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FOR: The Ccamissioners

FROM: William J. Dircks .

Executive Director for Operations

SUBJECT: UPDATE OF STATUS REPORT ON OBSERVATION OF PIPE CRACKING
AT BWRS (SECY 83-267 AND 267A)

PURPOSE: To provide the Commission with recent results of BWR
piping inspections.

DISCUSSION: A status report covering results of recent inspections
of BWR piping was furnished to the Conmission 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 indicates that
15 out of 38 welds examined showed
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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I. INTRODUCTION

The owners and operators of nuclear power plants in the U.S. are required by law
to perform periodic inservice inspection of comoonents of the primary pressure
boundary (1)*. Basic inspection requirements in terms of specific components,
frequency of inspection, covecage, etc. are contained in the American Society of

'

Mechanical Engineers (ASME) Boiler and Pressure Vessel Code Section XI " Rules 'or
Inservice Inspection of ?bcle'ar Power Plant Components." The. basic code require-
ments can also be augmented 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 detection, signal
;

discrimination, and flaw sizing as a composite function. In reality, each step is

a distinct function. Detection consists of using the appropriate gear to detect

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 flaw 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 completed. For the remainder of this report only ultrasonic

inspection methods will be considered.

In piping, sizing consists of determining the lengtn of the flaw, e.g. its circum-
farential extent, plus its depth, i.e. the through-wall penetration.
Schematically this is shown in Figure 1-1. For circumferential1y criented cracks

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

*() Indicates article listed in Reference Section.

/
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Figure 1-1. Cross Sectional Representation Of An IGSCC Flaw
In A Pipe Wall.

With this background, it is appropriate to review prior events regarding the
detection, discrimination and sizing of intergranular stress corrosion cracks

. (IGSCC) in BWR power plants.

Stress Corrosion cracking of piping in SWR'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. Numercus indications were observed and the industry took
immediate steps to 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 furnaca sensitized safe ends at Nine Mile
Point Unit 1 Power Plant (NMP-1) in early 1982, Niagara Mohawk Power Company per-

sonnel reported finding IGSCC in the large diameter piping beir.g inspected under
the normal Code rules. This large diameter piping was not covered by the
augmented ISI requirements. More sytensive inspections revealed additional

.

.' 1-2
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cracking in the pipe to the point that the cwner made a decision to replace the i

entire main recirculation piping system. Removal and suosequent testing provided
positive information that IGSCC was present in the large diameter piping.

As a result of the NMP-1 experience, the NRC became concerned that the inspection
techniques and procedures being used on large diameter piping might not be sen-
sitive enough to detect presence of IGSCC. As a consequence, IE Bulletin 82-03
(3,) was issued en October 15, 1982 requiring that inspection teams demonstrate
their ability to detect IGSCC before the nine plants identified in the bulletin
could return to operation. EPRI en 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
segments of piping removed from NMP-1. with the interior concealed frcm the inspec-
tionr groups. Personnel from the NRC witnessed all performance capability

demonstrations (PCD) and made the final Pass / Fail determination. After this round
of capability demonstrations was completed, it was obvious that the process had f
generated more uniform results throughout the industry and also seemed to upgrade
overall performance for both detection and discrimination. Based on these impro-
vements, a second bulletin IE3 83-02 (4) was issued to address the remaining

BWR'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 to handle radioactive samples used in this continuation of the perfor-
mance demonstration process. Again, the NRC monitored the demonstration process
and rendered the Pass / Fail decision. A preliminary analysis of the results indi-
cate continuing improvement in the detection and discrimination process.

A review of the procedures used by the utilities and their inspection vendors plus
observation of the qualification process indicated that a soecific course was
needed to either refine existing inspection personnel skills or train new people

,

for detection and discrimination of IGSCC in large diameter piping. Accordingly
EPRI NDE Center staff members, aided by a group of utility personnel, initiated
development of sucn a training course in Decemoer 1982. Tne first session was

1-3
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held tne week of June 27, 1983. The course, now being offered twice a month, is
,

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 identification of IGSCC is no longer a
major concern.

In mid-May son:e utilities evidenced growing concern about the status of sizing the
depth of IGSCC with the ultrasonic testing (UT) method. This concern was
generated by individual utilities experience in conducting their own performance
capability deiaonstrations to select both contractors and techniques for 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 destr:ctive evaluation 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 process, these utilities
requested EPRI to conduct an accelerated effort to determine the adequacy of the
UT 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
to the industry on August 4,1983. This schedule was met.

It should be emphasized that the round robin was initiated and conducted at the

industry's request 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
results, relation of flaw measurement to flaw evaluation procedure, description of
round robin process, presentation of conventional results, results obtained with
advanced approaches, training programs, suggested qualification process for

1-4
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sizing, consideration of radiation exposure Ifmits and available trained people
and the possible deployment of advanced equipment.

.
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II. 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
(IGSCC) 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-
luation process to establish the true depth of the flaws. This true depth was
then compared to the nondestructive ultrasonic measur?ments.

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 Nuclear Regulatory Commission (NRC) office. The final two teams were
evaluating advanced approaches.

The data from all 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.

I
l

I

,
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The results show the following:

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

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

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

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

o Corrective actions are needed.

The recommended corrective actions are:

o Develop and implement a training program for people who size
IGSCC

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

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

The planning required to implement these recommendations is presently underway.

2-3
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III. RELATIONSHIP OF FLAW SIZING TO THE FLAW EVALUATION PROCEDURE

Introduction

Intergranular stress corrosion cracks (IGSCC) in SWR piping pose no threat to the
health and safety of the public. The inherent toughness of the stainless steel

1

insures that IGSCC will not precipitate 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 postulated

accident conditions. -: ;
_ __

_

Acceptance of a flawed pipe for continued service using the evaluation procedures
of Code Section XI IWB 3610 and Appendix X requires initial flaw size deter-
mination using UT. Because of the uncertainty associated with current UT sizing
techniques, the procedure may lead to erroneous conclusions 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 no safety issue.

Flaw Evaluation Precedure

Evaluation procedures and acceptance criteria for flaws in austenitic steel piping
have recently been approved for incorporation into ASME Section XI (Article
IWB-3610 and Appendix X). Appendix C provides a detailed description of the tech-
nical basis for these procedures and criteria. The elements of the procedure are

as follows:

1. Cetermination 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 below that implicit
in the original design code for construction of the piping.

!

3-1
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2. Subcritical flaw-growth analysis to determine the size flaw that
would grow to the allowable flaw size during the defined
operating period.

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, d/ ) and lengtht

(defined as a fraction of the pipe circumference, 9/s) 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

d/t ofresults in the code allowable curve which has been truncated at a depth of
0.75 to preclude acceptance of a leaking flaw. These data are presented as tables
in IWB-3640.

l.0 , g

'
O t s
w' N

i N-

I$ 's' '
y 0.8 -

g s'--Pm+ P = S mx b
S

(COLLAPSE LINE FROM )i~ EQUATIONS (1) AND (2)
0.6 -

d Pm+Pb = 2.773 Sm
j SAFETY FACTOR

= 2.7 73) 0.41
u. 0.4 -

o
z
o
P 0.2 IWB 3514.3-

$ STANDARD
x
u.

' I I I0
O 0.2 0.4 0.6 0.8 1.0

FRACTION OF CIRCUMFERENCE (+/w)
|

!
| Figure 3-1. Flaw Evaluation Diagram (IWB-3640) For Normal

Conditions And A Stress Ratio = 1.0
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While the publisned flaw evaluation procedure is presented in terms of permissible
crack length and deptns, the underlying position is based upon remaining
(uncracked) area. The noten insensitivity of wrought stainless steel, resulting
from its extreme fracture tougnness and ductility, is conservatively assessed
using a simple strength of materials approach and sognisticated fracture mecnanics
is not required. In fact, the flaw acceptance criteria developed by the ASME Task
Group were based on area, but it was felt that in-service inspectors need a length
measurement for evaluation. One can easily convert Figure 3-1 to a permissible
crack area diagram by mitiplying the permissible length by the permissible cepta
and plotting the product versus normalized crack length. The per issible crack
area curve is illustrated as Figure 3-2.

.50
.

RUPTURE- - - - - - -

LINE-
-

<
w
cn
<

.30 -

w
&
C1.

u .20 C_ # CODE M ARGINo
LINE:so

_

$ .1 0 -

<
c:
L

t 1 I I

O.0 0.2 0.4 0.6 0.8 1.0

FR ACTION OF CIRCUMFERENCE

Figure 3-2, Permissible Crack Area Diagram Developed From
Figure 3-1, Stress Ratio Ecual To One
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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 80 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

s i zi ng. 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
prepared for normal conditions that are generally limiting 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. It becomes obvious that even an : 83% 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.

|

|
! 3-4
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Discussion

There are a numcer of piping conditions that may be different from those assumed
in the previous example. These include pipe size, design stress ratio for various
design conditions, crack growth characteristics, and real versus idealized crack
geometri es. The impact of some of these different situations are briefly sum-
marized in the following section.

Nuclear pipes are designed for varying stress ratios depending upon the specific
application. The ASME Code presents methods for calculating stress levels and
maximum acceptable levels for the design conditions. In SWR primary piping, the

actual design stress levels are substantially below the maximum levels. For nor-
mal conditions, the maximum stress ratio, the summation of bending load (P ) andb

the membrane load (P ) divided the design stress level (Sm), is 1.5 wnile mostm

pipes are designed to a level less than 0.6. The previous example uses a very

conservative stress level of 1.0.

The imoact of design stress level on permissible crack area is illustrated in
Figure 3-5. A similar figure can easily be developed for accident conditions from
the table included in Appendix C. It is obvious from Figure 3-5 that the
tolerable uncertainty in crack measurement increases with decreasing stress level.

The crack growth characteristic in BWR pipe is bimodal in nature: either the
cracks are short and deep or they are long and shallow. This bimodal behavior can
be explained from the morphology of the residual stress and sensitization expected
in these pipes.

