each flaw is contained in Appendix 8. A similar process was
followed by Battelle Northwest.

o

} e raa e I

.

/

/
SURFACES FOR

POLISHING

LN
Wl gt 5iF
—

POSSIBLE SIXTH CUT

Figure 4-5. Schematic Showing Cutting Ofagram For Samples.
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V. CONVENTIONAL RESULTS

Results are presented in this section for the fifteen teams which performed UT
flaw depth sizing by conventional methods. The basic mode of data presentation is
through the use of plots which compare the depth predicted by UT versus the depth
determined from destructive sectioning. Both depths are presented as a percentage
of wall in order to normalize the data. Each plot has a thin 45° iine which
represents perfact sizing. The closer a data point lies to the 45° line the
better the sizing performance is for that flaw. Figures 5-1 through 5-15 present
the data by teams.

The data of each team has been analyzed by performing a linear regression.
Significant parameters calculated include the slope of the best fit regression
line, the vertical axis intercept, the standard deviation, and the correlation
coefficient. The correlation coefficient provides the best global measure of per-
formance with 1.0 being perfect correlation between the predicted and actual
depths and values near 0.0 representing no correlation. Table 5-1 provides a sum-
mary 2f these parameters Dy team as well as listing the number of data points used
in the analysis process. On each of Figures 5-1 through 5-15 the linear
regression line is shown with a thick line and the slope, number of data points
used in the analysis, standard deviation and correlation coefficient are listed.

[t is important to keep in mind that the purpose of this round robin was %o
generate information about the current state of practice in the industry. The
exercise was initiated and conducted at the industry's request. Wwhere performance
shortcomings are identified this information is useful to indicate corrective
action needed. The round robin should not be considered as a qualification
program.,
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_ TERAM NO. 1
TRUE vS. MERSURED DEPTH

EPRI NOE CENTER

PIPE THK. | gﬁn (1N )
am ot !
3.785 | 0.147 8.180
8 0,312 3. 694 9,060
. 3.820 3. 280 8,128
- 9.820 | 0.4a0 | 0.0
g.6e0 | 0.960 | G.343 |
- '/’ 3.585 | 0.i08 | ©.080 |
gs 1,050 3,184 1 05.140 |
x 1,253 9.3:8 1| 9,858
i
-3 9. 780 3.350 3,380
§' T 78s | 5.5%: 3.050 |
§ 3,780 9.334 | G.080 |
3,780 3.8%2 | 0J.340 |
_3_ (1,100 g.180 1 9.370 |
S- { 1.100 g.17¢ ! 0.180 |
» 1. 100 g.18 | 0,950 |
I 1,100 g.188 | G.110 |
=8
- MOTES:
- THIN LINE:IDEAL CRSE
THICK LINE:LINESR RECAESSION
Y=RX -8
e SLOPE (A1 « -0.0S
IE s Y INTERCEPT8) = 11.4
CORRELATION COEFF, = -0.24
STANDRRD DEVIATION = 5.3
Tr— —_— 2 POPULATION(N) « 18
81‘/ % o e VO
.00 20.00 40.00  60.06  80.00  190.00

FIGURE 5-1.
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TERM NO. 3
TRUE VS. MERSURED DEPTH
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FIGURE 5-3.




TEAM NO, 4

TRUE vS. MEASURED DEPTH

EPR] NOE CENTER

.,.&’." ".,'.L'I‘“"“%‘,.“ . 100. 00

2p.00

[PIPE THK. DEPTH (IN)

o1 Il
9.788 | G8.147 | 3.3¢0
g.81d g.394% | 8.aS3
g.52¢ 3.2%0 | 9,300
3.526 g.440 | 3.400

| 0.829 3.389 2. 258

{ 0.9568 3.1C$ g.158
1.8 ! O.:i8y 3. 300
1.2%3 | 0.318 3.250

MOTES:

THIN LINE: [CESL CARSE

THICK LINE:LINEAR AECAESSION

T sRAX =3
SLOPE ‘A1 = 0.3
Y INTERCEPT(8) = 22.3
CORRELATION COEFF, = 0.73
STANORRD QEVIATION 2 14.2
POPULATICNIN) = 3

= 20.08 40.99 50.00 38.00
0T, % THROUGH WALL

FIGURE -4,
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JEING

TEAM NO. S
TRUE VS. MERSURED DEPTH -

EPRI NOE CENTER

PIPE THK. DEPTH (IN) !
(IN) or oy ]
3.785 . 147 g.430 |
8.8'2 | 0.084 g.150 |
e 3.620 | 0.280 g.180 |
8. 9.520 0.440 | 0.250 |
- 0. 620 9.080 | &.:180 |
= 0. 565 6.105 | 0.0 |
[ l.950 | 0.i18% | 08.250 |
‘3:8. 1,253 8.318 | 0.300 |
o. 3. 780 g.580 | 0.38C |
S 3. 780 3,33 | 0.220 |
g 1.100 | ©0.180 | g8.2i10 |
%8 1,100 9.170 9.170 |
ze 1.100 0,185 1 3.280 |
c- 1.100 0.188 | 0©.:30 |
» -
ey MOTES:
=8 THIN LINE:(DEAL CASE
o THICK LINE:LINERR REGRESSION
- Y=AX «8
SLOPE (A) = 3,33
Y INTERCEPT (8) = 19.2
8 CORRELATION COEFF. = 0.51
z-_ STANORRD DEVIATION = 12.0
POPULATION N} = 14
B

——p—

.00 20.00 40.08 50,00 80.00 100.90
DT, % THROUGH WALL

F IGURE 3-5.
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l’.g" ".,'.W“““l‘,.ﬁ%‘“ 190. 00

TRUE VS.

TERM NO.
MERSURED OEPTH

&

EPAl NOE CENTEA

PIPE THK. CEPTH (IN) ]
s ot T of -
g.788 | 48.147 | 48,153 |
g.812 | 3.3SH 3.188
g.820 ' 9%.28¢ | O.11S |
g.820 | G.440 | 3,398 |
g.5¢® | 43.0%0 9.118
8.5685 3.188 J. 109

{ 1.3%0 3. 184 3. 150

| 1.2%83 | 0.318 3.118
g. 780 3.3580 3. 148
g.78¢ | o.8S3 3. 148
0.780 | @8.334 | Q.18 |
3.786 ! 3.33¢ 8.148 |
1. 180 9, 188 3.18C |
1.100 Q.1780 | 0.228 |
1.100 8.:85 | 49.18@ |
1,108 | 3.8 | 0.198 |

NOTES:

THIN LINE: [DERL CASE

THICK LINE:LINERA AECRESSION
TsAX +»8

SLOPE(R) « -3.00

Y INTERCEPT(®) = (7.0

COMRELATION CJEFF. = -3.02

STANCARD CEVIATICON = 2.7
POPULATION IN) = (5

F IGURE 3-3.
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TEAM NO. 7
TRUE vS. MERSURED DEPTH

EPAl NDE CENTER

PIFE THK, QEPTH (IN)
(N o7 ur

]

4
-l
n

plGlumlGlalainagc
Gafca

s

alalalalc

oo |w
~

Jalalalala
Cals Pojta,
RArarirae
pages o=l

alGlujnln|oe
alalalala

a

jojca
Al

njonjamino

.00

sjungjin

alaalalalalalalcla

Glumjniclc

ajwlm
NMNE

n

NI EU LY

s

L¥]

-
—
(=
x
X
-
=
=
<
=
—

Cajealca

GP.OO
&

%

ut

CORRELATI

STANDRRD

§0.00 30.00 100,30
% THROUGH WARLL

FIGURE 5-7.




'y oucp,.ggu 190.00

T, 41
s’ ‘.

up.

2p.00

TERAM NO. 8
TRUE VS. MERSURED OEPTH

EPRI NOE CENTER

"PIPE THK. BEPTH (1N
e or TV
4,788 g.147 | 8,370
9.81¢ | 3.3S4 3. 330
3.328 | 3.230 3. 34
3.620 | 3.440 8.3l
9.820 | 0O.0863 | 3.250

[ 9,565 3.:88 | 03,250

U 1.0%0 3. 134 3.330

[ 1.2%3 3.318 3. 200

{9.786 | QJ.530 g.808

{0,780 | J.334¢ S. 88

[ 1.100 | 0.186 | ¢C.408
1.168 | O.178 | G8.3683
.100 | 09.185 | 3.260
1,100 | G.18% | 0.4SC

MOTES:

THIN LINE:[DEAL CARSE

THICK LINE:LINERR RECARESSION
Y =AX -8

SLOPE (R) = 3.82

Y [NTERCEPT(8) = 23.0

CORRELATION COEFF, = 3.70

STANDORRD OJEVIATION = 25.4

PCPULATIONINI = 1§

FIGURE 3-3.
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TERM NO. S

TRUE vS. MERSURED DEPTH

EPRI NOE CENTER

.,.&‘.' . ".,‘.!!“’““&',.W‘ 190.00

20.00

PIPE TAK, gL_T“'"

1M 9 yt
3. 798 g.187 3,88
3.3l .39 - S.e48
3,520 3.2%0 3,250
1 :-‘15 3. 10 3. 38
| 8.93%8 3. 38C 2:33%e
3, 38% 3o s 23 s.4i8
P 3. . 3¢ g.3CC
i 1.493 3,318 8. 3&0
i 3,788 2.380 g.£2%
[ 3.78¢€ J. 234 b P
i 1.138 3. 188 3. 238
i 1,186 2. 178 3. 348
{ 1.108 3, 8% 3.438
{1,130 Ss .8 g.39C

NOTES:

THIN L:NE: (DERL CASE

THICK L.NE:L . NESA FETAESSION
Y =« 3x =~ 3

SLOPER) = -3.18%

Y [NTEACE®T 2) « 6.0

CORRELATION S2EFF, « -3.38

STENQRAD JEVIATION = (5.3

POPULATION (NI = 13

FIGURE 3-9.
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2p.00

TEAM NO.

10

TRUE vS. MEARSURED DEPTH

EPA1 NOE CINTER

PIPE THN. JEPTH (W)
g —_or [id
3. 88 | 3..47 3. 320
3.91¢ 3. 394 3. 240
3. 520 3. 240 3.250
3. 540 3. 440 ML
™ 3,320 3, 280 3. 303
3. %85 Y, 138 3. 38
1. 3%3 T 3. .53
E 1. 488 3. 3.8 3. e48
MOTES:

THIN LINE; [CESL CARSE

THICK LINE:LINESAR 3ETREIIICN
T «ed3x -3

SLOPE (A = 2,31

Y INTERCEPT3) » 29.3

COMRELATION COEFF, = 2.4l

STANORAQ CEVIATION = 5.7

POPULATICN(N) = 3

—

20.38 40.38 38.38 30.38
0T, % THROUGH w=ARLL

FIGURE 3-10.
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TEAM NO. 12
TRUE VS. MEARSURED DEPTH

EPRI NOE CENTER

PIPE THK. | DEPTH (IN)
(e [ ot ]
[ c.388 | 3.108 3.3732
[ 8.79¢ | 3.330 G.13%
[ 3. 780 3. 323 3.139 |
% ves T ity -
P [ v 332 3,328
NOTES:
TMIN LINE:iZESL CASE
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e Y = 3X =~ 23
SLOPE (Rl = 3.46
Y INTERACEPT!8] s -3.2
CORRELATION COEFS, & 3.32
STANCARD JEVIATION = 25.3

POPULATIONIN] = §

.00

FIGURE 3-12.
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TEAM NO. 13
TRUE VS. MEARSURED DEPTH

EPRI NOE CENTER
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FIGURE 3-13.
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NOTE: This team uysed three approaches per flaw to generate three
estimates, but would not identify a single result on 2ach
flaw. This Fiaure uyses an average of the ultrasonic
prediction at each flaw depth. Figures 14A, 148, and 14C
present the results individually for each of the approaches.

AVERARGED, TEAMS : 4R, 148, 14C
TRUE VS. MERSURED OEPTH
EPR] NOE CEINTER

[PIPE THK. | (1M}

1. I ig T
4. 78S 3. 147 3, 388
3.812 | 3.394 3473
3.836 | ¢ 280 3. 238
g. 3228 | 3. 450 J. 388
4 s.fe5 1 3.380 3.<81
3. 388 3..CS 2. 134
1,350 ! @.i8% 3,384
.e%3 | 8.318 | 3.78S
Y 3. 780 3.3388 3.338
3. 790 3,553 3. 398
{ 3. 780 3. 33N J. | 53
| 3. 780 3.38¢ 3.35&0

THIN LINE: [DEAL CRSE
THICK LINE:L[NESA AECAEISION
T =«aX ~ 2
SLOPE (M) = 3.239
Y INTERCEPT(®) » 22.8
CORRELATION COEFF. » 3.4S
STAMORRQ QEVIATICN = (8.2
POPULATICN (NI = (2

28.28  40.08 50,800  30.20  (%C.00
0T, Z THROUGH WALL

FIGURE 3-14.
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TEAM NO. 143
TRUE vS. MERSURED OEPTH

EPAL NOE CEINTEN

PIPE THK. 1N
L (1 uT_
9,788 S, 147 3,358
3 {_3.812 3, JSN 3. 38
: LI 3 3.28 3, 33
_8_4 I 3.8328 | 3.440 3. 361
5. 00 1 .38 " 3. .33%
- / TEeE T
§3 i 3. 31 3. 300
] 30 3,330 3, 188
=== 788 3,383 3. 343
gé! . ° NOTES:
e T™MIN LINE:I0E3L 23S
'-3-1 e THICK LINE:LINEAR AECAESSION
»~ Y=AQXx -9
_L/ SLOPE (M s 2.18
o 2 ® v INTEACEPT (8) = 46.5
=28 R COMRELATION SOE7F, o 3,20
- STANCRAD JEVIATION o 14.2
- o SOPULATIONN) = 3
9
3
by
F 4
8/
.30 20.30 48.39 $8.38 306.38 |80, 30

0T, % THROUGH WALL

FIGURE -148
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TEAM NO. 1B
TRUE VS. MERSURED OEPTH

EPRL NOE CENTER

{P!R THIC. QEPTH (IN)

am___ ot Ut
8.788 | 8.147 3.270
Q.81 3.288 3.297
3. 520 3. ¢80 3.288
| J.8&8 3. «48C g.31%
L J. 33 3.38¢C 3.31%
| 3.388 3.10% s 8
t 1.85€ g. 184 3.2%0
i 1.293 3.318 3.270
J.78C s.330 . 208
3. 78C v. 353 . €50
i 3.78C 3.334 3.228
{ G8.780 | 3.332 3.380

NOTES:

THIN LINE: [QESL CASE

THICK LINE: INERA RECRESSICN
T «AX =3

SLIPE R = 3.8

Y [NTEACEPT(8) « 13.5

COMRELATION COEF®, « 2.8

STANQRRQ CEVIATION = (0.3

POPULATION NI = 12

S

20.30 160,40

46.239 §9.08 30.38
07, % THROUGH WRLL

FIGURE 3-15.
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As mentioned in Section IV data was ' assattes to provide a

1

complete permanent record for later analys Because the data acguisition effort
«as the last sequential item of round robin work Tittie time was left to attempt
computar processing. However, General Research Corp. (Adaptronics) agreed to make
an attempt at crack sizing basad on similar work aone for EPRI on SWR feedwater
nozzle studies (7). The approach consisted of identifying the signal from the
-rack-1D surface intersection, the signal caused by the crack Tip di ffraction
affact, measuring the time difference and calculating crack ceota. A typical
shat was usad is shown in Figure 5-1, The actual procass was comp'icateaq
she fict that the person analyzing the data had no previous axperisance with

e 1

1GSCC, was denied information available %o the manual inspector such as pipe wall
spit

e ’

2 of these obstacles

thickness, [0 contour, contour of weld crown; atc. In

the contractar was able %o take the cata for nine flaws received on July 12, ana-
se it and provide his final estimates on July 30. This rasult is displayed on

Figure 6-2. The same presentation format and analysis parametars are proviged

that were presaented for the conventional resu'ts. The results are quita good dy

1

shemselves. Thers is good reason to believe they could be improved Dy providing

jreater interaction between the analyst and the data acquisition team.




c=9

30
0.00

1]
0.00

EL
0.00

5
0.00

36
0.00

Y ‘WM,——WW\M’\I\/\/W"W‘M,M_

Crack tip Crack
signal signal

i

e e apee apee [ yeo opaef s el Gl Moo o gree giee nee

:> Tvansducer moyed 0.025 inches

PP PRV VY .. - S
AW ?Iransducer soved 0.076 inches
| VL U URE - —f»-——-w-——-——r—w“lvv\lv\\/\—ww'o\m%—————— S

-‘N\/V\,A S ——— S——— “M—M\N\/\—«Awwd\———»ww—< e g

Wv/\,— e e s o e e -——vw“~M—\/\-‘IVV\N\/\—Vv\,—»~N—\—«\7—»“—V-— e e g A e e St

By e S A
HICROSECONDS

GENERAL

i Tl
b oV _

Filgure 6-1,

Data Record For Advanced Method Crack Tip Diffraction
Sizing Approach

N ez e b Ao A bz He Aw hw

m CORFORATION



.,.&‘." "a,'.ﬁ‘“ uc",.%u' 100. 00

2p.00

TERM NO. 17
TRUE vS. MERSURED DEPTH

EPAL NOE CENTER

[PIPE THK. | (im
| [N} ! Ut
9,380 3,23 3. 258
| 3.8&C 3. 240 3. 430
| Q.54 S. <89 3.370
3. g, ;39 -
/// {3,780 3. $30 <. 430
3, 3¢ 3. 283 3. 353
i 3,780 3. 33% 3. 440
3. 780 3,338 S. ¥€¢0
e

NOTES:

THIN LINE:[QERL ZRSE

PYHICK LINE:LINERR AESAESIION
Y » AX = 3

SLIPE Rl = 3.3C

v [NTEZACEPTB) = 15,1

CORAELATION COEFF. « 3.32

3TANOARD JEVIATION » 21.2

POPULATION NI = 3

100. 30

.00 20.00 40.

20 30.00 30.99
07, % THROUGH =RLL

FIGURE 3-2.
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The second advanced approach usad a special

9). This transducer has a lens assemdly that

small diameter, well collimatad beam severa] inches

an optical telephots lens with the depth of field of a wide ang]

the EPRI contractors (Amdata) was evaluating a transducer of this

ferent use. when this was discovered they were asked to size some

as a laboratory tast. The results were s0 encouraging that the contractaor
examine as many of the round robin sampl sossible in the 1L2
their shipment for ' > luation Five samples were aval
transducer ! ; nner. data was generated

driving the scanner in th direction under manual contral wnile noting the

difference in the arrival time of the crack-corner reflection and the crack tip

diffraction signals. This time difference was then used lculate crack depth,

Again the process w~as much more aifficult than descrided Decause of the lack of

axperience with this type transducer on [GSCC. However, the results displayed in

are very ancouraging and strongly suggest greater

J "=

The presentation format of Figure -3 is the same

n summary, the advanced methods performed very well producing vary creditable

results. Furthermors all of the major electronic ind mechanical hardware is

1lready developed 2s well as most of the software. Thus, field daployment can

-

sccur in the near t2rm (months as opposed T years




2p.00 g.w' ".,'.ﬁ“’““l‘,.ﬁt‘“ 100.00

B, 00

TERAM NO. 1S5
TRUE VS. MERSURED DEPTH

ZPAL NOZ CINTEA

{ 8. | P 244
3. §67 [ 3.488 | . 38

. 8¢ 2. 38 3. 40

M 24 3, 438

H 3.21% 3. 148

/;'::

NOTES:

THIN LINE: [QEAL CASE

THICK LINE:LINESR AECRESSION
YT e X ~ 3

LOPE (Al = 3,383

e

Y INTERCEPT '8! = 21.3
CORAELATION C3EF® = 3.70
STANQRAD JEVIATION « (3.3
POPULATION(N) » 3

0.08 §0.00 30.00 100, 88
0T, % THROUGH WRLL

FIGURE 5-3.

§-3



YII. TRAINING PROGRAMS

[t was necessary for the NDE Canter to provide additional training to some inspec-

tion groups in order to meet the requirements of | letin 82-03 (3). This was

accomplished on a short notice Ad Hoc basis. ater the ( er built on this

-l -t

A

experience to develop appropriate training courses. A course for UT operators in
:he detection and characterization of IGSCC has already been offered once and is

scheduled on approximately an every other week basis for the next fourteen weeks.
A course in sizing of IGSCC is being organized for the eariiest possible

availability with a target date of September 5,

dith the advent of [E 82-03 and 83-0¢ h developed a 40-hour course %o

-

train and qualify UT operators in t and characterization of IGSCC in

BWR's. The course content was established by an industry advisory group and mem-

ners of the center staff and was subsequently authored Dy individuals with
recognized skills in specific areas of IGSCC examination. This course is charac-
terized by large amounts of hands-on work on realistic cracked samples plus a
series of examinations containing a practical examination which utilizes Nine Mile
Paint samples. This examination is very similar to the I[E 83-02 qualification
test. A significant difference between the course practical examination and the

€ 33.02 exercise is that the course requires an individual verification of skills

rather than a group verification.

The first 1GSCC course was conducted on June 27-July 1, 1983. [t was 3ttanded Dy

1

19 individuals representing utilities, [SI vendors, and the NRC. Attendees gave
the training program a very high rating and a later analysis of competency testing
showed the results to correlate well with the guidelines in IE 83-02. In addition

to the practical examination, h participant had to pass written eneral ana

Specific examination with a ¢ . sr better. These assure that the stu-




dents have the required xnowledge of the inspecticn method and the characteristics
of the specific application. Additienal detaction and charactarizaticn courses
now scheduled are snown delow:

9 August 3-12

] August 15-19

L] August 29-Septamper 2
0 Septemper 12-15

o Septamber 25-30

] Octoper 10-14

e Octoper 17-21

As the UT detaction and characterization performanca has Deen measurad saguen=-
tially in [E 82-03, [E 3372, and in the first NDE Cantar course, 2 st22dy ‘mpro-
yement has been demonstratad. nis is iliustratac in Figure 7-l. The vertical
axis of the figure is sansitivity, wnich refers o the oercantage of 1 inch long
cracked “cells” corrsctly igentified as cracked Dy tne participant. The norizon-
val axis of the figure is false alarm rata, wnich refers %0 the percantage of |
inch long uncricked ‘cells” mistakenly called crackad by the participant. Perfect
serformance would e 100% sansitivity with a 0% falsa call rate. [T is, of
course, unrealistic tc expect such 2 level of serformance. The Two curves regre-
sent averages of al] the team performancas during £ 32-03 ang during [E 33-02 and
the first NOE Cantar training course practical exzmination., Performanca rumbers
nave been assantially identical during these Tast wo activities. Nota the ‘mpro-
yement with passing time ind increasaq ralavant experienca.
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The results of the IGSCC sizing round rcbin shew that there is 3 need to offer
additional training in specifiz sizing techniques. This course will be separata
from the detaction and characterization course and will de of 2-3 day duration.
The format, however, will e similar to tne 30 hour course. It is being generatad
through involvement of personnel who are skilled in the theoretical understanding
of the physics of the sizing procass as well as individuals wno demonstrated prac-
sical capability %o size defects witn ultrasonic methods.