The welded joints in a BWR can be normally placed into two categories. The first
category, type A, is characterized as having asymmetric residual stresses and
welding induced sensitization. These asymmetrics nanifest themselves in cracks
that are deep (sometimes througn wall) but short in circumferential extent. The
second category, type 3, has symmetrical residual stresses and nearly uniform sen-
sitization. Type 3 joints, if cracked, have a strong tendency towards snallow,
fully circumferential cracks. Type A joints typically occur in smaller diameter

3-7
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lines 4-12 inches in diameter. Type B joints occur in large diameter lines (18
inches and greater) because of their large heat dissipation capacity. Joints 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. Type 8 joints have a
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
corapressive region. Consequently, type B joints will neither leak nor break.
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FRACTION OF CIRCUMFERENCE

Figure 3-5. Permissible Crack Areas Develooed For Normal
Conditions And Various Stress Ratios
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The crack growth charactaristics of the two types of joints are illustrated in
Figure 3-6. Althougn one can generali:e that small joints are type A and large
joints are type 3, there are scme circumstances that mignt cause this generaliza-
tion to fail. For example, if an automatic weld procacure were used on a small
diameter joint, the residual stress pattern would tend toward symmetry and the.

uniform compressive stress field would develop. In this case, a small diameter

line may become a type 3 joint. Conversely, if scme event, possible a major weld
repair perturbed the symmetry of the stress field, a large diameter joint mignt
become a ' type A joint. These acparent anomalies do not refute the leak before
break postulate. More details are given in Aopendix C. .
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Figure 3-6. Crack Growth Characteristics For Type A
And Type 3 Weld Joints
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The flaw evaluation procedure requires the bounding of the IGSCC in a 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.

'

'//00|E00//,,,|^%,.H
// 'f,.

i

/'

AREA USED FOR CODE-

EVALUATION_

$ AREA OF ACTUAL CRACK

$ AREA OF UNREALIZED
.
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l

Figure 3-7. Schematic Of Idealized And
1 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 quickly 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 June 1,
and completed on August 4,1983.

The material that follows 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 made within this region. Where
flaws exist 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 measurement regions in which both have flaws on the
"near" and "far" side of the weld. The four flaws in the figure are identified as
9N, 9F,10N and 10F.

4-1
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Figure 4-1. Typical Areas Of Inspection On Pipe Sample ,

Table 4-1 describes the specifics of each flaw region selected. In some cases

flaws existed on both sides of the weld or there were more than one flaw per

samole. It should be noted that although UT data were collected frem all of the
16 regions listed, it was decided not to perfom destructive tests.cf regions
13-16. This may occur at a later time. This is not believed to be a serious
loss as these samples'should be very similar to the four flaws contained in
samoles 11 and 12. A maximum of 16 flaws were examined by any team.
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TABLE 4-1
-

Flaw Samples used in Round
Robin on UT Sizing of IGSCC

Schedule /
Nominal Nominal

Olameter, Wall, Manufacturer, CurrentSample
~ Configuration Flaw Side (s) Inches , Inches Origin LocationNo. Flaw Type,

1 IGSCC Pipe-Pipe One 12 100/0.90 IH1 NDEC(2)
2 IGSCC Pipe-Pipe One 12 100/0.88 IHI NDEC

3 EDM Notch (1) Pipe-Pipe One 12 80/0.70 Ill! NDEC

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

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

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

7 IGSCC Safe end-Elbow Safe end 28 80/1.0 Nine Mile Point NDEC

8 IGSCC Elbow-Riser Elbow 28 80/1.3 Nine Mile Point NDEC
9 -IGSCC Pipe-Pipe Both 12 100/0.9 IHI BNWL/NDECp

10 IGSCC Pipe-Pipe Both 12 100/0.9 IHI BNWL/NDECw
11 IGSCC Pipe-Pipe Both 24 80/1.3 BNWL BNWL

12 IGSCC Pipe-Pipe Both 24 80/1.3 BNWL BNWL

13 IGSCC Pipe-Pipe Both 24 80/1.3 BNWL BNWL

14 IGSCC Pipe-Pipe Both 24 80/1.3 BNWL BNWL

15 IGSCC Pipe-Pipe Both 24 80/1.3 BNWL BNWL

16 IGSCC Pipe-Pipe Both 24 80/1.3 BNWL BNWL

Footnotes:

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

.-
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' Pa rticioants

This activity was organized, implemented and completed in a very short time. As a
consequence, priority was given to assuring that personnel frcm companies active
in pipe examinations of BWR's were involved. This goal was achieved as all teams
who had conducted recent examinations on US BWR's were involved as well as one
team representing a foreign BWR cwner. 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 Center and Battelle Northwest. In addition, an NRC Inspector

from Region II in Atlanta also took part in the Round Robin at the NDE Center.
The unusual opportunity to have access to this large a sample selection and a
definite commitment to confirmation by destructive testing was also used to eva-
luate some advanced concepts at various stages of development. Two series of
results are included. Table 4-2 lists the teams and the specific samples that

j they examined.
.-

Table 2

Participating Teams in Round Robin
on UT Sizing of IGSCC

Flaws Examined Flaws Examined
TEAM at NDEC at BNWL

SWRI 1-8 9-16
Magnaflux L-8 9-16

Ebasco 1-8
NES 1-8 9-16
LMT 1-8 9-16

,

i GE/ San Jose 1-8 9-16
GE/ King of Prussia 1-8

CECO 1-8 9-16
NUSCO 1-8 9-16

| TVA 1-8 9-16
'

GPU 1-8
KKM (Swit:erland) 1-10

SCS I 1-3 9-16
SCS II 6,9,310

NRC Region II 1-10

General Research Corp. 3-6 (Data on tape) 9-12 (Data on tape)
(Adaptronics)

Amdata (Axicon transducer) 3-5, 7, 8

4-4
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Instructions to Particioants

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.

4-5

i

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



. .

.

ROUND ROBIN ON UT SIZING OF IGSCC
EPRI NOC Center
Cnarlotte, NC

INFORMATION FOR PARTICIPANTS

1. There are eight (8) cracks to be sized at the NOE Center. All
cracks are circumferential and their locations as well as the
region of interest (1.5 inches wide) in which they must be sized
are clearly marked on each of the eight specimens. We only want
the maximum crack depth in the specified region. Clear all
questions before you proceed.

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

3. Size each crack from the near side a.nd far side (through the weld)
if possible.

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

5. Given below are the. list of cracks and inf'ormation on the
specimens.

Crack Nominal Schedule / Nominal
No. Configuration Dia. (in.) Wall Thickness

1 Pipe-pipe 12 100/0.90"

2 Pipe-pipe 12 100/0.88"

3 Pipe-pipe 12 80/0.70"

4 Pipe-pipe 12 80/0.72"
'

5 Pipe-pipe 12 80/0.71"

6 Pipe-pipe 10 80/0.55"

7 Safe end-elbow 28 80/1.06" Safe end
80/1.32" Elbow

8 Elbow-riser 28 80/1.29" Elbow
80/ -- - Riser

The cracks No. 7 and No. 8 are in specimens that are radioactive
and should be examined in the controlled area under HP super-
vision. The other six cracks will be examined in the ultrasonic
laboratory.

Figure 4-2. Instructions Given To Round Robin Participants.

- -. - . a.a . - .-
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RDUND ROBIN ON UT SIIING OF IGSCC
'

EPRI NDE Center

Charlotte, NC

|

'

Inspector / Level'

Crack No. ISI Company

Utility'

Date

i

UT Instrument, Make & Model

Transducer: Single ( ) Dual ( )

Make & Model

Size

Frequency

Band width, if known
*Angle

Mode: shear ( ), longitudinal ( )

Method of Sizing:

( ) Amplitude drop, at % of Peak ( ) DAC ( )

( ) Crack tip diffraction

( ) Others, describe briefly,

:

I

Measurements f.*om: Near Side ( ) Far Side ( )

| Sound Path: 1/2V ( ), 3/2V ( ), other
i

Beam Spread: Accounted for ( ) Not accounted for (' .)

!

Measured crack depth: inch
|

| Figure 4-3. Data Sheet Completed For Each Flaw.

4-7
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Data Acouisition for Advanced Acoroaches

The integrated EFRI-BWROG noncestructive R&D effort 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 been developed and are undergoing eva-
luation and eventual qualification under the auspices of the NDE Center. See'

Figure 4-4 for a schematic representation of the system. The system has thus far

been evaluated in the data acquisition mode. This permitted an appraisal of all
the electronic and mechanical functions of the system independent of the automatic
decision 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 predetermined scan plan. System calibra-
tion is done in accordance with ASME Section XI requirements. The system 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 decided to use it to obtain magnetic
tape records of UT signals and position information for all samples. All of this
information was recorded by a team of NDE Center personnel on a non-interference
basi; while the teams performed crack sizing by conventional means. In addition,

the NDE Center staff also collected some data with a BNWL supplied 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-
luation results.

| A schematic representation of the data acquisition system is shown in Figure 4-4
while additional details on the components can be found in References 5 and 6.

4-8
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MECilANIZED DATA ACQUISITION SYSTEM
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Figure 4-4. Mechanized Data Acquisition System, PAPER TAPE
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|Advanced Signal Processing

Some of the digital UT data recorded on magnetic tape by the NDE Center has
already been sent to R&D firms to be analyzed by advanced signal processing tech-
niques. Tne data is also being reformatted to be sent to several other research
groups for analysis and development of reliable algorithms for crack sizing.
These groups include Ultrasonics International, General Researen Corp. (formerly
Adaptronics, Inc.), Southwest Research Institute, and Battelle's Pacific Northwest
Laboratories. In addition to the Data Acquisition System data that will be -

supplied to Ultrasonics International, a team of their engineers also collected
their own digital data from the round robin samples to assess the applicability of
echo dynamics cnaracteristics of the IGSCC signals to the crack depth.