The target for the first offering is Septamcer #itn altarmata weex presantations
thereafter. A class size of 12 to 16 participants is alanned.

As a general approach to training, the NDE Canter provides individual students
#ith a transcript of test scores and training hours (CEU's) for all training that
4eilizes matarials developed uncer the guidance of EPRI. For zxample, the Canter
has a complete Yisual Sxamination (VE) Program =3 train ave! [-iil "OE persannel
in accordance with ASME Section XI. The General, Specific and 2ractical a2xamina-
tions given Dy the Centar at tne canelusion of 3 V€ training course ars typically
ysed by the utility to cartify smair NDE serscnnel, Of course, before the cer-
sification is issued, each utility would need %23 verify actual NOE experienca ang
any other specific plant requirements. This same approach is possible with the
specialized [GSCC courses.



VIII. QUALIFICATION PROGRAM FOR [GSCC SIZING

The previous section discussed the sequential improvement in detection performance
«nich has occurred under [EB 82-03, I[EB 83-02, and the recently completed IGSCC
djetection training course at the NDEC. It is expected that a similar improvement
in ultrasonic sizing capability can be achieved with the development and implemen=

tation of the I[GSCC sizing course discussed oreviously.

he advisable to verify the level of performance of those performing
The significant results achieved uncer -03 and [EB 23-02 and

examination portion of the IGSCC detection course provides a good

Ts

[t is re~omnended that a similar set of minimum performance standards De
establisned for IGSCC depth sizing and a qualificaion program be established. It

would be regquired that all people performing sizing operations on IGSCC satisfac-

torily complete the qualification procedure. It is planned that a practical final

axamination which will serve as the qualification procedure for the IGSCC sizing

Aa9ve 31

will constitute a part of the subject training course.

The foilowing items will be considered during development of qualification
teria, accuracy of depth measurement, allowable precision bdands, number of

~ange of depths, type of reflector, f.a. IGSCC and EDM slots, ti to make

measurements, 2tc.

The establishment of suitable samples must be given considerable attention as 1t

is not possible to do a destructive evaluation for each qualification procedure.

Rather, it will be necessary to establish flaw depths of [GSCC by nondestructive




means prior to tne qualification. Pernaps shis could Se done by scme of the newer
approaches such as X-ray tomography, neutron radiography, high resolution ultrasc-
nic methods (2.g. Axicon, imaging, etc.). In addition the data from the round
robin for electro-discharge machined (EDM) slots strongly suggest that use of some
of these reflectors properly placed in the heatad affected zone can be usaeful for
a sizing qualification effort. This is particularly ariractive as depth measure-
ment can be orecisa and the process is economical.

I+ is axpectad that the gualification program would de conductad in a manner ana-
logous %o [E3 33-32, f.e., the industry would provide the samples, facilities and
necessary logistic support, while MRC representatives would proctor the qualffica-
tion demonstration.
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CONSIDERATION

The available pool of skilled inspection personnel is relatively small. The heavy
inspection schedule throughout 1383 meaps that many of these people are rapidly
approaching their annual radiation exposure limits. [n addition, other required
inservice inspections on both PWR and 3WR plants draw from this same body of
people. As a consequence, the possibility of having several plants down and
undergoing simultaneous inspections deserves careful review from the perspective
of radiation exposure to skilled personnel.

One way of analyzing this is as follows. In recognition of the potential shortage

of trained and qualified people, the EPRI NDE Canter has increased the rate of
offering its [GSCC detection course. It is now scheduled to be held seven times
between August 3 and Novemoer 1, 1983. Each class contains 18 students, thus
during this time 18 x 7 = 126 people will receive training. [f a 70% passing rate

1

is achieved, 90 people will be qualified in this pericd. Furthermore, assume each
nas a low enough accumulation to date to allow receiving an additional 1.5 REM by
December 31, 1983 for a *utal of 135 MAN-REM available during this time. One BWR
owner now undergoing the :aspection and repair process has reported accumulation
of 55 REM during the initial inspection process and estimates another 25 REM will
be received before inspection of the repairs are completed. This is a total
radiation dosage accumulation of 30 REM for inspection personnel only. Thus, the
additicnal people from the training program can accommodata the 2quivalent of two

olant inspection and repair processes in which dosages are this high.

Considering the radiacion dosage for nine plants for which estimates have Ddeen
obtained, a total dosage of approximately 400 MAN-REM have been accumulated during
the inspection (before and after repair) cf aoout 540 welds. Thus approximacely

0.5 MAN-REM per weld are being accumulated on an average numper of about 70 welds




axamined per plant. Using these average numbers the additional pecple from the

-

-

training programs could examine three plants #ith average radiation conditions.

.-




X. POSSIBLE DEPLOYMENT OF ADVANCED HARDWARE

As discussed in the earliar section on the Round Robin process, the integrated
EPRI-BWROG R&D effort has producaed the necessary hardware and much of the software
neaded to automate the IGSCC inspection process. The system is now undergoing
evaluation in the data acquisition mode to permit an appraisal of all the electro-
nic and mechanical functions of the system independent of the automatic decision
software, which is in the final development stage. The current status of the
system is that it successfully completed one field test in a nuclear power plant
in early June 1982 and was subsequently used to record magnetic tape records of UT
signal and position information for all samples used in the Round Rcdin. All this
operation was in the data acquisition mode. This latter exercise provided over
200 houre of successful operating aexperience with the system. The ability to
record this data on magnetic tape cassettes and transfer these records to com-
puters remote from the site has been demonstrated. Furthermore, an evaluation of
the ability to use this permanently recorded, very detailed data for independent
or third party computer analysis to determine flaw size is underway. The data
presented as Team 17 was in fact generated in this manner. In addition, three
other contractors are using the same data to analyze different computer avaluation
processes. One effort is pursuing refinement of the tecinique used by Team 17
while the other two are exploring different analysis methods.

The above discussion illustrated the use of the data acguisition system for
recording data for off-line analysis to produce sizing information. The same
system can also be used to acquire data from the plant for off-line analysis for
detection and discrimination as well.

A1l slements of the above system for acguiring field data and performing off-1ine
analysis are available. A schematic representation of how this operation could be

10-1



conducted is shown in Figure 10-1. The overall systam has not yet Zeen axercisad
to the extent needed to estaplisnh overall system performanca, relfability, and an
optimized mode of cperation., However, results o date are very encsuraging,
encouraging to the point tnat plans are seing develcped ta provide the EPRI owned
squipment to those utilities willing to use it. Thesa arrangements «~ill de imple-
mented by the J.A. Jones Appliad Research Company on a cost recovery basis.

At the present time, it is selieved that the previcusly fielded systam can Ze

refittad and be ready for deployment Detween August 15 and Seotamoer 1. An iden-
tical systam will be configured as soon as possible after Septamper L.

In addition, two other systams are being acguired for integration at the .‘QE.C to
perform automatad detection, discrimination and recarding of results as a function
of position. These systams would provide immediatas resylts at the inspection
sita. Components of the systam included the AMAPS scanner with ALN 4032
cantroller, Mark [II transcucer, and tne ALN 2060 flaw discriminator. All of
tnese components are commercially available taday and their perfarmance avaluyatad
in 4ifferent #ays. The next step is intagration of the components into a complete
system, asvaluate its performance and then 2ut it through a gualification exercise.
This #il]l be done as rapidly as rescurcas permit.
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Appendix A
ULTRASONICS SIZING DATA

A1l manual teams participating in the round robin were requestad to use their own
equipment and procedures and repert their results on the forms that were provided
(see Figure A=1). In particular all teams were requested to use more than one sat
of equipment/procedure on each flaw to provide themsaives the opportunity to check
the applicability and accuracy of their different techniques on 2 given flaw once
the destructive results became availabie. Whers multiple cepth astimatas were
made on a particular crack, the team was requested to select and igentify their
best estimate for reporting. Team 3 produced multiple results on a numoer of
flaws without selecting their best estimates and indicatad that wnen forced to
make a choica they would take the conservative approach and report the deepest
astimate. Team 14 produced multiple esuimates on majority of the flaws and
electad not to make any choicas.

The following pager are tabulations of teams data for each flaw. Wwhere 2 par-
ticular team does not show an estimate for a given flaw, it indicates that the
team did not examine that particular flaw. Where no details of UT sizing bdeyond
the depth estimate are given, it indicates that either the technigue was among the
advanced techniques or the team used a compination of frequencies, angles, etc. to
arrive at their final estimates. Each of the manual teams have copies of their
original raw data in the same format as they suomitted %o the NDE Canter at the
conclusion of their participation in the round rspin.

A=l



ROUND ROBIN CN UT SIZING QOF IGSCC
EPRI NDE Canter
Charlotte, NC

Inspector/Lavel

Crack No. [SI Company

utiliey

Data

UT I[nstrument, Make 3§ Model

Transducer: Single ( ) Oual ( )

Make & Mocei

Size

Frequency

3and width, if known

Angle 0

“ode: shear ( ), longitudimal ( )

Method of Sizing:

( ) Amplitude drop, at % of Peak | )’QAC( )
( ) Crack tip dfffraction
( ) Qthers, describe briefly

Measyrements from: Vear Side ( ), Far Side ( )
Sound Path: ey (), v (), ather
leam Spread: Accountad for ) . Mot acsountad for (. )

FIGURE A-1. EXAMPLEZ OF JATA
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APPENDIX B

DETAILS OF DESTRUCTIVE EXAMINATION
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ABSTRACT

This 3ulletin provides the technical basis for detarmining the accept-
apility for continued service of austenitic piping ccomponents cantaining axial
and circunferential flaws that exceed the allowadle flaw standarads of
[¥B-3514.3. The methodology fs based on a limit load evaluation of the net
sipe section reduced by the flaw area and is appropriats for normal and
faulted conditions in nuclear power plants of lignt-water reactor design. The
allowable flaw size is determined by applying a safety factor on the net-
section collapse loads. Flaws are evaluated Dy comparing the maximum f7aw
dimensions detesrmined by flaw growth analysis at e end of a salectad pericd
of evaluation with the allowabie flaw dimensions. Guicance is given on detar-
wination of critical flaw size, envirommental flaw growth, flaw growth
{nstapility and leak-Defsre-dreak, and leak ratas and detaction. The method-
ology can de used to detarmine the acceotapility of the flawea piping compo-
nent for continued service to the next inspection (or until the and of sarvice

1{fetime) or %0 determine the inspectiocn interval required.

1.0 INTRCOUCTION

section I [1] of the ASME Code recognizes te possibility of flaws in
structures and presents critaria for inspection and determination of the
significance of Tese flaws. Acceotance standards ire provided for vessals,
nozzles, flanges, piping and dolts. 1# wne defects discovered during inspec-
sion are snaller than the acceptance standards {% can de assumed without flaw
growth evaluation that the ariginal design safety margins are not compro-
mised. The acceptance standards for austenitic piping is given in TWB-3514.3;
she maximum illowable flaw deptn fs 12.33 af the wall thickness.

1f the flaw indication exceeds e standards continued operition can e

‘1.



justified {f i3 15 shown that tie {anerent Cade margin of safety s presarved

even with the flaw. For nedvy-walled ferritic vessals, an evaluaticn proce-
dure dased i3 presentad ‘n Nommandatiry Agoendix A =3 Secwion XI. The 34ck-
ground of this evaluaticn grocadure «ith axamoie calcuiaticns 13 qfscussec 11
(2,1]. However, an analogous evaluaticn procacurs {s 20t availaple for
siging. Cansaquently, if an {ndication in a pige axcseds Ne sTandars (=12%
af the 2ige wall), the Maw s unacsaptadie ind Must 3@ regdired defore e
Jni S can de operatad.

e dasis for [W3-1514.3 limes fs given 3y Maczary {3]. Magzary 29ints
syt that ‘1lthougn the cermissidia Flaw s zas...3r2vide i ssnsarvative esti-
mnata of allcwadlae inaicaticns in sTriin narzening natarfals, tne iclagmanca
standarts were intanticnally lowered far added cansarvatis %3 3 level cIrme
sponding t3 fTaw detac=apnilisy 1imits attainaoie dy 41 =*ascnic axaminasicn
taconiques.”

sypstantial data are now availaple %3 nore precisaiy 2efine the margins
af safety for flawed austaniTic siging and, <11 new analysis teconiques, make
sossible evaluation procacures far tnesa flaws i1 the same spirit AsS
sppendix A of Section %I for vessais. This 3ulletin sresants e sacmical
sasis for 3 pipe flaw avaluation procacurs *3 1etarTine tne critical Ik
siza, %3 predict the time required fap wm@ $oreSS S3rmIsSion STACK I3 TRACA
smis eriTical size, T2 assure tnac ] eakage ang 19t 2ice saverancs i e
#31yre nechanti sm, 3 letarwmine s=1ck <pening iredas, 3w ~itas, and ingTry-
sentation 33 sansa dnd measure |eakage.

e flaw evaluation srscass 'S snown tm flg. L. The 3320s are Taw
=maricearization, flaw jrowth svaluasion cansicering (G300 ina/3r sacigue
ynttl e text fnsanegg;n imzamral, ietarminaticn 3f 117awapi @ “Taiw siles

/

sasec an appl feq sTressas, #1aw acs2otance evaluatian Jy IImUArTAg me 3nge3fa



{nspection pericd flaw size with the allowadle value, ang if the flaw is not

ceptable, reduction of inspection {ntarval or repair.

2.1 A Critarion for Evaluation of Circumfarential Cracks

The critical crack size {s calculatad using a net-section plastic
collapse critarion. The flaved pipe 15 at the point af incigient failure wnen
the net section in the cracked plane forms a plastic hinge. Unrestrained
plastic flow then cccurs at a critical flow stress level g4 (equal to the
average of the yield and ultimate tensile strength) that fs assumed t0 De a
matarial property. In fact, Horn et al. (4] have shown that 3 Sy, the code
allowable design stress used fa the analysis below, is a reasonable approxima-
tion £ the experimentally detarmined gross flow stress gg. e will show that
the critarion {5 an accurata and simple way %2 predict failure of stainless
szae! pipes cantaining circumferential cracks.

The failure criterion (due %o Ranganath and his coworxers [4,3] Dased on
earlier work by Xznninen et al. (8]) fs optained Dy requiring force and ncment
equilibrium of the pipe section shown fn Fig. 2. The crack degtn and length

at which plastic collapse {s predicted is given Dy the fallowing 2gquations:

Case 1: Neutral axis locatad such thata ¢ 3 <«

(x =3 a/%) = (P /a

B r4

s
?D--T-( 2 Sing - 4/t Sing)



Case 2: Neutral axis locatad s™ICK %3kes

compressiaon

snere ~4 anad 3'3 ire Te nmemcrine and sending stressas ang e otner varfanles

-

ire dafined fn Figure 2. Zguaticns ‘1) ang (2) zefine the ccmoinaTicns of 3

ind &/ fsr wnich callapsa fatlure is sredicted for 2 given 2, ind P .

~

The accaotance flaw size for the proposed Sritarta S fsund from Ne
eritical flaw sizs catarwined gas (1) and (2) 3y agpiicatien af apprapri-
ate safety facisrs on e sTURES levels at failure. The effect is T M %
me csllapsa failure line (sae Figure 1) = me lower left of Te alagrwm,
meducing =e allcwable crack leng™ and 4eatn. This curve is then modifiea 3y
limizing e allcwable crack deo™h T 752 af =e wall mickness. ™is curve,
ind sther similar curves for vartcus load ratics (P, * ’:i &, '3 e dasis af
smg critaria given fn Taples [ ind 2.

™e ASME Cade design srecesdure for flawed 1310 'S 3 sn areviging
i safety facesr on e Timit lead 3f e zige sacticn, <@ S similar
spacscure for e Tlawed pige 31353 ind srescribe 1 sarew)
lapsa lcad af we Tawed 27 secan. Tais is justified
lagse Jrecedes 3r s caincicent «iIn CTIACK srawen instanilf

s=ainless scael pige. Thus, ur zailes3eay A setIing e




critaria is %o preserve the miniaum safety margin innerent in the ASME Coge
for uncracked piping.

Far normal conditions the minimum margin on primary memorane stress is 3
since the code requires Pg¢Sy. Sy fs generally the Tower of §,/3 or 0.3 Sy
given in Appenaix ! of Section III. S, andls7 ire the code allcwapie ultimata
and yield strength respectively. For pure dending the margin may Se calcu-
lated from £q. (3) of NB-3600 for straignt siping, 1.8., Pg * Py ¢ 1.3 35 0¥
setting Py = Q. The safety margin for bending arisas from the value of
2 coming from the ratio of the allowable Timit of 1.5 Sy %0 the flow stress of
is, and then the ratio of the fully plastic moment for a thin pipe (3 a¢ ~ 1)
t3 the moment required t3 reach flow stress on tie surfaca (= =4 = 2 giving
a factor of 4/x. Thus, for pipes in pure sending the overall safety margin is
is 8/x » 2.35. The required safety factior is the dverage gf the Code minimum
safety margins for P, and Py = 1/2(3.0 » 2.55) = 2.77.

For faulted conditions, the safety margin is one nalf of the value for
normal conditions, 1.e., 1/2 (2.77) = 1.39. This is also consistent with the
Code design dasis.

The allowable flaw sizes in Tadles [ ana [ were jeneratad assuming
Pp® Sp/2 andag * 3 5y Pping {s designed such that the hoop stress 1s
about equal t3 S, and hence the axfal stress (P,) s aoout Sy/2. Resuits
shown in Taples [ and [l are not sensitive I3 shis assumotion. (hoesing the
flow stress equal %3 3 §5 is consistant with exgperimental 2ata discussed delow
and offers a convenient way of getting flow stressas from ASME Code ninimum
properties for d4ifferent graces of material.

For a given value of 4/t ana angl e 3 (defining crack 2epth and length
respectively), the angle 3 defining the neutral axis can de calculataa “rom

fouation (1) and the corresponding value of 2y at =allapse can e founc from



fauaticn (2). T™he allowadle stress Tevel for 3 jiven flaw $722 3 2ng L 2an le
found By 1pplying the safety facscr on the value of 25 = %y at c3ilacsa.

ysing e allcwable 75 » A, values corresgonding @ The ¢ifferent nondimens
sional crick parametars 4/% and L 27r) assuming linear intarsclation, 2 tanle
specifying e allowanle flaw jar-metars csrmespeonding = fferent 2, ¢ 3
values 2an e zanstructad. Tables [ and [I snow the allcwanie flaw zariumetars
far normal ind upsS&t, and amergency and faultad csnaeitions masgectively,

Two modificaticns are included in Taples [ and [I. The maximm acn-
4imensian crick deoth, 4/t limited = 0.7% =3 provide aceizional consarva-
sisn. Alsa, for crick lengths greatar tnan or aqual W NI of e dirmme
farencs, e allowadle Maw siz2 was issumed T le C3asTant, equal = e
calue for 2 160° flaw. Since tme varfaticn in e allcwasie Taw 722 73
flaw lengths axczeding 0% of Te cirtumTerence «as sall, e simpiifiea
srecadure {3 reascnaole and c3nsarvative. The lower 3cuna a7 e ilTcwanie
valuas {s Mxed at allcwadle fMaw stangarss of WB-3514.3, Sacticn XI, ASHE
code. This {s consistant «ith e czce sinca flaws leicw Te 1l7cwanle law

standards of W8-1514.3 need not Je evaluatad.

2.2 g_ncﬁmui 3agis far e Sircumferential Taw Csdtara

The procscures described ibove usa Thagitional piastic limie casign S
inalyzs Mawed austanistic ziping., ™he issumpticn s mace mac e Isugnness
sf stainless scael is suffigiently ntgn Mmat fatiure fs Svermed Iy Te
strength of e matarial and s 10T sansitive I satarial tSugnness. <@
sresent tere e axgerimental 2ata At [usT # =M1is assumotion.

farly exgerimental w~ore at 3 e=al%e 23lumpus Lageritarees ly 3rsex ing
varswcnall (3,77 usad 2-incn eice, canTar-Ticxed Tyse 104 sTainess stael

sanels tastad in uniixial tansisn ] simulace simcumfarentiiily “Tiwed i-'nCR



4iameter pipe. These panels were tasted .ider a varfety of loading conai-
tions--nonotonic, interrupted, cyclic, and seismic with cracks “hat included
soth saw-cut and fatigue initfators {n sensitized ana unsensitized material.
The results of all these tasts (see Fig. 4) show that stable crack initiation
and maximum load correlats with unique values of the net-section stress.

Eighteen 4-point Dending tests were performed Dy dilkowski (7] on circum-
ferentially flawed 2-, 4= an¢ l§-inch diameter Type 104 stainless stael
pipe. Eight experiments used througheihie-wall cracks in all three
diametars. Nine 4-inch pipes and one l6-inch diametar pipe were tastiza with
intarnal surface flaws. Earlier work with pressurized pipe had shown Tie
effect of intarmal pressure cn zaximum Dending moment eas negligible (6]. Te
results for through-wall cracks are compared with tThe net-saction stress
critarion in Fig. 5. Additional tast data on 4-and 10-inch pipes in bending
and tansion are reportad by Andrews [10].

Figure § compares results for part-tirougn surface flaws in d=-inch
4iameter pipe. These data show that stable flaw growth started at 98 percent
of maximum load associated with net-section collapse. Wilkowski (7] alse
vasted a l5-inch diametar pipe with a circumferential flaw 66 percent of the
wall thickness and 47.5 percent of the circumference. Staple radfal flaw
growth siarted at 76.5 percent of maximum Jead and cantinued until maximum
load was reached at 36 percent of that preaictad dy te net-saction callapse

¢ritarion.

2.3 Comopar<son With Thegretical Cansiderations

The net-sactian strength methed assumes 3 unidue value of the flow stress
s¢ that s indegendent of pipe diameter, wall thickness, and flaw length.

smith [3] has considered this assumption for e centar-cracked panel. Using

-7-



me estimation scheme of <(wmar, erman, ind Shin [3], ne calculatad 2 net-
saction stress V.. for the gnsat of flaw extansicn. +<e found that Y,. ices
act vary appreciadly with flaw size for 2 fized pane! width (cIrrespencing =
a given pipe diametar) Sut {s reducea as sane! width increasas. Althougn anly
sne pane! width was tastad, Wis {3 cansistant «1n Tie erack infsiatien
rasult of the large pige tast discussad atove. [T 13 scvicus that for 3 *ized
flaw length-m-diametar ratia, fMaws in large 3iges #i1] s2arT 9 row it
scaled loads elow tnose of wmall pipes since The crack-driving for<e J

(or 42) {s preporeicnal = crack Teagth.