Destructive Evaluation

The only way to obtain absolute information about flaw depths to correlate with UT -

measurements is to do destructive analysis. Only a small amount of this type ana-
lysis has been performed before because by definition it destroys the sample's
usefulness for other activities such as training and equipment development.
However, the importance of the issue dictated that these samples undergo a
destructive analysis to confirm actual crack depth.

Samples 1, 2, 6, 7, 8, 9 and 10 were sectioned at Battelle Columbus and' sa=ples 11
and 12 were sectioned at Battelle Northwest. Samples 3, 4 and 5 contained EDM
notches and hence no destructive sectioning was necessary. Samples 13,14,15 and
16 were not sectioned. This will not have a significant effect on the round robin
data since they are very similar to samples 11 and 12.

,

i

|

|
The seven samples tnat were sent to Cattelle Columous for destructive assay were

| sectioned in the following manner. Noting that each region of interest for flaw
sizing was 1.5 inches wide, each sample was cut at the scribed center line and,
then at distances of 0.375 and 0.750 inch on either side of that center line as

| shown in Figure 4-5 for a total of 5 cuts per sample. The sections were then

ground, polished, and ligntly etched to reveal the enck and the weld structure.
Photomicrograpns were taken and a scale was incorporated in each pnotograon to , aid

i

, i-
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in direct measurement of the crack depth. Detailed information from the destruc-
tive evaluation for each flaw is contained in Appendix B. A similar process was

followed by Battelle Northwest.

0.750 o.373 0 0.375 0.750
.
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Figure 4-5. Schematic Showing Cutting Diagram 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' line 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 of these parameters by 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.

It is important to keep in mind that the purpose of this round robin was to
generate information about the current state of practice in the industry. The
exercise was initiated and conducted at the industry's request. Where performance

|
shortcomings are identified this information is useful to indicate corrective
action needed. The round robin should not be considered as a qualification

I

program.

5-1

. .. -, - . _ - .



i
. .

-

.
.

Table 5-1

STATISTICAL PARAMETERS CALCULATED FROM
UT FLAW SIZING ROUND ROBIN DATA

Linear Recression Analysis Parameters

Regression-

Team Number of Regression Line Correlation Standard
Number Data Points Line Slope Intercept Coefficient Deviation

(% of wall) (% wall)

1 16 -0.05 11 -0.24 5

2 14 0.35 10 - 0.33 23

3 16 0.39 12 0.56 20*

4 8 0.54 23 0.79 14

5 14 0.33 19 0.61 12

6 16 0.00 17 -0.02 3

7 14 0.19 18 0.49 8

8 14 0.82 23 0.70 25
- 9 14 -0.05 46 0.06 16

10 8 0.31 29 0.41 16

11 14 0.42 16 0.71 16

12 5 0.46 -1 0.52 27
'

13 12 0.92 -3 0.80 34

14 12 0.29 33 0.45 19

15 5 0.55 22 0.70 20

16 12 0.09 34 0.28 10

17 8 0.60 15 0.82 22
~~
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TEAM NO.1.

TRUE VS. MEASURED DEPTH
EPft! N0E CENTER

P!PE THK. OEPTM (INI
(!N) 07 UT

0.785 0.147 0.160

g 0.912 0.094 0.050

0.620 0.290 0.t70=

E 0.520 0.440 0. 0. .5
~

/ C.520 0.060 0.040
0.555 O.t05 0.080j
1.050 0.184 i 3.140

CgE t.253 0.319 6 0.0503
0.780 1 0.550 1 0.090g ,tb

L3 0.790 6 0.553 6 0.050
0.790 i 0.334 4 0.090$ 0.780 i 3.892 t 0.040

aEz i.iec 3.isc i 3.070

ch 1.100 0.170 0.150
M* 1.100 0.185 0.050

t.100 0.tSS 6 0.110
,

DE
& eTEs.
ur THIN L!NE !CEAL CASE

TH!CM LINE. LINEAR REGRESSION
T = AX * 8

g SLOPEtAt = -o.05
4 T INTERCEPT (8) 11.4=

e CORRELATICN CCEFr. = -0.24es

STANDARD DEVIATICN = 5.3
* O POPULATICN (N) = 16.

# *e "og o a
'

'ii.co ao.co n.oo s' .co 160.00s'.co so
DT % THROUGH HALL

l FIGURE 5-1.
!
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TEAM NO. 2
TRUE VS. MERSURED DEPTH

EPMI NCE CENTER
PIPE THM. OEPTH IIN3

(IN1 07 6 UT

0.785 1 0.147 I 3.055
o.aia i c.Os4 . a.:25

E. 0.620 e 3.290 t 3.133

E 0.520 i 3.440 1 3.050
3.620 i 3.060 1 3.J50 1"

g
J 0.565 i 0.i 5 i 3.075 i

j t.050 1 0.194 1 3.100 l

28 1.253 1 0.318 * 3.060

d 0.750 t 3.590 1 0.25
3.780 1 0.334 1 0.750g3

3 t.100 I 0.L50 t 3.210

t.tec 0.173 a 3.2tc '

gEz t.ico i 2.ie5 i a.tso
- -& 1.tae i c.is5 , 0.150

,e-~

IeBTES*

,g THIN LINE: IDEAL CASEs
d THICK LINEnl.INEAR REGRE!3fCN
* T = AX * 3

SLOPE (Al = 0.35
3 Y INTEMCEPT(81 = 9.5

3 CORRELATION COEFF. = c.33
STANCARD QEv!RTICN = 23.34 g

ce # POPULATICN (NI = L4

3g ,

*b.co ao.ca go.co so.co so.co toe.co
DT, % THROUGH WALL

FIGURE 5-2.
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TERM NQ 3
TRUE VS. MEASURED DEPTH

EPft! NOE CENTEM
PIPE TMK. OEPTH (INI

(!N1 07 i UT

0.785 0.147 4 0.203
g 0.812 4 0.094 0.234

0.620 { 0.280 0.298.

E. 0.620 6 0.440 0.296
~

/ 0.520 i 0.050 0.183
J J.555 ! 3.105 0.171
j t.050 1 0.194 1 3.125
38 e 1.253 1 0.318 I 0.048

d. 0.780 0.590 i 0.137
*

3.780 0.553 0.182
3 3.780 0.334 0.tOS

0.780 8 0.692 0.561
q"o3 1.100 l 3.150 0.158

#$. 1.100 ' 3.170 I 0.134

N* 1.100 0.185 0.195
1.100 0.185 0.158

,

Eg '' *

4 NOTESe
ur THIN LINE:10EFL CP3E

THICK LINE LINEAR REGRE55!0N
g 's T = AX * 8

g e SLOPE ( Al = 0.39
* T INTERCEPT (81 = 12.4-

cI e CURRELATICN COEFF. = 0.56
g STANCARD DEVIATION = [9.9

POPULRTIONINI = 16

E e

N.co 20.0c 4'o.co s' .co so.co Ibo.coo
0T, % THROUGH WALL

FIGURE 5-3.
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TE AM NO.14
TRUE VS. MEASURED DEPTH

EPMI NCE CENTER
P!Pt TMK. OEPTH (!NI

(!NI 07 i UT

0.785 I c.147 1 3.300
C.812 6 0.094 6 0.250g
0.920 0 0.290 1 0.300*

E. 0.620 l 0.440 1 0.400
0.520 1 0.050 # 0.250~

J 3.565 i 0.105 1 0.150 t

t.050 t 0.184 1 0.300 i

$E t.253 6 0.318 6 0.250 1

5*
:: le01ESs
C THIN LINE:!CEAL CASE

EE TarCx .rNE,t NEAR aE:REsstCN
. .

M4 T = AX * 3
,y* SLCPErAl = 0. 5'4

T INTERCEPT (El = 22.5
CCRRELATION COEFF. = 3.73*

,. 8 STANDARD DEVIATICN a l'4. 23
PCPULATICN(NI =54 ae e

i

| *%a
6 *

8
*b.cc 2c.00 '4o.co so.co so.ca teo.co

OT, % THROUGH WALL

|

FIGURE 5-4.
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TEAM NO.S
TRUE VS. MEASURED DEPTH -

EPHI NOE CENTER
P!PE THK. OEPTH tlN)

(INI Of UT

0.785 0.147 C.430
0.81.2 0.094 0.160o* 3.620 0.280 C.180

E., 0.620 0.440 0.250

0.620 0.060 0.180""

_J 0.565 0.105 0.140

J
~

t.J50 t 0.184 1 3.250

E 1.253 $ 0.318 0.303

d 0.780 6 0.590 0.390

h*. 0.780 t 0.334 1 0.220
03 1.100 l 0.160 1 0.210
C t.100 J.170 ' O.t70

T.E 1.100 0.185 i C.280

"d. 1.100 0.185 1 0.190

.M* e
* e le01ES:
r THIN LINE: IDEAL CASE::3E

THICK LINE: LINEAR REGRESS 10Nd,,
EP T = AX * B

SLOPEtA1 = 0.33
Y INTERCEPT ($1 = 19.2g ,e

g CORRELATION CCEFF. = 0.61
STANDARD DEv!ATION = 12.3*

N' 00 POPULATION (N) = 14

,

8
| N.co a's.on n'a.co s'a.co s'o.co l'o.coc
l DT % THROUGH WALL

|

l
f

| FIGURE 5-5.
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TEAM NO. 6
TRUE VS. MEASURED DEPTH

. m i No CaTra
P1Pt fMK.I OEPTM ilN3 i

(!!G I 07 : UT 4

0.785 1 0.147 i 0.150

0.912 0 0.0S4 t 0.150g
0.820 t 0.290 i 3.115.