Crack-growth instanility of the centarcrickad sane! was investigataa 2y
sarman et al. [10] wio cansidered e agaiticnal lcac margin i0cve crack
fnistation ccsur=ing w»ith stable Crick griwll. They cotaineq SricX-arivinge
farce curves (J versus lcad) from wnica e leads it <Tck iniciation cauia
1130 Je datarmined. This astimaticn procaqure preaicis The faxi=ua 'cae “zr
stapility ™at may e csmpared «1Th Tle ret-@cTion soress ot taricn. The
~esult for 2 plata 4l-inches wide (modeling a Ll-in. afa. sige) sncws hat
erick inftiation (assuming Jyo = 000 1b/1n for stainless stael) sTarts 4t
loads zsnsiderinly Selow these for instagility in cantrast with e L2-1nCh
wide plata (sae Fig. &) wnere fnitiation cclurTea it leads snly a faw jer<ant
selaw the c3llapse load. Final fnstanility «as camputad 9 JCIur docve -
ret-mceicn callipse lead. This mesult snows Tat Te tet-smction sTress
smisardian fs sanservative wnen sTapie IFICK rIWER (s icasuntad for.

e siassic-giastic ricture Techanics esTimation Kneme (31 «as 1isS
ioolied 3y Garman et al. [10] ind 2anganat inc “en<a 231 = fliwea sices ind
compared #ith ~esults from e tet-sCTion sTress N saricn. Jesulss tr 3

sarougheeall cricx #ith tansicn (4pam 23]) ts shown in Tig. 7. lne=nalf 3t

me sylincer «as moceiled as 1 single-ecge Iricked 373%2 1) CIrTecTiaNn or

4-



the curvature following German et al. [10]. The figure shows that cracks in
large-diameter pipes fnftiata at lower stress values than small-diametar pipes
syt that the 1oad for plastic collapse (and crack instability) {s independent
of pipe diametar for a giver normalized crack size. There are no anaiogous
calculations for surface faws.

Experimental and analytical work (4,7] has shown additional margins of
safety under dynamic loading as a rasul ¢ of matarial plastic energy absorption
and time-of-application of the load. Static instapility Tcads can be exceaeded
by large margins {f the period of application of dynamic lcads fs sufficiently
snort. However, cyclic loading leading =2 fatigue or »1tcneting damage plus
noment reversal on circumferential cracks may lower such apparent dynamic

margins.

2.4 A Critarion for Evaluation of Axial Flaws

An empirical formulation for axial throughewall flaws in pipes deveicped

by Elber et al. [11] for the hoop stress at failure 1s

- (3)

vhere we have replaced ¢ with 35, as Defore and wnere M is 3 curvature

correction factor

1
Wl e (M (8)

-9-



L {s e crick length, R is The mean radius

sizeall thickness. The data are ccmpared

’

far zart |irougn axial Sricxs Tie foce

mere 4 {1 e deneh of crck. For a leng ax{al part.Jrougn CTICX, /M ang

S

eng critarion meducas 2 e recyd rement 3T Te 1{zament sTress corTmesgonas

*= =g “low sTress. e dats ! gg. (3) in Flg. 3.

2Mging designed Dy NBI&4L 3f e Cade nas ainimam THICXness

aere ? {s Te design gressure and 0, '3 S

e isscciatad necp STTRSS 3, is

Since S, 'S wfined is Je 0 S, ina :‘_Z. =e Tnimum
sess =equirements issure 4 safety maryin sf 3% Teast tiree fIr lasign
wans. Ia. (§) usas cesign pressure smze i¢ 20t 'ess Tan Te naxiaum
sure f3r tgrmal condltions. ™is {s scmewnat ntigner Nan ne
wcraal speritian. i - ure

sng 2e$ign pressure and e TTIMUR safety margin s




Although the caode specifices the minimum required thickness, in practice
the actual thickness of piping designed to the code fs likely @ De much
nigher. This allows the safety margin @ De higher than e ninimun value of
1.0 even when the pipe s degraded dy the presence of a crack. Th1§ suggests
estaplisning acceptance critaria for axfal cracks fn austanitic stainless
stee] piping such that a pipe with an axfal crack s acceptaple for continued
sperition if the minimum safety margins prescribed for uncracked piping can
a1s0 de maintained with cracks.

Appropriate safety factors must De applied t Egs. § and 3. If a safety
factor of 1 s required, the allowadle hoop stress fs given Dy:

g
- e EL;J_: (8)
S‘ t/d « /M

Knowing the “stress ratio” °h/sa and the crack length 2, the allowadie
crack depth a can be calculatad from Egn. (8). Table [II shows the nondimen-
sional allowable flaw size as a function of stress ratio and nondimensional
crack l'ength u«l!.. We disallow crack depths exceeding 75% of the wall thick-
ness byt from the viewpoint of structural margin, greaater crack degth can de
illowed. Taple [II limits the nonaimensional flaw length L/-ﬁm %0 e 1l 0w
able length for a through-wall flaw calculated using £3. 3. A flaw that
exceeds this length is limitad %o that specified in I8 21514.3. This flawe
lengtn limit guarantees that surface flaws will remain delow critical size
(nased on the plastic collapse candition) {f they snould grow through e

wall,

4le



Tazle IV shows whe allowasle axial flaw sizes for faulzad csnaivions.
These values were cotained dy fmposing a safety nargin of 1.5 on 2g. (3}, The
sinimm fMaw size cotained from Taples [II and I is e sritical end-af-

insgection flaw size,

2.5 Zxserimental Zasis for e Axfal Tlaw Crdivaricn

ta 1971 Ziser et al. [1l] sutlisnea Te results of 14 xperiments 3n
represantative nuclear reactar iping satarials of Type 3113 stainiess stael
and ALCE8 cardon stael with diametars up = 2¢ inches. Thesa data srovided
whe basis for the axfal flaw critarion disCussad above.

Twanty eight of Thesa t2sT3 eere 2N Car3cn sesel. Since stainless steel
s sore ductile than cardon steel, Tider's canciusicns on e valigicy of 3
1imie load failure critarion are oplicasle 2l = toainlass ss2el 2iping.

he tast ~esults shown in Flg. 3 and 3 form e lasis for 23s. 1 4nd §.

2.§ vactarfals

vatarials agpifcanle = e new critarda are erougnt auszanitic stainiess
stael, Inconel, and their asssciatad valents, and cast ustanitic stainiess
stael w1ty less Tan 20% (A = 20) ferrita. icceptanle yield stress is Tess
shan or equal %0 45 iksi at rmocm tmsperaTUre.

e sansitization of stainless stael causad Y walding or furnaca sansi-
s4zatian i3 in imper<ant contlutar B gnyirarmenta, s-icging.  (aaninen 2%
al. 05,77 investigatad Tie effect af =is sans ‘fzaticn In e tet-mCTIaN
#39Tyre 2™itaria ana csncluced tmat ‘The jresanca 3¥ e ~eld ind Ne sansiiie
asion of e matarial suresunaing Te fMlaw 20 0t sty 'ificansly 1ffecs Te
app!ied stress at f241yre.' Their conglusisns eere 3asaq 2N =2¢%ing ot

Sirmace-sangttized 3latas and Mawed 2ices <13 welas mace 3y nanual jas

.‘;2.



mngstan-are and manual snielded metal-arc with 08L stainless stael ~eld red
according %o procedures recommended by 3 prominent United Statas nuclear staam
systam supplier.

Inadequate data exist to assess the tearing stability (see Section 3.0)
of sensitized material. However, the lower dound t3 crack growth fnstapility
{s coincident with net-section collapse for wnich the data of reference (7] 1s
applicable. The safety factor of three (Dased on this load) of the flaw
evaluation criteria assures only stable crack growth and avoidance of guillo-

tine pipe faflure.

L0 Leak Sefore-3dreak

Prudent design requires that pipe with service-inducea surface flaws fail
by asymmetric radfal growth to a local detectable leak condition rather than
Jnstable circumferential growtn Teading o a guillstine pige rupture. Two
£2ilure mechani sus must ce considered: envirormentally-aided staple criack
growth (including fatigue), and unstable growth of an existing crack by Toads
asscciatad with normal or faulted conditions.

The argument favoring the leak Defore-dreak hypothesis for enviromment-
ally-aided crack jrowth relfes on the asymmetry of the weld sensitization and
sending loads. Table I, for exanple, shows that a ccmplets circumferential
erack can equal 53% of the wall thickness for loads doudle the design stress
limit, 5- Jefare the crick depth reaches this size, the azimuthal varfations
of welding residual stress and matarial suscestidility in the heat-affectad
one, comoined with the asymmetric dending loads, will lead %0 asymmetrical
crack gruwth and the formation of a snore through-all crack. This "ypotnesis

is verified Dy axtensive fiald experiencs.



Unszanle crick jrowsh {3 aveided Dy acherenca = Te ceiegriz of Tables !
s3IV since the Basis of the ordtarda, plastic callapse 3f Te flawed net-
saction, 13 caincident with the Tower 3ound 8 Irack -growtd instapilicy

associatad »i%h load canteal.

L1l Ilnstapility of Cirsumferential liws

Adaiticnal safaty margins on flaw growth stapility are availaple in
aiping systams {f whe lcads are jovermed Jy srescribed 2fsglacament or r~Sta-
sion instsad of e applied force or moment Mat fSras Te asis far e
eritaria d4fscussad ibove. With prescribed 11splicament, for axample, there s
2 relaxation of crack -&p stress «it stasle crick FrUwcd 43 e sTmeTure
can sus=ain applieq displacsments lJeyond TNosa 1sscciatad #ith maximam icad.
Zar wis class af loads, wat precanly includes setsaic, agaiticnal safe%y
margin {3 avaiTagle over Jat srediczag 3y e piastic s3ilaogse necnani sas
4iscussad apove. [ fact, ft 15 possible == show That in cme siging systams
fe {g {mpossidle %3 tave unstaple circumferential rack growm at Teaas
excaeding ASHE Csde Level 0 faultea canditicns, g *or Tlese systams
sutllatine zipe Sreak will ccsur. Agplicaticn of nese critarid recuire Ne
use of elastic-plastic fracture mechanics.

The Sasis for sipe tsaring-instapility analysis was given 2y Paris, Tida,
ang @amole [12] wno sncwed "ow iddea iging systam camgliance increasas e
sotantial for unstaple Srick jrowtd. 3y incTRasing e Jnsypper=esd 2ice
lengsn, more stored elastic weryy ig ivatlaple %= fseq int Me 1asTIc net-
saceion 2antaining 3 Srick ing drive i= ynstaplv., The iddeq iimolanc? maxas
wie systam ‘cading mechanisa iocear s e 2lasar %= 3 faree e 3f Tcaging
~ather Nan 3 c*!mucm: loag. ™ey sncwea that f he matie af sige Tengsh

s radiys =as less Tan 3 matar<al sregerey zalleg e "taaring noculys,” g

olbe



fnstapility was impossible. Taking T, as 200 for stainless steel, the critie
cal unsupported length af a 2-ft diametar pine 15 200 f2, 2 length that is
unlikely in nuclear power plants. Ci reunferential flaw stapility guarantaes a
leak-Defore-dreak condition. Extansive tasting (see e.g. (7,10,12]) nas
verified the theory.

Catter, Lhang, and Zanoor [14] have recently applied this tearing insta-
pility theery %o primary and secondary piping runs in existing 8WR ana MR
nuclear power plants. The analysis here is complicatad by the three-dimen
sionality of the piping design and {t s necessary T2 replace the straignt
pipe Tength L with an effective length equal =3 SI/K where £l is the pipe
saction modulus and X 1s taken to bde the minimum Jending stiffness af the pipe
run computad 2t each assumed flaw location. This stiffness s cotained Dy an
elastic, finita element piping computer program from wnich an effective L/R
may De computad and compared with the matarial tearing modulus.