I. 0.620 0.440 t 0.395

0.520 0.050 6 0.115"

J 0.565 l 0.105 1 0.105

j, 1.050 I 0.184 1 0.150

2c 1.253 1 0.313 i 0.115 i

d 0.750 1 0.550 e 3.140 i

E" 0.790 0 0.553 1 0.140

0.780 t 0.334 i c.105g ,

0.780 f 0.592 s 0.140
g:e0 1.100 3.150 1 3.130

#d 1.100 0.170 1 0.220

M* t.t00 0.195 i c.190

1.100 6 0.195 t 0.130
,

4 NOTESt
8r THIN LINE:ICEFL CASE

THICK LINE LINEAR RECRESSION
Y = AX * 5

g SLCPE(Al = -o.00
17.34 T INTERCEPT (81 =

e, S * ** e -0.C2CCRRELATICH CCEFF.m
* STANCARD CEVIRT:CN = 2.73 e

15PCPut.ATION EN) ee

8
-

4' .co so.cc so.co ico.co
! *J.ac 20.0c a

|
OT, % THROUGH WALL

!

FIGURE 5-6.
|

|
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TEAM NO. 7 ,

TRUE VS. MEASURED DEPTH
EPHI NOE CENTER

P!FE TMK. DEPTM EINI
(180 0T UT

0.785 0.147 0.160
.82 0.094 0. ISO

3 0.620 0.290 0.150
E. 0.s20 0.u40 0.t50,

0.520 1 0.060 0.200~

0.105 i 3.100J J.565 ,

p 1.050 4 0.184 0.150

28 1.253 0.318 0.150

0.790 0.530 1 0.275

h*d 0.780 1 0.334 I c.325
3 1.100 t 0.160 1 0.250

1.100 0.170 1 0.200
gg Ez 1.tec 0.ts5 i 0.275 i

1.100 0.185 | C.180 i

N

NOTES:*
r
28 THIN LINE ! DEAL CASE

THICK LINEsLINEAR REGRESSIONd ,

EP y , gg . g

SLOPEIA1 = 0.t9
e Y INTERCEPT (B) = 17.7

Co pELAfroN CcEPP. = e.us8 ,o . .
STANDARD CEVIATION = 8.4d

"* POPULATION (N! = 14

e

8
koo 20.0c s' .co so.ots ab.co l'oc.coo

OT. % THROUGH WALL

FIGURE 5-7.
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TEAM NO.8
TRUE VS. MEASURED DEPTH

EPfl! 18st CENTER
P!PE THK.| OEPTN tlNI

(110 i Of i uf
0.785 1 0.147 i 0.370
0.812 1 0.094 4 0.330g
0.520 6 0.290 4 0.345-

Ok 0.620 i C.440 t 0.319
O 0.520 t 0.050 1 0.250~

J 0.565 1 0.105 t 0.250 t

j 1.050 4 0.194 ' O.330

3E t.253 1 0.319 8 0.200
d J.780 e c.590 t C.300

g 0.760 1 0.334 4 0. 760cp
3 1.100 6 0.160 1 0.400

h 1.100 0.170 f 0.300

.. ZI t.100 0.185 1 0.200
d .

1.100 0.185 1 0.450

N 0-
* IlofES*

$$ 8 THIN LINE:ICEAL CASE
THICK LINE LINEAR REGRE53!CNd se 3

EP ya gX e 3

SLOPE (Al = 0.82
8 7 INTERCEPTfBI 23.0=

3 CCMRELATICN CCEFF. = 3.70e
$TANDARD DEVIRTION = 25.'4g

m PCPULATICN INI = 14
,

8
N.co 20.0a d.co so.co so.co tee.ca

OT, % THROUGH WALL

FIGURE 5-8.
.

. - -

5-10
. _ _



_ _ __

* .

.

TEAM NO. 9
TRUE VS. MEASURED DEPTH

EPMI 40E CENTEll
P1PE THM.I CEPTM IINI i

i ut !flNI I 07
0.755 * J.147 1 3.453 i

J. 24CJ3.!!2 i 3.094 *

g 0.520 i J.2=0 e 3.250
3.520 s 3.,,0 0. 0* $.

E. 3.250 t 3.330 !3.520 '~

?.355 3.;;5 0.410 '

J
1.:50 i L;34 * 5C* *

.

j
28 1.253 a <3.315 i C.320 e

.590 1 0.220 a0. 750 *

h*d O.334 : ;533.75" '

1.133 i 2.t50 ! .333 i
:D c
O 1.t*S 2.t73 6 3.34C

i. tee .:45 i .43- :gE= e e * 39C1.t*3 e 2.;35 * . ,

d"# s
o

NOTE 3s*

THIN '.|NE ICE 3L CASE,$3 THICK (*NE :. NEsa 8EOPE!!!ONOd Y = 4X *3O*
8 SLCPE tal = -0.25

T INTEMCI??i!1 = 48.0e8 , COMMELATICN ::gyr, . .3,:s
3 STcNCAPO :!V AT 0N = 15.5
4 , ne popui,3.:c3 ;3,a

/
*b.co an.on uc.co so.co so.ec tec.ca

OT, ; THROUGH WALL

.

FIGUFIE 5-9.
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TEAM NO.10
TRUE VS. MEASURED DEPTH

EPft! NCE CENTER
PIPE THK.I OEPTH flNI |

tlNI 1 07 i UT i

| 3.755 8 3.;47 O.323 I'

l : 822 ' o :54 ' 2.22e
E 0.523 J.290 t 1.250
*

0.520 1 0.440 i C.25C |h 0.520 1 3.250 0.300 t

[ 3.555 i J.t:5 i :.3c: iJ
1.253 i : ;34 : 50 id28 t. ass i 2.2te , a.24c i

p
NOTESe3

i -
O THIN LINE:ICESL CA!!

~ b THtCX LINE:L*NEAR 9EGRE33 ION'

T.u..
: -4

$ LOPE (Al 0.31
j ,y* g

T INTERCE*f(3) = 25.9e; COMRELATIOM 00E?F. = 0.4L*
a*8 $TANDARD CIVIATICN e 11.7j

3i PCPtJLATICN (NI =5
| 4 3 3

W

*3
h @

3

8
| T.00 20.00 40.*C 60.00 $0.00 100.00

07, 7. THRGUGH WALL

FIGURli 5-10
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TEAM NO.11
TRUE vs. MERSURED DEPTH

EPRI as0E CENTEM
PtPE THK.t CEPTH t!M i

ilm i QT t ut t

a.735 C.t47 1 0.293 i

c.at2 i 0.034 6 :.292 '
E 2.2 e 3.2s2 ii .s2e ,

{ l c.52C i 0.440 ' O.279 8

i 3.52c e 3.050 e 3.125 i
.;! 0.iS6 !, a.555 .

3 292 8! 1.053 i 0.'34 '

ce i .253 a * 3:9 i 3.279. .

M. j c.7ec .130 0.133
h*"' | 3.733 , * $32 t 0.531.

$ t t.100 6 3.150 ' 3 119
3.155C 1.103 i **73, ,. .

gg 1.1:= . 2. a5 . :. 5-
2.: 5 , :.:e4 i1.iec .

s.
N*

le0 fess.

*N THIN ;.INE:I:!AL CA!!

THIO:t L.:NE L*NEAR *E PE!! ION.

e. Ya AX * 5e
$ LOPE (Al = 0.42e *
r INTEac!.=r ts) = t s. 3

a' ::ssELaticN 00EFF. 3.71
E ,

sI2NC2Rc OEvIAT:0N = 15.7, ag parut.ar:cN :Ni = ts

3

E.
*s* cc 20.0c '4a.co so.co so.se teo.co

DT. % THROUGH WALL

FIGURE 5-11.
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TEAM NO.12
TRUE VS. MEASURED DEPTH

EPMI NOE CENTER
PIFE TNE.I OEPTH t1N3

ilm i Of i uf |
i

3.555 1 3.105 e 0.373
0.79? 4 3.550 8 0.10'4

$ 0.750 t 0.553 i 0.t?9 I
4
6. !.'10 .2?" : E

2.5i2 + 0.529 il * 730~ i

J
J

E3 Notts.
THtM uNEit:1.4t CASE.,. 4
THICX LINE L.INEAR MEGRES$ IONG* ,

f = 4x * 5
'

"3
C $ LOPE (Al = 0. *46

$$ Y INTERCE?f|81 . -C.3
C*SMELATICM CCEF8 3.52

",94 2$.3STANCRAD CEVIATICM e8
a $POPULATICN(NI,

..

&

E

d- e ,

o o

8
| ' 53 . 3 0 25.0a @.ca so.co so.co tec.cc

OT, % THROUGH WALL

FIGURE 5-12.
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TERM NO.13
TRUE VS. MERSURED DEPTH

EPft! NOE CENTER
P!PE TMM.t CEPTM (INI |

(!NI i 37 i uf
0.735 1 0.147 i 3.040
0.512 1 0.034 4 3.080

g 0.520 J.280 i 3.440
*

O.440 i 3.1302.520h
'

0.32: 3.!!C !. *? !

3.105 2.!20 '

0.555 *
J

O t.050 1 0.194 i 3.:20 1

O 1.253 i 0.318 i C.080 I

* 530 ; 3.200 t3. 780, . .

g,an. e 3.730 t 0.553 * 3.500 I

G3 * 780 i 0.334 c.'80 t

j .

g 3. 730 4 0.S32 i 3.S70 !

g8=
-4 M ESS,Y fMIN L!NE:IOEAl. CASEI

TN!;M LINE:L!NEAR 9 ERE!! ION*
y . ax - a,33 0.32SL PE;R1 =

d y {yfragg, T ($) = -3,4S
EP

CORRELAf!ON COUF. = 3.30
STANCAPQ OEV[27!ON = 34.1

3 e PCPULAT NINI = 12

ei, e
as

# 8 e
-e; ,

4' .08 60.00 90.00 100.30%.00 20.08 O
07, % THROUGH WALL

1

FIGURE S-13.
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NOTE: This team used three acproaches per flaw to generate three
estimates, but would not identify a single result en each
fl aw. This Figure uses an average of the ultrasenic
prediction at each flaw depth. Figures 14A, 148, and 14C
present the results individually for each of the approaches.

|

AVERAGED, TEAMS : 14A,148,14C-

TRUE VS. MEASURED DEPTH
EPHI NOE CENTTJi

P!Pt fMN. CEPTM (!NI
(INI 07 6 UT

0.785 i 0.147 I c.356
0.912 1 3.094 i 3.473g
0.520 t c.280 i 0.238 i*

E. a.320 i :.440 i a.354 i

2.820 8 3.050 6 3.251 i~

J J.353 O..CS I 3.194 i'

1.350 1 0.134 1 3.052 i

1.253 4 0.315 e 3.723
J.780 4 3.590 i 0.338 id , i

0.750 6 0.553 e 3.358 ic
d. 7ac i 3,33g . 3,gga ej

i 3.520 t0.780 6 c.532

-A 21E3e,y* . 3 3 q.
THIN LINE !CESL CASE

/ e THICX LINE:LINGR RECM!sICN*

T = 2X * 5
|||3$ e 8
4 3 !LCPT (R1 = 3.29

I * T INTU CE*Ttsi = 33.3
3 COMELATICM CCEFF. = 3.4s

;

sTAMOMO CEV!RTICH = 19.2j

| 3 PcPutartCN (N1 = 12

$ *

1

1
,

*
E

i.ca an.co us.co so.se so..-|e tee.se
OT, % THROUGH WALL

9

FIGURE 5-14.
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TEAM NO 14A
TRUE VS. MEASURED DEFTH

EPRt Not CENTER
PIPE TNK.* CEPTM (IMI i

(1NI i 07 * UT
'.O.785 i * 147 i 3.;18

.

3.034 i 3.250 iJ.312 *

g 3.$20 .253 . 15*'
-

E. J.52' I 3.4 J l 3.1il i

6 3.250 0.;221. 5 2 '.'. 3~

2.0451 3.855 i J.'05 .
J
# | 1.C50 1 3.194 3.052

l 1.253 2.316 3.;29 .

'3.553 * .035/ i 3.753 *>

d o
+ 2.15: :.453 :. :2r 1.033 ;' O.'30 3.834 '

3 3.524O ? 3.750 i '3.552 .

g2=
-d IGTES:
.9 * THIN LINE ::EAL CASE

THICX '.; Nest.INEAR 9EGRE!!ICN*
ye u.5,g= 3.25!!. PE!Al e

d T INTE.MCIPT (31 = 3.18r

COSME' ATION C:EFF. 3.41.

8 $?:NOARC CEY!AT!CN e 19.3
12PCPut.ATION t Ni e

$
88 3

8 0e
0
*8

-

i .00 20.00 4C.36 60.06 90.00 100.30
OT, % THROUGH WALL

FIGURE 5-14A.
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TEAM ND.148
TRUE VS, MERSURED DEPTH

EPM! NOE CENTUI
PIPt TMK. t CEPTM t !N3 t

(IM1 f 07 i UT i

0.785 t J.147 1 3.354 t

3.512 i 0.JS4 3.524 ig 3.333 !3.623 i 3.290 e
*

k 3.520 ! 0.440 ! 3.3C3 1

3.520 1 3.3*0 + 3.223 i~

3.t74 iJ 3.555 i J.!:S '

1.253 t 3.318 3.900 +d. 3.790 1 3.5sc 3.!!5 i
28

C.79C 6 3.553 3.543 '
g,&
C

- 3
-

C e NOTES:
THIN LINES 0E.QL 0231g
THICK t.!NE LINGR 4ECMESSICN*d Y = AX * Sy*
!L3PttA1 = 0.15,

f INT U CIPTISI = 46.5* 3e
,8 3.33COMMELA7!0N COEPF. a
3 s

$TANCARD CEV!Aff0N e 1t4. 3
*

4
* PCP'JLATICN (N) =3

,

3

3

8
i .00 20.05 40.00 $0.08 90.00 100,30

GT % THROUGH WALL

FIGUAE i-143
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TEAM NO.14C
TRUE VS. MERSURED DEPTH

M I M CI!IIIM
P!Pt TNK.' OEPTM i(Ni a

UT !llNI ! Of i

3.715 4 0.;47 3.5 3 j
O.394 0.545 i0.312 '

g O.220 i 3.44J0.520 '
-

3.440 2.339I 3.520 '

~ # 3.f23 * 3.*50 3.429 !

J.565 3.; 5 3.354J 3
" i . 253 '3.311 ' ;17

L 3.780 i J.390 a 3.543 e

i 2. 7 e 3. 53 3. sud , , 3.2333.753 0.334
L3

- ' i

0.532 .5is t3 t 3.78C e

C
_

-
4 3 3.

b o morts.-4 TH!N '.INE:IOEAL 023!.y'*
THIOX '.:NE WINE.:R *E03E!!:0N

* T . 4x - 3

,8 $LOPEA1 = 0.073
T INTEMOIST:St . SS.44 0*.R RE'.AT! N 0*E.FF. * *.12EP .

STmMORMQ OEV!ATION *$.2
S PCP'JLATION (N) a 11

8
k

8
"J. 00 20.00 40.00 60.00 30.00 100.00

0T. % THROUGH WALL

FIGURg 5-14C
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TEAM NO.16
TRUE VS. MEASURED DEPTH

Erft! NUE CENTEM
P!PE THK. I OEPTM t!NI i

(!NI i Of a UT

3.785 i 0.147 i 3.270
0.912 0.094 1 3.257

I 0.520 e 0.250 6 3.258( c.520 i 1.440 t J.315 t

J 320 i 3.250 3.315 1==

3.365 1 0.t:5 i 3.225 *

g
.J 1.050 4 0.134 4 0.250 !

gg 3.27c Ii.253 e a.3ts .
0.780 i 3.53C * 300 t. .

"d'" " c.780 t 0.553 3.250 i.

$ 0.780 $ 0.334 i 0.220 i

03 0.750 t 3.552 i 3.350 !

is
h le0TESa

N THIN LINE:ICERL CASE
. e 8 THICK LINE 6!NEAR MECBESSICN

8 e f = Ax - 3g""g
$ LOP! t A1 = 3.03.

5- 3 o T INT!? CEPT (!) = 31.5
e CORRELATICN CCE.rr, 0.2S

.

STANOARO CEvtATICN = 13.3
8 PCPULATICN(N! = 12g e. ,

ca

8
4*:n as.:o ac.ca so.co 80.08 1C0.08

OT, % THROUGH WRLL

FIGURE 5-15.
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VI. ADVANCED RESULTS

As mentioned in Section IV data was recorded on magnetic cassettes to provide a
complete permanent record for later analysis. Because the data acquisition effort
was the last sequential item of round robin work little time was left to attemot
computer processing. However, General Research Corp. (Adaptronics) agreed to make
an attempt at crack sizing based on similar work done for EpRI on BWR feedwater

nozzle studies Q). The approach consisted of identifying the signal from the
crack-ID surface intersection, the signal caused by the crack tip diffraction
effect, measuring the time difference and calculating crack depth. A typical
record that was used is shown in Figure 6-1. The actual process was complicated

by the fact that the person analyzing the data had no previous experience with
IGSCC, was denied information available to tne manual inspector such as pipe wall
thickness, ID contour, contour of weld crown; etc. In spite of these obstacles
the contractor was able to take the data for nine flaws received on July 12, ana-
lyze it and provide his final estimates on July 30. This result is displayed on
Figure 6-2. The same presentation format and analysis parameters are provided

that were presented for the conventional results. The results are quite good by
themselves. There is good reason to believe they could be improved by providing

greater interaction between the analyst and the data acquisition team.

6-1
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figure 6-1 Data Record for Advanced Method Crack Tip Diffraction
Sizing Approach .
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TEAM NO.17
TRUE VS. MEASURED DEPTH

EPft! NOE CENTER
P!PE TMN. a DEPTM alm

(IMI i of i uf

0.320 8 3.230 # 0.260
3.620 s 0.440 i 3.430

$ 0.520 i 3.350 3.070 !
3.;30

t 0.565 6 3.~35 .
.

*

0.490 I
I 0.790 e '3.530 .

3.f53 3.550 i
! 0.?!O '

j 3.440 4i J.790 8 3.334 .

I 3.790 4 3.532 i 0.150 }C:g3

b* NOTES:
3 THIN '.INE:IOEAL CASE
$ f'i!CX LINEsLINEFA *EORE53 ION
ZI 8 Y Ax - 3
*d. SLOPE iRI = :.5c
N* e i INTERCEPTISI = IE.1

COMPELATICN C:gyr. = 3.32
,

e 21.9STANCARO OEV!ATICN
8 e3 PCP'JLATION (NI 3e

5.
,

3 *4.
cs

\

/s
*r.co 2'e.ca go.so so.co so.en too.co

OT, % THROUGH WALL

l
|

| FIGURE 5-2.
!
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The second advanced approach used a special transducer called the Axicon (3 and

9) . This transducer has a lens assembly that focuses the ultrasonic beam into a
small diameter, well collimated beam several inches in length. It is analogous to

an optical telephoto lens with the depth of field of a wide angle lens. One of
the EPRI contractors (Amdata) was evaluating a transducer of this type for a dif-
forent use. When this was discovered they were asked to size some IGSCC sangles

as a laboratory tast. The results were so encouraging that the contractor was
asked to examine as many of the round robin samples as possible in the IL2 days
prior to their shipment for destructive evaluation. Five samoles were evaluated
with the transducer mounted on the AMAPS scanner. The data was generated by

driving the scanner in the axial direction under manual control 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 to calculate crack depth.
Again the process was auch more difficult than described because of the lack of
experience with this type transducer on IGSCC. However, the results displayed in
Figure 6-3 are very encouraging and strongly suggest greater consideration of this
approach. The presentation format of Figure 6-3 is the same as for Figure 6-2.