The results for scme specific doiling watar reactor piping are given in
Table V. The analysis shows that 1t {s impossidle for Level 0 Tgads %2 cause
guillotine pipe dreaks in the austenitic piping runs considered. The descrid-
sion of the above analysis has Deen adboreviated for this summary paper ingd
{nterestad readers snould refer to reference [14] for details (and assume-
tions) of the calculations. Additional information on the calcylational

procadure 1s given in the Appendix.

1.2 Growth of Surface 1 aws

Zahoor [7] shcwed that the preferred growtn direction of a semi-
ellintical surface flaw is through the thickness. Wis calculations, for 2otr
sending and tension loading, gave the ratio Jo/d, where J. and J, are crack

driving forces (defined dy the J-intagral) fn the circumferential ang ragial



sirections respectively. Values less han cne indicata preference for axfal
greowth versus cireamferential groweh, The ratic s always less cr equal =2
ane is seen in Flg. 10. For Sending loads, 2 120° erick fenesriting 0% of
sne «all nas three times e driving forsa in Te ragial gireceicn. This

result strongly suggests Tedk Jefore-greax senaviar.

3.2 Instapilisy of Axfal Flaws

™e o~ taria of Tables [II ana IV fapr axial flaws were 23sac 2n

0
®

exgeriments of Iiber et al [11] ina e eritical net-secticn sTUess
e=itarian. Flaw inszapilisy is preciuded in Jese saples 3y maiataining

safety facwor of tiree o Tie c3ilap=a 'cac.

4,0 SUBCRITICAL FLAd RCWTH

The wcrt ibove considered oitical crick size «ith no ¢fscussicn of sude
eritical growen. Fatigue crick griwdd for fer=itic st2el s treataq in
Acpendix A, Section I of e ASME Cade, Sut The C3de csntains no guidancsa far
{ntargranylar stress cormosion eracking (IGSCS) or fatigue cracking ‘n
justani tic piging.

tansideridle data fs now availaple on CFex srowth -1tas fuye = IG3CC and
#3tigue as 1 funcTicon 1f tme stress iatansity felr. T™ig soress intansity
7ay e csmoutsd <owing e CrTICK jecmeTTy g e sremary ing sacinaary
seeegsas. 1 e worx that follcws, ee summart 3 me IUICK IIwilecit2 2372
ing ~eld ~esidual stress a3 =T aravice esign ~scummencations dnd suicance
in making cricx-growen caleylaticons. =esa z2lculations smat ;ravice e Time
~equired for 3 Mlaw T re2cn e sical gize may de usafyl ‘n rmecair zefar=1l
secisions neeced 3 dsvelcp 3 31%e renlacament 3lan ine 3 s0Tata ~eciicament

gige.



4.1 Resfdual Stressas

We have reviewed the available data (see e.g. [4]) on weld resic.al
stresses for use in crack-growth analyses. Typical through-wall distributions
are given in Fig. 11 with more detailed results for large pipes shown in
Fig. 12. The data show more Denign distributions in doth axfal anrd circumfer-
ential directions as the pipe diameter increasas decause of the 'arger neat
reservoir associatad with the grezater wall thickness. There is a transiticn
in stress distribution at 2 pipe wall thickness of about one inch and we have
_losen to separats the data at that pipe-wall thickness. The snall pipe
recommendations may be averly consarvative for wall thickness appreaching cne
inch.

The axial residual stress data (leading to circumferential cracking) are
cansistent and are conservatively represaentad dy the simple 4fstridutions
given in Fig. 11. The axfal stress data base includes measurements on 3, 10,
12, 16, 24, and 28-inch diametsr pipe.

There are fewer circumferential residual stress data and scme of tiesa
are limited %o measursments only on the inside and outside of the pipe. These
data show much more variation but there is 2 trend to coumressive stress on
the inside wall as the pipe diameter increases as snown Dy Sasaki et al. [15]
in Fig. 13.

4.2 Stress Cormasion Flaw Growth

Horn et al. [4] and Huet et al. [16] nave compiled extansive Crack-growtn
1ata on Type 104 stainless steel due 3 intargranular stress carrasion.
Figure 14 shows crack jrowth ratas odbtained at 220°F 1n 3 ana 0.2 pom 3dxygene

1tad watar under canstant locad. The material eas given fsothermal neat



ereatment %9 simulats fyrmace sensitilsg anc weld sansitizec stainiess

stael. The data fall ints three Jroad classas; the lower line c3rresgonds 3
vald sansitized matarial in 3.2 2pm sxygenatad watar at §20°F; c=ne micdle Tine
regresants the expectad Crick growth rata far furmace sansitized stainiess
sml" (£$53) in 0.2 pom watar; the upcer 3cund 1ine regresants nignly furmaca
sansi st zed zatarial in 3 pom oxygenatad satar at 33Q°F.

Crack-growen data using CT and {OL specimens, 2ige t2sts, ana (ERT tasts
nave shown =nat furmace sensitizad Type 104 stainless stael is mcre suscas -
inle 23 1GSCS for doth crack fnitiation and cracx grawen. Similariy, 1G3CEC
crack growth ratas in 3 pcm axygenatad w=atar are signifcantly nigner than in
3.2 pom oxygenatad water. Far crack growdh svaluatisn we therefore recImmend

e *317cwing:

9 Jse the 1ine corresgonding 2 furmacs sensitized stainiess s2el (tne
giddl e design line in Flgure 14) %2 caleulata 1GSCC srick jrowta for
vald sansisized mazerial in 0.2 ppm axygenatad satar. The precacure
{s conservative since Cracks jrow more auickly i furmace sansitilad

satarial -hr—-nth weld sansitizsd matarial.

9 Use the uygoer dound 1ine (ear=ezgonding %2 F3335 fn 3 gom satar! %2
evaluats crick jrowth for furnacs cansei =ized matarial in 3.2 2om
Jxygenatac satir. S8 af 3 3om 2ata 1§ I3nsarvative leciusa 3.2 som

srick Jraowth ~atas are T owar,

TSR3t 03530 was fsouna %2 e saver2iy sansitizad dasad 2n QEXT Tas%3 38 il as

ASTM AZS2E oxalic acid etsh tasts and {g sansigereq 2quivaient L . 3 11gniy
surmace sansttiieq matard al.



The conservatisa in the above recommendations srovide margin %o accsunt for
fluctuations in water chemistry and higher oxygen during startup. OQur calcu-
lations show that the presence of load fluctuations for normal aperating
conditions do0 not affect [GSCC crack growth ratas significantly. Fatigue
crack growth due to system transients 1s discussed in the next section.

Y@ have elected not %o extranolate the existing data base deyond
apout 40 ksi /TAT and resylts from such hign K tasts are suspect. Classic
1GSCC thearies predict a plateau in crack growth ratas above 3 specific value
of K, however, the Tocation of this plateay {s uncertain. Unpublished data dy
shack and his coworkers [13] suggest the upward trend may increase with
increasing stress intansity. These crack growth rates at nigher  may De
needed for analysis of axial cracks, however, these axial cracks will grow out
af the heat-affectad zone into less sansitiled matarial wnere the Tower-dound

(ar zers) growth line is appropriate.

4.3 Fatique Flaw Growth

Crack growth due 3 Tow=cycle fatigue may be computad dy
I Kaer 9
whnere K oo * Kpay (1-2)9-5 and R 1s the stress intensizy ratic $min'Xqax-
The data dase [4,19] shown in Fig. 15 was cotained in simylatad AR

eavironments for various R ratios. e ference [20] discussas proplems in tne

sefinition of Kgps associated with nigh R values.



4.4 Flaw=3rowen Calculations

F1 aw=growts calculations may de done far 3 given flaw jecmetry 3y suger-
sesing the sarvice and residual stressas from enicn the sTUeSS intansity
factor nay 2e easily computad (using e.3., e computar aregr= 3F Jeahia and
ar=is (21]) for any flaw deptn. Then, for 1 jiven time increment af, e
growsh increment 43 3ay Se cmoutad frem =me $oress n%ansity fictar it 1S
flaw deoth using tne growti-rita Surves ind sumed =3 cotafin flaw <eoth versus
vime predicTions. Campytaticns should incluce the chrenaicgic cantriduticns
free=g the staady and cyc!ic loads.

=1a calcul asicnal pracadure has Jeen verified v sansian %25t 3n Flawed
15 and 24-inch afameter pige (4,22] fn simulataq 3WR eavirzmments. Qlculatae
srack growty {s compared «Th geasursd growta an @ léminen diametar zize in
Fig. 1§ for two Cricx growti-rata assumotions of iz, L. e elastically
sugeragsad the residual stress dfsTituticon af Fig. Ll eiTh the 25 k51 tast
seress. Pipe yield stress was 36 1. Similar jood s3reesgongencs Nas leen
satained 3y serm (4] in a (current tast of 2 1 iwed L5-1ncn ¢diamecar 2ige in
4 simulatad IWR enviroment.

Cr3ck groweth predictions :otained in sqis way canfima that CricX 2ripagas
sian in 1s-welded small-qiametar lines is sufficiently fast mnat ‘mmedtaca
regair {3 ~ecommenced | # [33CC 13 deactad 3y oesarvica {asgecsien. 3n e
sener nand, Jeciusa weiding residual sTUess 4i g==jusisns ire nore fverioi:
in 1 argesdiametar 2ices (say jreatar eman 20-i7. 4fa.), ing tne ITICX 4rTesss
in =me zsmoressive jars of tne residual sTress 4514, sericas 37 ne srer of
sears ire predicad 2 3@ tecassary for 3 small sriex %2 ITOw 33 Jgint 1%
wtich the ~smaining safety lar3in ©uld e Jnacssozania. insaquently, (T may
se justifianlie 23 defer regairs ‘7 ! argesqiametar | ines 4%’ screculed

~afyuel ing Jutiges, {n Jraer I3 ainimize plant dowatime.



Crack growth calculations using the above procadures are dased on LIFM;
i.a., the stress intansity factor due to residual stress is added to that due
to the applied stress. This is the procedure used in fatigue crack growth
analysis. The LEFM approach {s reasonable since the tast specimens ysed for
the crack-growth rate data are in the LEFM range. We delfeve that residual
stressas and the crack-Jrowth ratas recomended ners lead to conservative

crack growth predictions.

§.0 Leak Ratas and Detaction

Prudent application of flaw repair deferral suggests that |eak detaction
instrumentation may de desireable. This section discusses methods 2 predict
crack-opening areas and resulting flow ratas. Data is presentad on the mini-
aum flow rate detactable Dy iacoustic sensars and the correiation of acsustic

eneryy with flow rate.
§.1 Crack-Joen Area
For normal 10ads, crack-gpening area may de computed dy formulas given Dy

Tada and Paris [23]. For circumferential cracks subject %o axfal tension and

bending
g, u s a |
§ooh @R®)1 (01 * —"-(L—“J-’-'-‘,j (10a)

»t "g
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ofie



g
As=d(z8%)2 (o)
£ :

whnere

2, 3, IR .3 s,
lgle) = 2 (1~ (3 (8.8 - 13.3 (3 » 24T}

and s (0 ¢§ < 100°) i3 the sne-nalf crack TengTa in

-
—t¢

7y

3 » c39.
R—— It ’

. &' (228 - 75k - 20878

8.3

-

. 3 K |
S » 32US
T T

—~
=
(*)
o
-—

(11

=adtans. A {s <he Cracx

spening area, R tne 3ean pige ragfus, £ s the 2lastic medulus, and tne

sansicn and SJending sTressas are

ind

? and ¥ are tne axial force2 ana sending ncment resgecTively ang T 1S e

teminal pize tnicxness.

far intarmal sressire lcacing, the ITICX-ggening area 1§ ‘sune ‘===



A-%(Z?Rt) « G (A) (13)

where 7 is the hoop or axfal stress dye %o pressure and i = a//Rt. For

circumferential through Cricks

2 -
G (A) =i + Q.16A . ’ . (0 « A ¢1) (14)
e 0,02 #0.810 +0.304 +Q.03x (l¢ i <8

and for axial through cracks

2 -
G(a) = A + 0.8285) (0 ¢« A ¢ 1)
2 3 .
s Q.14 + 0,364 + Q.72 + 0.408i (L ¢« A ¢8).