In sunnary, the advanced methods performed very well producing very creditable
results. Furthermore all of the major electronic and mechanical hardware is
already developed as well as most of the software. Thus, field deployment can
occur in the near term (months as opposed to years).
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VII. TRAINING PROGRAMS

It was necessary for the NDE Center to provide additional training to some inspec-
tion groups in order to meet the requirements of IE Bulletin 82-03 (3,). This was -

>

accomplished on a short notice Ad Hoc basis. Later the NDE Center built on this
experience to develop appropriate training courses. A course for UT operators in
the 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 earliest possible
availability with a target date of September 6,1983.

With the advent of IE 82-03 and 83-02, the NDEC developed a a0-hour course to

train and qualify UT operators in the detection and characterization of IGSCC in
BWR's. The course content was established by an industry advisory group and mem-
bers of the center staff and was subsequently authored by individuals with
recognized skills in spec'ific 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
Point samples. This examination is very similar to the IE 83-02 qualification
test. A significant difference between the course practical examination and the
IE 83-02 exercise is that the course requires an individual verification of skills
rather than a group verification.

The first IGSCC course was conducted on June 27-July 1,1983. It was attended by

19 individuals representing utilities, ISI 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, each participant had to pass written General and
Specific examination with a score of 80% or better. These assure that the stu-

' 7-1
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dents have the required knowledge of tne inspection method and the cnaracteristics
of the specific appif cation. Additicnal detection and enaracteri:ation courses
now scheduled are shown below:

o August 8-12

o August 15-19

o August 29-Septemcer 2 ,

o Septemcer 12-15
-

o September 25-30

o October 10-14

o October 17-21

As the UT detecticn and characterization performance has been bas'ured sequen-

tially in IE 82-03, IE 83-02, and in :ne first NDE Canter course, a steedy Ampro-
vement has been demonstrated. Tnis is illust' rated in Ff gure 7-1. Tne vertiscal

~

axis of the figure is sensitivity, wnica refers to the cercentage of 1 inch icng.

cracked " cells" correctly identified as cracked by the participant. The nori:en-
tal axis of the figure is false alarm rate, which refers to the percentage of 1
inch long uncracked ' cells" mistakenly called cracked by the participant. Nefect
performance would be 100% sensitivity with a 0% false call rate. It is, of

course, unrealistic te expect such a level of cerformance. Tne two curves repre-
sent averages of all the team performances during IE 82-03 and during IE 83-02 and
the first .TE Center training course practical extanination. Performanca numbers
have been essentially identical during these last two. activities. Note the imoco-
vement with passing time and increased relevant experience.

-

'

-

-

9

$

/
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j
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The results of the IGSCC sizing round robin shcw that there is a need to offer
,

additional training in specific si:ing techniques. This course will be separata
from the detection and characterization course and will be of 2-3 day duration.
The format, however, will be similar to tne 40 hour course. It is being generated,

through involvement of personnel who are skilled in the theoretical understanding
of the physics of the sizing process as well as individuals wno demonstrated prac-
tical capability to size defects witn ultrasonic :nethocs.

The target for the first offering is September with alternate week presentations
thereafter. A class size of 12 to 16 participants is planned.

As a general approach to training, the NDE Center provides individual students
with a transcript of test scores and training hours (CEU's) for all training that
utili:es materials developed under the guidance of EPRI. For axamole, the Center
has a comolete Visual Examination (VE) Program to train Lavei I *II NDE personnel
in accordance witn ASME Sec. ion XI. The General, Specific and Practical examina-

tions given by tne Center at the concluston of a VE training course are typically
used by the utility to certify their NOE personnel. Of course, before tne cer-

-
tification is issued, each utility would need to verify actual .TE exoerience and
any other specific plant requirements. This same approach is possible with Me
specialized IGSCO courses.

.

71
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VIII. QUALIFICATION PROGRAM FOR IGSCC SIZING

The previous section discussed the sequential improvement in detection performance
which has occurred under IE3 82-03, IEB 83-02, and the recently completed IGSCC

detection 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 IGSCC sizing course discussed previously.

It would also be advisable to verify the level of performance of those performing
!GSCC sizing. The significant results achieved under IE3 82-03 and IEB 83-02 and
the practical examination portion of the IGSCC detection course provides a good
model to follow for a qualification process.

It is recommended that a similar set of minimum performance standards be
established for IGSCC depth sizing and a qualificaion program be established. It

would be required that all people performing sizing operations on IGSCC satisfac-
torily complete the qualification procedure. It is planned tha't a practical final
examination which will serve as the qualification procedure for the IGSCC sizing
will constitute a part of the subject training course.

The following items will be considered during development of qualification cri-
teria, accuracy of depth measurement, allowable precision bands, number of flaws,

range of depths, type of reflector, i.e. IGSCC and EDM slots, time to make the
measurements, ate.

The establishment of suitable samples must be given considerable attention as it
is not possible to.do a destructive evaluation for each qualification procedure.
Rather, it will be necessary to establish flaw depths of IGSCC by nondestructive

.
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means prior to the qualification. Perhaps this could be done by scme of the newer
approaches such as X-ray tomography, neutron radiography, high resolution ultraso-
nic methods (e.g. Axicon, imaging, etc.) . In addition the data frem the round
robin for electro-discharge machined (EDM) slots strongly suggest that use of some
of these reflectors properly placed in the heated affected :ene can be useful for
a sizing qualification effort. This is particularly attractive as depth measure-
ment can be precise and the precass is economical .

It is expected that the qualification program would be conducted in a manner ana-
logous to IE3 83-02, i.e., the industry would provide the samples, facilities and
necessary logistic support, while NRC representatives would proctor the qualifica-

tion demonstration.

|

:

!
t

|
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IX. MAN-REM CONSIDERATION

The available pool of skilled inspection personnel is relatively small. The heavy
inspection schedule throughout 1983 means that many of these people are rapidly
approaching their annual radiation exposure limits. In addition, other required

inservice inspections on both PWR and SWR 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 shorta'ge
of trained and qualified people, the EpRI NDE Canter has increased the rate of
offering its IGSCC detection course. It is now scheduled to be held seven times
between August 8 and Novemoer 1,1983. Each class contains 18 students, thus
during this time 18 x 7 = 126 people will receive training. If a 70% passing rate

is achieved, 90 people will be qualified in this period. Furthermore, assume each
has a low enough accumulation to date to allow receiving an additional 1.5 REM by
December 31, 1983 for a total of 135 MAN-REM available during this time. One BWR
owner now undergoing the inspection 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 80 REM for inspection personnel only. Thus, the
additional people from the training program can accommodate the equivalent of two
plant inspection and repair processes in which dosages are this high.

Considering the radiation dosage for nine plants for which estimates have been
obtained, a total dosage of approximately 400 MAN-REM have been accumulated during

the inspection (before and after repair) cf about 640 welds. Thus approximsiely
0.6 MAN-REM per weld are being accumulated on an average number of about 70 welds

9-1
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examined per plant. Using these average numbers the additional pecple from the
training programs could examine three plants with average radiation conditions.

.
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X. POSSIBLE DEPLOYMENT OF ADVANCED HARDWARE
,

I

: As discussed in the esclier section on the Round Robin process, the integrated
!

EPRI-BWROG R&D effort has produced the necessary hardware and much of the software

j needed 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

j

system is that it successfully completed one field test in a nuclear power plant'

in early June 1983 and was subsequently used to record magnetic tape records of UT
signal and position information for all samples used in the Round Robin. All thisj

operation was in the data acquisition mode. This latter exercise provided over
200 hours of successful operating experience 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, tnree

! other contractors are using the same data to analyze different computer evaluation

| processes. One effort is pursuing refinement of the technique used by Team 17
while the other two are exploring different analysis methods.

The above discussion illustrated the use of the data acquisition 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.

All elements of the above system for acquiring field data and performing off-line
|
|

analysis .are available. A schematic representation of how this operation could be

10-1
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conducted is shown in Figure 10-1. The overall system has not yet been exercised

to the extent needed to establish overall system performance, reliability, and an
optimi:ed mode of operation. However, results to date are very encouraging,
encouraging to the point tnat plans are being developed to provide the EPRI owned
equipment to those utilities willing to use it. These arrangements will be imple-

mented by the J.A. Jones Applied Research Company on a cost recovery basis.

At the present time, it is believed that the previously fielded system can be
refitted and be ready for deployment between August 15 and Septemoer 1. An iden-

tical system will be configured as soon as possible after Septemoer 1.
.

In addition, two other systems are being acquired for integration at the NDEC to'

per#om automated detection, discrimination and recording of results as a function
of position. These systems would provide imediate results at the inspection
site. Components of the system included the AMAPS scanner with ALN 1033
controller, Mart III transducer, and tne AL3 4060 flaw discriminator. All of
these c mponents are commercially available today and their performance evaluated
in different ways. The next step is integration of the components into a comolete
system, evaluata its performance and then put it through a qualification exercise.
This will be done as rapidly as resources permit.

.

1
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Appendix A

ULTRASONICS SIZING DATA

All manual teams participating in the round robin were requested to use their own
equipment and procedures and report their results on the forms that were provided
(see Figure A-1). In particular all teams were requested to use more than one set
of equipment / procedure on each flaw to provide themselves the opportunity to check
the applicability and accuracy of their different techniques on a given flaw once

|
the destructive results became available. Where multiple cepth estimatas were
made on a particular crack, the team was requested to select and identify their

! best estimate for reporting. Team 3 produced multiple results on a number of
flaws without selecting their best estimates and indicated that wnen forced to
make a choice they would take the conservative aoproach and report the deepest
estimate. Team 14 produced multiple estimates on majority of the flaws and
elected not to make any enoices.

The following paget are tabulations of teams data for each flaw. Where a par-
i 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 beyond
the depth estimate are given, it indicates that either the technique was among the
advanced techniques or the team used a combination 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 to the NDE Canter at the
conclusion of their participation in the round rooin.

,

l

l

|
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ROUND ROSIN CN UT SI!!NG CF !G5CO

EPRI NDE Canter
Charlotte, NC

Inspector /1.evel

Crack No. ISI Company

utility

Date

UT InstrJoent, Make & Model

Transducer: Single ( ) Qual ( )

Make & Mocal

Sf e
Frequency

Sand wfde ,. if known
*Angie

Mode:- shear ( ), longitudinaT ( ')

Mecod of S!=fng:
1 .

( ) Ampiitude drop,. at i of Pealc ( ) , OAC ( )

i ( ) Crack tfp diTTr :.! ort

( ) Ocers, describe briefly

(

|
|

Measurements fr:m: Near 51de ( ), Far Side ( )

| Sound Path: 1/2Y ( ), 3/2Y ( ), other

Bear Spread: Accounted for ( ), Not ac:cuntad for (, )

|

FIGURE A-1. EXAMPLE OF GATA

! FORM USED IN ROUND RCSINMeasured crack depth: inch

'
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A85 TRACT

This Bulletin provides the technical basis for detamining t1e accept-

ability for continued service of austanttic piping components containing axial

and circumferential flaws that exceed the a11cwaale flaw standards of

IW8-3514.3. The methodology is based on a limit load evaluation of :ne net

pipe section reduced by the flaw area and is appropriate for normal and

faultad conditions in nuclear power plants of lignt-water reactor design. The

allowable flaw size is detensined by applying a safety factor on ce net-

section collapse loads. Flaws are evaluatad by comparing the maximum flaw

dimensions datannined by flaw growth analysis at the end of a selected period

of evaluation with the allowable flaw dimensions. Guidance is given on datar-

sination of critical flaw si:n, environmental flaw growta, flaw growth

f instacility and leak-befort-break, and leak ratas and detection. The method-

ology can be used to detarmine the acceptability of the flawed piping c:mpo-

nent for continued service to the next inspection (or until the end of servica

lifetime) or to dataneine the inspection intarval required.

1.0 INTRODUCTION

Section XI Cl3 of the ASME Code recogni:ss the possibility of flaws in

structures and presents critaria for inspection and detarsination of the

significance of these flaws. Acceptance standarcs are proviced for vessels,

nos:les, flanges, piping and bolts. If ce defects discovered during inspec-

tien are snaller than the acceptance standards it can be assumed without flaw

growtn evaluation that.the original design safety margins are not compro-

The acceptance standards for austenitic piping is given in IWB-3514.3;mi sed.

the maximum a11cwaale flaw depth is 12.5% of the wall thickness.

If the flaw indication exceeds the standards continued operation can te

-1-
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justified if i- is sacwn.:nat ue.innerent C:de margin of safety i s presarted

even wien ce flaw. For heavy-walled ferritic vessels, an evaluation prece-

durt based is presented in Monsandat:rf Apcendix A :s Section X;. The tacx-

ground af 31s avaluation precadurt wita examole calculadens f s diseussad t n

C2,33. However, an analogcus evaluaden precacurs i s not availant e for
!

|
pi ping. Consequently, i f an indication in a pipe excatcs =a suncarc (-125

of :ne pipe wall), ne flaw is unac:aptacle and must te etcaired safen ce(

uni: can 3e operated.

The basis for IM8-3514.3 lim s is given ny Mac: arf C3]. Maccarf poinu

cut enat "altnougn tne permissible flaw si:ss...;revice a .:nsarradve esti-

sata of allewanle indicadens in strain hartening sataMais, :ne ac:acunca
!

sundards wert inundonally 1cwortd for added c:nsarrad sm :s a level c:r-w-
|

{ sponding ta flaw detacunility limiu attainacle my ul:-tscnic examinaten

tacani ques.*

Sunstantial data art now ava11 ante :s sort precisely cefine == margins

of safety for flawed austanitic piping and, wita new analysis tac niques,. sake

possible evaluation precacurts for tasse flaws in :ne same spirit as

Apoendix A of Section XI for vessel s. mis Sulletin ;rtsents :ne :acanical

3 asis for a pipe f1aw eyaluatien precadurt to deurstne =e cridcal crtex

si a, :s predict :ne Mme recuirst fcr ce stress c:r- sion crtex :o -taca

:nis cridcal si:n, Oc assurt =at l eaxage anc no: 21:e severtnca t s =e

failurt secnani sm, a deursine Ortet-onening areas, ficw estas, anc instru-

sentation s sense and measurt 1 eakage. .

he su=s are M awDe flaw avaluaden precass i s snown in Fig. L.

caaractari:adon, flaw gr wen evaluaden ccasidering 133C~ anc/cr f atque!

V /
until :ne next insceeddon intarral, detarsinatten of al'cwant e S aw si:ss

/'
-

3ased on acolied stressas, flaw ac:acunca evaluaten my c. oaring :ne eno-of-

m
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inspection pericd flaw size with ne allcwante value, and if the flaw is not

acceptable, redue:1on of inspec*1on interval or repair.

2.1 A Criterion for Evaluation of Ciremferential Cracks
The cHtical crack size is calculated using a net-section plastic

I collapse critarion. The flawed pipe is at the point of incipient failure wnen

the net section in the cracked plane forms a plastic hinge. Unrestrained

plastic flow then occurs at a critical flow stress level of (equal to tne

average of the yield and ultimata tensile strengta) :nat is assmed to be a

:natarial property. In fact, Horn et al. [4] have shown that 3 5n* Ch* CCd''

allowable design stress used la the analysis below, is a reasonable approxima-

tion to the experimentally datannined gross flow stress of. We will snow enat 7

the critaMon is an accurata and simple way to predict f ailure of stainless

stael pipes containing ciremferential cracks.

The failure cHtaMon (due to Ranganatn and his cowerxers (4,5] based on

earlier wrk by Xanninen et al. (63) is ontained by requiMng forca and moment

equilibrius of the pipe section shown in Fig. 2. The crack desta and lengtn

at which plastic collapse is predicted is given by the following equations:

Case 1: Neutral axis located such that e + s < v

(x - e d/ t) - (Pge f}v
*

4 (1)

2a# ( 2 Sin s - d/t sin elP=
3 ,

i
!
! 3-

|
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Case 2: !1eutral axis Icestad sucn eat s * 5 > v (assune ersck ukes

ccepression

2 (1 - d/t - Pgs )p
3* t. - as ;

22 (2)
P = M (2 - d/t) Sin s3

wners P., and h art ce momersne and tending stresses and me ot::er variantes

are defined.in Figure 2. Zauations (1) and (2) cefine == ccmoinations of 3

and d/t for wiica collapse failurt is ;redicted fer a given P, and 7 ,3

lher acceptance flaw si:s for cae proposed cHtaria t s fcund from ce

critical flaw si:s datarmined from ks (1) and (Z) by amplicaticn of acercoH-

att safer / fact::n on the stress levels at failurt. De effset is :s snift
me collapse failurt line (see F1gurt 3) = me icwer left of :ne diagrim,

Bis curve is =en modified by -

reducing :ne allowanle enct lengtn and deptn.
Bi s cur-te ,

limiting me alloweele enck depta m 7% of me wall mickness.

and otner similar curves fer vaMeus lead esdes (7, - ?,)/5 , is =e sasis of3
4

=e critaMa given in Tacles 1 and 2.
De AS*E Ccde design ;recacurt fer unflawed piping is :asec en ;revicing

'4e use a similara safety fact::r en :ne limit 1 cad of =a ; ice secten.

proceduct for tne flawed pipe also and ;rtscribe a safety facter en =e cel-

lasse load of =e flawed cite sectica. Bis is justfied since ;1astic cel-

lapse pricaces er is coincident 'with crict grcwtn insucility in sustande

suinless s ael pipe. Bus, cur ;nilosecny in settng =e 'iaw accacunca

4-
. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .
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criteria is to preserve the miniaum safety margin innerent in the AS4E Coce |

for uncracked piping.

For normal conditior.s the minimum margin on primary memorane stress is 3

since the code requires P,<S,. 5, is generally the lower of S /3 or 0.9 Su y
"

given in Appenoix I of Section III. S and S are tne code allcwaole ultimata' u y

and yield strength respectively. For pure bending tne margin may be calcu-

l ated from Eq. (9) of MS-3600 for straignt piping, i .e. , P, + Pb ' l 3 3n DY

setting 7, = 0. The safety margin for bending arises from the value of

2 coming from the ratio of the allowable limit of L.5 S, to the flew stress of
2 t)

35, and then the ratio of the fully plastic moment for a thin pipe (4 ef r
to the moment required to reach flow stress on the sur'aca (r :f r2 :) giving

a factor of 4/s. Thus, for pipes in pure bending the overall safety margin is

i s 8/w = 2.55. The required safety f actor is the average of tne Code minimum

safety margins for P, and Pb = 1/2(3.0 + 2.55) = 2.77.

For f aulted conditions, the safety margin is one half of tne value for

norsal conditions, i .e. , 1/2 (2.77) = 1.39. Thi s i s al so consi stent wi th tne

Code design basis.

The allowanle flaw sizes in Tables I and II were generated assuming

P, = S,/2 and e f = 3 5 . Piping is designed such that the hoop stress i s3

acout equal to 5, and hence the axial stress (P,) is about 53/2. Resul ts

shown in Tacles I and II are not sensitive to tnis assumotion. Choosing tne

flow stress ecual to 3 5, is consistent witn experimental data discussed celcw

and offers a convenient way of getting flow stresses from AS4E Ccde minimun

properties for different grades of material.

For a given value of d/t and angl e a (defining crack depth and lengtn

respectively), the angle s defining the neutral axis can be calculatad from

Ecuation (1) and the corresponding value of Pb at collapse can se founc from

!
'

! .g.'

1

. _ . _ . _ . . . - _ . _ . ~ . _,_ _- _. . . _ _ _ , . _ _ - , _ _ . _ , , _ ,, _ . _ , . - _ . . -
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E:;uaden (2) . De a11cwacle stress level for a given Saw si:a a anc a can :e

found by applying ne safety fact:r en == value of 72+ ?b a: c 114;sa.