(18)

Y{elding near the crack tip may De modeled 2y a plastic zone correcticn

SRR (16)

where : may de 8 or a in the above vyrmyl as.
Some crack-opening areas for fau’tad conditions where Targe-scale
plasticity cccurs are reportad Dy German et al. [10] or may e computaa Dy

methods 3iven dy Zancer (7.

3=



§.2 Laak Ratas

A computar pregram Jasad on theory Dy Henry (24] is availaple for fcw
saraugn cracxs. The model icsounts fapr qatar and $t2am znasas, wall frictica,
flow area, irea change, and denas in the flow jaw 1s3sciazad «1i%n 1G3CC.
Jetails of tne work s given 3y Callier et al. (251 wno desceide tne computar
sragram that «1%h the crick-qpening areas af Sec=ion 5.1, allow calculaticns
gt leak ratas.

anganath (4] used a simpler methed %2 estimate crick-agening irea and
M s 222 far circumferential trougnesall cracks. Tapie V1 shows results 3f
4 caleulasion 3 sotain the saximum crack length for three 31 %%3rent 21%e
41 anetars such that the Mow mite fs Timitad 9 5 gpm. The § guw Mow rata is
sne ainimm undetactad |eakage rit2 illcwed in auc) ear jower glants. e
sanle issumes normal operiting conditions wi%h 3 pressyre sTUess iCrass e
erack of pr/2% 3 §Y2. The earx usad in {ntarmal pressure of LCCQ 251, ana

samperature of 330°F.

§.3 Laak Jetaction

callier et al. (28] nave snown that 2 1s sassinle 5 measure “ow matas
wnraugn ictual intargranuiar sTUeSS capesgion sricks down 3 38 2 '.3‘5
{g/sac (aoout 7.0002 zpm at 1000 psia ing 200°T) «izn s3nventicnal acIustTic
sansors mountad on the pipe. The axper<ments Jsad nraugn STicks 1 12 1%,
11ametar Schecule 100 pipe. e longest crick, 27.3 mm, 1 eaxad 2% 3.2 §/.30
(apout 1 gpm) for typical 34R cangiciens., GSignals frem <° pe mferenti il CTICXS
are Shree Simes sTrenger 3T 3 transqucer e2ation T2cataq 1t 4 3ven axial
4igzarce from the SrFICK AN 4t e same sip=.mferential 2iszance., Lreelie

sign 3¢ acoustic transcucer signal with flow =ata, 1isaussaq in Ne same

adbe



report, was shown %3 have potantial. Resistive-tape senscrs that are

extremely sensitive %o moisture have Deen used with repair defarral schemes.

6.0 Crack Oetaction and Sizing

Acceptance of a flawed pipe for continued service using the avaluyation
procedures di scussid above requires flaw size detarmination Dy ul srasonic
inspection (UT) or radiograpny (RT,. The principal defects in sTainless steel
are axial and circumferential flaws causad dy [GSCC in the neat-affectad one
(HAZ) of the weldments.

These flaws are generally not clean cracks with hignh reflectivity. 1GSCC
is frequently a tree-like growth with branches extending into the intargranu-
lar megium. At any particular radial depin the oranch 3r tne trunk may de the
predominant physical flaw and acoustic rzflector. (nder hign stress intansity
conditions the trunk saction usually dominatas; the crack deing similar T2 2
saw Cut or notch with roughened sidewalls. At low stress intansity Both Trunk
and branches may be extrsmely tight with small pnysical separation naking
signal intarpretation difficult.

Signal intsrpretation is furt_;ur complicatad Dy gecmetric reflectars in
or near the heat-affected zone, such as the weld crown, root, or Dy the Coun-
terdore and it i3 dffficult to generalize quantitatively adbout our apility %o
djetsct and size stress corrosion cracks. Scme juidance nas Deen praovided dy
Lapides [25] in Table YII that gives rough estimatas on tne pronapilizy of
detsction and sizing IGSCS. The dasis for Taple VIl fs juagment dased an tne
current state of the art.

Recent utility response %2 increasing incidents of [GSCC has pravided
4ata on the apility of ‘mspection teams 2 size IGSCC in 28-inch 31 ametar

piping removed from 2 3WR nuclear power plant. Some r~esylts, shown 11
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Table VIIl, demonstrata that wisn proger aquipgment, traifning, and axzerience,
adequats sizing capapilisy {s currently possidie. 4n axtensive sizs rsund

mapin {3 currently under way uncer PRI sponsersnip.

7.0 Summary and Canclusicns

™is 2ulletin pravices the t2chnical zasis for cetaraining Je acl2o-
w111ty for continued sarvice of austanitic piping Scmponents cantaining Maws
mat exceed e illowable fMaw standards of W8-1514.3. C(Sce Jection Tag-1440
ind the ssscciatad aopendix allows this altamative analysis. The nethcdolsgy
{y apprepriats for normal and faultad loads in nuclear Zowar sysTams of lignt-
eatar r~eactIr design.

The wor¢ iddressas Joth margin 3f safety ind Tle esanemic ssnsiqeraticns
recuired =3 3lan a future cutage for pige resair. TS ~acuires detarTinaticon
1f s=izical crack size, 2 prediction of Te Time recuired for TI@ sTUess
sapeasion crick %3 reach this critical size, issurincs Tat Tedkage ing not
sige saverincs s whe failure mechanisa, cetarmination af srick <gening areas
and flow ratas, and agplication of Jack-up fnsTmmenmaticn o sansa and
measure leaxage.

The pgrocscures idaressea in Tris Zulletin = jussify continued cgeriticn
ire 10t simole., T™ey span i sgecTmm of angineertng sisgislines incluging
wsaterials, elastic 2iastic #acTure mechanics, ing mermal-varwlic Tow
nalysis. «nile e ITmocnents af me inalysis nave 1 jsca tacanical lasts,
wme xceual calculaticns, cccumentaticn, ind ~equlitsry igoraval IrUcess tave
seen shown 33 e sufficiently time consuming nat jtilisies may #ina 21ce
~aoair or reglacemen= 3 7ore essnemic cheice. 3ing engineems zancarmed <
sngsa regair-~eslace decisions snculd le familiar i3 She masardal o 1S
3ylletin sricr = nondest™ictive 2131ng fnsgecTicons, ing meou’la nave § cxed

~eplicement 3i3ing 3 maintain aximam Texidility.
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Appendix A

dracadure for Computing Tearing S2aBiTi%Y

af Circumferential Througn 7 aws

Taca, Paris, and Gamole [L3] used 1 fracure nechanics analysis
sravide a critarion for stabpility of crack extansian. The critaricn is valid
far matarials wnoze failure {s charactarlsd Jy gress yielding af We Cross
secTion contmaining Te Shick, subsacuant slastic insTapiiity, and uillotine
sise mioture. The method s agolicaple %= ziping systams of arsithary 5T ff-
ress loadad by smatic or dynamic dgundary +ispl acaments. The natncacicgy is
ised %o evaluats leak-Jefore-dreak lDenavicr.

A waring moculus, T, was daveicped 4sing Seory ind Te (-

intagral resistanca curve. The nonaimensional : ind 7,001

ire

iefined is

era I is Young's mogdulus, s, 'S =@ Maw $oeess cefinea tere 15 Al

1f whe yield ang 4ltimats matarfal sTengTR. 3 U8 e “aw d@o

-28-




stanflity analysis, Joge is the value of J following the matarial resistance

curve, and J {s the applied value of J. Stapility of crack growtn is given by
Taat ? Tmﬂ stable
ana (2)

Tnat < Tagpr unstacle.
Toae 132 matarial property measured in the laboratary; Tlmﬂ must de computed
for a given geometry and load.

T‘”] for a piping systsm is given Dy

JE
Teon! ® 'xi’"z e (3)
Q
where
2
Fyo ?‘i

(4)
(cos 3/2 - 2 sing)

1
)
-
u.l

and Fj s $in8/2 + cos 9. L is taken £ de the effective pipe length,
discussed delow; 2 is the mean radius; £ fs Young's modulus; z, s the 1 ow
stress; J is the J-intagral crack <ariving force; 23 is nal# the crack angle.

Since the maximum value of Pl is 0.81 ana '=2 is negative for 23 < 80 (the

.29-



sacand tar: in £3. 1 contridutas aocut 1% forJ = 3Js-), 4 consarvative

-~
.-

estimata for Tyoo 13

T‘” s WUR . (8)

An elastic piping computar program may Je usad 2 ssmpute tne affective
3ige 1ength 3y the graocescure given dy Catlar et al. (14]. A ningea section is
used %3 mode’ the plastic matation at e fawed weld lTocasicn, Egual acments
appl fed an each side of the ninge (causing a cink anglel allcw calculation of
the csrresponding ineplane and sut-af-glane mtations. The precass s
~ereazad 1n the orthogonal Jending direction fpmm wnich 2 22 flaxiBilisy
satrix say De computad. The effective Tengta 13 tnen cnosan frem e reiation
w ® EL/Xgiq wnere Lgqn S cROSan as the |esser af the two princinal
sl ffiessas.

J af £€3. (3) {3 comoutad from

I *aife (8)

wnere 3 {3 the cink angle due 3 slastic matation it the cricked section.
sstear et 4]. conservatively chosa ; equal 3 | degree. Taggl May then e
calculated frem I3. (1) and ysed in E3. (2) %3 avaluata ;tacilisy. e

saleulation 15 ~epeataq “Ir gach eeid in e 3iging syssam.

«0e
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Table [

LOWABLE END-OF-EVALUATION PERICOD FLAW
DEPTH 4/ .TQ-THICKNESS RATIO FOR CIRCUMFERENTIAL
FLAWS, NORMAL OPERATING (INCLUDING UPSET AND TEST) CONDITICNS

P » Pb(n Ratio of Flaw langth (1¢) %0 ¢trcumference'?)
*u 0.0 0.1 0.2 0.3 0.4 0.5 or more

1.5 (4) (&) (4) (4) (¥ (4)

1.4 2.7% 0.40 0.21 0.15 (4 (8)

1.3 0.78 0.7 0.39 0.27 Q.22 0.19
1.2 9.7% g 0.56 0.0 0.32 0.27
IOL 0'75 Uol.s 0-73 0.51 0-‘2 003‘
1.0 0.7 Q.75 0.7§ 0.53 Q.51 0.41
0.9 0.78 0.7% 0.7 Q.73  0.59 0.47
0.8 0.78 0.75 0.7§ 0.7% 2.58 0.53
9.7 0.7 0.7¢ 0.7 Q.78 0.75 0.58
<0.6 0.78 Q.75 0.78 G.78 0.75 3.53
Notas:

(1) Flaw depth = a, for a surface flaw
= 232, for a subsurface fMaw
t = naminal thickness
1inear intarpolation is permisible

(2) Circumference basad on nominal pipe diametar
(3) Pq = Primary Membrane Stress

Py ® Primary 3ending Stress

Sy * ASME Code Allcwadle Design Intensity

(4) [WB-3514.3 allowable flaw standards snall be used



Table LI

N.'.ML!,QD-OF-E'MLUAT'.CN PERICO FLAY
QEPTH\ &/ .TO-THICKNESS RATI0 FCR
AIRCMFIRENTIAL FlAWS - SMERGENCY AND FAULTED CINDITIONS

hy* ’:m azic of Length (24) %2 ot meimferenca’ S

—T._ Q.9 Q.1 3.2 Q.3 3.4 3.5 ar more
3.0 (4) (&) (4) (4) (* ($)
2.3 g7 040 023 49l (&) (&)
2.8 .78 0.75 0.39 Q.27 9.22 0.19
2.4 3.8 0.6 05§ 0.40 Q.32 .27
.2 7% 9.7 0.73 0.f1 Q.42 0.34
2.9 JS 00 9.7 .53 Q.31 0.41
1.3 .78 Q.7% J% 8.7 Q.59 0.47
1.8 3¢ Q.78 0.8 Q.28 Q.53 0.32
1.4 3.7% 4.78 4.7% 0.7% Q.7 3.8
«l.2 3.7¢ 0.8 0.7% 0.7% Q.78 Q.32

Natas:

(2)
(3)

(&)

F1aw deoth = 4, for 3 surface flaw
» 22, for 1 sudsurface flaw

¢ » nominal thickness

linear intarsolation {s permisibie

C{ ~omferenca 2asad on ncwinal 2ige diametar
3. = Swimary “emgrine Stress

Py o 2eimary lending Stress

Sy * ASME Cade Allgwapie Jesign ntansity

{WB=38514.3 21lcwanie flaw s<andards snall de usad



Table III

ALLOUAQE END-QF -EVALUATICN PERICOD FLAW
OEPTH'“'-TQ-THICKNESS RATIO FOR AXIAL
FLAWS, NORMAL (INCLUDING UPSET AND TEST) CONDITIONMS

Strus‘” Nondimensional Flaw Lengtn(Z) (z’/vm
Ratio 0.0 0.5 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 0.0 ll.0 12.0 or
greatar
.4 0.75 0.75 0.7% 0.75 0.74 0.70 0.58 0.57 0.66 0.55 Q.54 0.54 0.5 (4)
0.5 0.75 0.75 0.7% 0.72 0.55 G.51 0.59 0.58 0.57 0.56 0.55 (4) (4) (4)
0.§ 0.75 0.78 0.75 0.54 0.55 0.51 0.49 0.48 0.47 (4) (4) (8) (4) (4)
3.7 0.75 0.7S 0.73 0.53 0.44 0.40 0.38 0.37 (4) (&) (&) (8) (4) (4)
9.8 0.75 0.75 0.52 0.40 0.32 0.28 0.25 (4) (4) (4) (&) (8) (&) (4)
0.9 0.75 0.70 0.42 0.23 0.17 0.15 Q.14 (4) (&) (4) (4) (4) (&) (4)
1.0 (4) (8) (&) (4) (4) (4) (8) (4) (4) (4) (4) (3) (&) (4)
Notas:

(1) Flaw QOepth = for surface flaw
for a subsurface flaw
Linear interpolation permissible

(2) Ly = End-of-inspection period flaw length
r = Nominal pipe radius
t = Nominal pipe thickness
(3) Stress Ratio = ;% /su
“here ? = Maximuft “pressure for normal cperating conditions
0 = Nominal cutside diametar
t = Nominal thickness
Sy * ASME Code allowaple design stress intansity

(4) IWB-3514.3 allowable flaw standare snall De usad



Taple [V

ALLOWABLE ENO-OF-INSPECTION PERICO FLAL' -
SEPTH=TO-THICKNESS RATIO FOR AXIAL FLAWS
EMEAGENCY AND FAULTED CINOITICNS

/
Su-ux(:n Nondimensignal law '.ang‘.n‘z}( z.’-ﬁ
Ratie '
0.0 0.8 (.0 2.0 3.0 490 8.0 6&8Qc0r
jreatar
Q.8 ¢.78 0.7 0.78 0.7 09.74 3.70 Q.58 (4)
1.8 3.78 0.7% 4.7 Q.72 Q.58 Q.81 (3) (3)
1.2 3.7 0.78 Q.78 0.54 Q.55 (4) (4) (&)
1.4 0.78 0.78 3.73 Q.53 Q.44 (4) (&) (&)
1.8 ¢.78 09.78 Q.52 Q.40 (&) (&) (&) (&)
1.8 0.78 0.70 Q.42 0.2 (&) (&) (&) (&)
2.8 ‘4] (4) (&) (&) (&) (&) (3) (&)

Votas:
(1) Stress Ratio = ?.-/S,

Where 7 = Maximum Pressure for Imergency ind Faul tad Canaitions
3 = Ncmrinal Qutsice Jfametar of e ?ige
e = Noeminal Thickness
Sy *  ADME Code Allcwanle Qesign STress {ncansity

(2) ¢ - fndeaf-Evaluation Pericd Flaw Lang™
- - Neminal Raaiuys of e Pipe
14 B Neminal Thickness

(1) Flaw Depth = 1, for a Surfaca aw
23. for s Suosurfaca Taw
Lifear intarsolation is sermissisie

(&) [UB=1514.3 1l7cwanie Taw Itanearss Shall e lsac



Table ¥

STABILITY OF 3WR 304SS PIPING

“wrst Outs:;:‘ o - bt/ 1399, Tago Tmat S:;:?§fty
Location/ Qiameter ness Critarion
System Number(l) [nch Inch (2) (3)
{so-condenser
Supply Line 70* 12.75 Q.588 131 §382 105 230 T
" 70" 12.7§ 0.588 119 §382 3§ 220 T
Return Line 8o* 8.83 0.500 203 4102 136 240 J
* o™ 8.83 Q.500 194 4102 156 240 J
Care Soray a* 10.75 0.5%4 150 4102 20 240 J
ecire Line 86* 28.00 1.317 35 11544 ;R T
Notes:

*w=* {g systam with hangers,
supports, and snubbers

Japp

Stapility critarion:
means J < J}? and stapility can De assUmed. J!c
n

was 4300 1b

ailed.

*T" means J > J

and 1f, T

38R 708t

assumes a crack plane rotation of | degree (see Appenaix).

supports and snubpers intact; “*“ assumes hangers,
See Reference [l4] for weid lTocation.

then unstable; "J°

4 stainless stael
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T OF PIPE SIZE ON THE RATIO OF THE '
CRACK LENGTH FUR § GPM LIAX RATT ANC THE QRITICAL SRACK LENGTH®

Vcoinal Crick Langth for Critical Cracx

ize Sl::z {1in.) g P™ Laag (in.) Langs L. (in.) '3 L/ im
- 4.50 §.54 3.328
0 4.38 15.38 3.LS
28 4.37 38.79 3..39
Ngtas:



Table YII

PROBABILITY! OF DETECTION AND SIZING OF INTERGRANULAR
STRESS CORROSION CRACKS IN WROUGHT AUSTENITIC STAINLESS STEEL

UT - Circumferential® Flaws, a/t > 53

Jetactior (Flaws > Liam in length) e
Sizing: Langth Variance: (Percent of ncminal crack lTength) +29 (20.5 1ncn)"
Jeptn Variance: (Percent of nominal crack depth) <§ ™m =7
(Percent of ncminal crack deoth) >6 mm =30 (290.122 tnen)®

AT-Ax{al and Circumferential Flaws, 3/t > 1558

detsction a5
Sizing ot defined
Notas:

lepRrl supjective Dest estimate

2w relianil ity of UT for axial flaws.
etaction probability varies with acceptadie false alarm rata;

some sarvice access conditions will reduce propabilities shown.

‘Lonm varfation for a surface faw (3/%0.5, 2c/a=8) in a 2&-inch diameter,
Schedul e 30 pipe with wall thickness t = 1.218 inches.

smptn variation for a surface flaw (a/%0.5, 2¢c/a=6) in a 24-inch di{anetar,
chedule 30 pige with wall thickness t = 1.218 inches.

fNot generic, correst technology assumed (see Ref. [271).



Table VIII

UT FLAW DEPTH MEASUREMENT CCMPARED
WITH DESTRUCTIVE TESTING'

Jestictive JT “easurad
Testing Jepth
Measured % 3
+eld [naication Max. Thry
\umger \umoer Jegte  Wall Jestn 2 rare
14S-SW=11 % 218 16.5 2484 +Q.028
2 278 &9 (3) (3)
3 208 15.7 191 -J.014
120=3w=13 a8 23.2 407 -] .287
2 235 17.8 308§ «3.371
3 L) 17 .4 408 -J..38
4 250 18.2 250 -J.310
Notas:

1IGSC.‘: Samples a1t 3atselle C3lumbus Lideritaries, CecamOer 1382
2411 degth measurements in inciles
eam disagread on result and 21d not submit data
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<— Emergency
and faulled
conditions

Allowable Flaw Size
a, - Normal Conditions

a, - Emergency and
Fauited Conditions

flaw size
.l
Fatigue
crack growth
" Flaw growth
analysis
IGSCC
growth %
»| Inspection
interval
P Final flaw
Inspection size
u.lefvat a,
[_N" ' Acceplance
& ] citerion | _
i a,<a,
L5
Yes
Y
L T N L Conlinued
Repair/ operalion
» uepdqce“ K acceplable
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Bending Stress/Fliow Stress
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Expenment
0 2-nch SCH 80 pipe
O 4-inch SCH B0 pipe
O 4-inch SCH 80 pipe
with 75% surlace law
A 16-inch SCH 100 pipe

Nel-section
criterion

K. M
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Crack Length/Pipe Circumderence
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Remole Axial Stress, o (ksi)

100

&

&

8

3

adin Sch80 J, = 40in -kip/in 2

© 20in Sch 80 ;—‘f = 13.0 kip/in 2
[ a, = 52.5 ksi (Room temp)

g g
—— .

\

\ - Net-section collapse predicticn

0.1 0.2 03 0.4 0.5
a/r R



Sctia coints are expenmental falure 1
points. All fractures in the expenments |
wera compietely ductie (11).
24 X 1.7-n. A1CEB pice |
24 X Q.7<n. A1068 pipe
1275 X Q.7=n. A1068 pice

A Q4 p—
\
02 j== Curves caicuiated
with Eguanen (J)
0 T e Rl s AR
Q 4 L 12 18 pis) 24 3
3 g " Axigi Through-wall Flaw Langth (inches)



e  Through-wall flaw curve it

ﬂ—?':-bn.

Tem T Wl g X i’.?“

Average Flaw Length (inches) P

GRS
Figure 11 Companson of analytical pregictions ang cata ‘cr

failure of axiai cracks in 24 X 1.5«n. type 316 pice
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1000

Crack Growth Rate, Aa/AN (u in/cycie)

IR

6 Scpm,

100, b— pwaom(a«nsn( ,

T T

anN

10

T Tt

1

-
BWR Data (GE GEAP-24098)

1 0.3 cpm,
2 03 cpm,
3125 cpm,
4 Scpm,
§ Scpm,

swR 2 . 282 10 K398

—'PWFI 2 =54 x10"12 K4S
daN

R=0586
R =008
R=06
R=0.78
R =0.08

R=0, GElo-uou: 25

—

10 100

Effective Stress Intensity Factor, K, = Ko (1-R)22 (ksty in)



Normalized Crack Deplih
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