Using me allowable 7, * 7b values c:rres;cnding u ne d ffertn: nondimen-

sional crack partnetars d/t and L/2se) assming ifnear intar;cla:1ca, a : sole

specifying me allowanle flaw parmatars c:r tscencing = d ffertn: 7 -?b3

values can te c:nstextad. Tacles I and II snew =e alicwanle Maw parametars

for norsal and unsat, and energency and fauf tad c:ncidens ess ectively.

Two modificadens art incluced in Tacles I and II. "he maximum non-

dimensica crack doctn, d/t lie.ad = 0.75 m pr vide acci:1cnal c:nsarva-

d ss. Also, for crack lengtas greatar =an er equal :: 50% cf :ne circum-

fortnca, ne alicwante flaw si:n =es assumed = te cens ant, equal = :ne

value for a 360* flaw. Sinca =e variaden in ce alicwaaie Maw si:a f:r
flaw leng:ns axcanding E of :ne cir:sferenca was snall, =e siccif ff es

precadurt is reassnacle and c:nsarvadve. De icwer $cune cf =e alicwanle'

values is fixed at allcwahle flaw suncarts of G8-3514.3, Secten XI, ASE

Ccde. This is c:nsis. ant wita :ne c:ce sinca flaws :elow =e alicwante flaw

sundards cf G8-3514.1 need not te evaluatad.

2.2 Exnerimenul Basis for tne Of ttumferential . iaw CritaMar

The precacures cascribed acave use trsdi:1cnal ;1as:1c limit casign =

analy:a flawed ausunide giging. De assumeden is mace =at =e uugnness

of suinless suel is sufficiently nign =at fatiurt is ;:ver-ec :y =e
Westreng n of =e matarial and is act sensidve = catarial =uganess.

;rtsent hert =e experimenui cau =at just fy =is ass =:: ion.

Early expeMmenui =crt 1: 3attalie 0:Tu=cus Laccr20:r es :y 3ree.< anc

Mrsenall C5,0 used '.2-inen 4f ee, canur :rsexed Type 2Ca suf ness snel

;&nels tastad in uni 1xial tansica 2 simulata cire:mfortntally M awec 1 incn

-6
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diameter pipe. These panels were tasted under a variety of-loiding condf-

tionswnotonic, interrupted, cycife, and seismic with cracks that included

i both saw cut and fatigue initiators in sensitized and unsensitf:ed materf al.

The results of all these tests (see Fig. 4) show that staDie crack initiatfon

End anximum load correlata with unique values of tne net-section stress.

Eighteen 4-point bending tests were perfomed by Wilkowski (7] on circum-

forentially flawed 2 , 4- and 16-inch -dismeter Type 204 saf nless stael

pipe. Eight experiments used tnrough-the-wall cracks in all three

diamatars. Mine 4-inch pipes and one 16-inch diamatar pipe were tasted wita

i internal surface flaws. Ear 11er work with pressurized pipe had shown t:re
I effect of internal pressure en maximum bending moment was negligible C63 The

results for tnrough-wall cracks are compared wita tne net-section stress

critarion in Fig. 5. Additional test data on 4-and 10-inch pipes in bending

and tansion are reported by Andrews (10].

Figurt 6 comparts results for part-through surface flaws in 4-inch

diameter pipe. Tnese data show that stable flaw growtn startad at 98 percent

of maximum load associated witn net-section collapse. W11kowski C73 also

testad a 16-inch diamatar pipe with a circumferential flaw 66 pement of tne

well tnickness and 47.5 pement of the circumference. Staale radial flaw

growth started at 76.5 percent of maximum load and continued until maximum

load was reached at 86 percant of tnat precic*ad by tne net-section collapse

cri tarion.

2.3 Comearison With Theoretical Considerations

The net-section strengtn method assumes a unique value of the flow stress

that is indeoendent of pipe diamatar, wall thickness, and flaw lengtn.
Jes.

Smita CS] has considered' this ,assumotion for tne cantar-cracked panel . Using |

|

-7-
! -

,

-
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me esti: nation scheme of Xunar, Ger an, and Shih C9], he calcula:ad a net-

|
section stress Ygg for the onsat of flaw ex:ansicn. He fcund :na: Y gg cces

not vary appreciably wita flaw si:e for a fixed panel wide (c:rrascencing to

a given pipe diamatar) but is reduced as panel width increases. Althougn only

one panel wid n was tastad, nis is c:nsistant witn me crack initf a:1cn

result of tne large pipe test discussed acove. It is ccvious mat for a fixed

flaw leng:n-to-diamatar esda, flaws in large pipes =111 surt :s gr w at

scaled loads below : nose of snait pipes sinca me crack-dHving for:a J

2(or K ) is proportenal :n enck lengc.

Crick-growtn insunili;/ of :ne cantar-cracked panel was investgatad by

German et al . (101 wie cznsidered ne addidenal loac margin aceve cract
i

initiation ec ur-ing =f ta sunie ersch gr wen. Day cocinec crsex-criving-

forca curves (J versus load) fr:m wnfcn *te 1caos at crict ini:14:icn c:ule
also to detarnined. Bis esti=a-icn precacure precicu me nax1=um icad for

hesunility inat may be c:sparte with me net-section stress critarian.

result for a plata 41,-inenes wice (modeling a 12-in. cia. pipe) sacws :na

crick initiation (assusing Jgg = aCCO lb/in for suinless stael) sur.s at

loads c:nsidersely below :ncse for insunflity fn c:ntrast wita :ne 12-inen

wida plata (see Fig. 4) wnert initiation occur ed at 1 cads caly a few ;ercant

below the entlasse load. Final insunflity was c:meutad :n ec:ur aceve me

net-sectica es11anse lead. This result snows nat me net.section s rtss
|

l cM arion is ::nservatve wnen sunie erset gr wc f s ac::untac fer.

De elaste-plaste f scture mecnanics estmaden sc.ame (?I was also

acclied by Ger .an et al . (10] md :tangana:n and Menu Cil := flawee ;i;es anc1

i

ccmcared id:n resul .s 8 s me net-section striss :ri taMen. esul.s f:r a

Cne-nalf :furcugnwil crset witn tansicn (fr:m CII) is snown in Fig. 7.

me cylinder .as = called as a single-ecge :rschad :lau vi n ::r teden f r

-a -
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the curvature follcwing German et al. (103 The figure shows that cracks in

large-dimeter pipes initiata at lower stress values than small-dimetar pipes

but that the load for plastic collapse (and crack instability) is independent

of pipe dianetar for a given norsalized crack si:e. There are no analogous

calculations for surface flaws.
Experimental and analytical work (4,73 has shown additional margins of

Isafety under dynmic loading as a resul t of satarial plastic energy ansorption

and time-of-application of the load. Static instacility loads can be exceeded

I by large margins if the period of application of dynamic loads is sufficiently

short. However, cyclic loading leading ts fatigue or rat:::eting daage plus

soment reversal on circunferential cracks say lower such apparent dynmic

sargins.

2.4 A Criterion for Evaluation of Axial Fl aws
An empirical formalation for axial througn-wall flaws in pipes developed

by Elber et al. (111 for the hoop stress at failure is
,

!

i

I M I3I'

eh *

where we ha"e replaced a f with 353 as before and wnere M i s a curvature'

correction factor

M=[l+ }10 (4)
s

.g.
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1 is me enck langc, R is the mean esdius of me pi e, and t, is ce sinimum

The data are c::mpared wita Eq. 3 f n Ff g. 3.pipe-ell :nickness.
For part arougn axial encks me hoco s:nss at fsflurt is'

gd-1 III

h * 3Isb ye - W }8

ert d is me ts:tn of enck. For a long axial part-creugn enck, L/M and

me critarion recucas u On m.nittment mat =a figsment s:nss cornscends
,

s =e flow stress. The dass art c:mtared witn Es. (5) in Fig. 9.

Piping designed by M83641 of tne Code has mini =un :nickness

70 (6)*1:
1 S,a

dere P is me design pressure and o is u :w:Pde diamatar of me pfge.g

isThe associated hoco s nss v3

70 (7)
: = - 2- = $ ,

n 2t, s

$1nce $ is defined as =e 1cwor of 0.3 S.
anc S /3, ce Mnimum micx -

j 3
3

Orte f:r casign c:nci-ness nquirteents assurt a saftr/ margin of at itas:

:fons. I . (6) uses casign petssurt ca: is no: less =an =e max 1=um :rss-
scar

surt f r nornal conditions. This is scmewna nigner can =e ;rtssurt
is te :tmes I

nornal overstion. For faul:ac c:nai:1cns me =aximum ;rtssurt

me casign pressure and ce sinimum saftr/ narsin is s least 1.5.

mtS
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Altnough the code specifices the minimum required thickness, in practice

the actual thickness of piping designed to the code is likely to be much

higher. This allows the safety margin to be higher than the minimum value of

3.0 even when the pipe is degraded by the presence of a crack. This suggests
t

establishing acceptance critaria for axial cracks in austenitic stainless

steel piping such that a pipe with an axial crack is acceptante for continued

operation if the minism safety margins prescribed for uncracked piping can
i

also be maintained with cracks.

Appropriata safety factors must be applied to Eqs. 6 and 8. If a safety

F factor of 3 is required, the allowable hoop stress is given by:
l

*1. (t/d - t ; (8).

5,, t/d - 1/M

Xnowing the " stress ratio" egS, and the crack length 1, the allowante

crack depth a can be calculated from Eqn. (8) . Table III shows the nondimen-

sional~ allowable flaw size as a function of stress ratio and nondimensional

crack length 1/vTE,. We disallow crack depths exceeding 75% of the wall thict-

ness but from the viewpoint of structural margin, greater crack depth can be

allowed. Tanle III limits the nondimensional flaw length 1/,1(I, to tne aliew-

anle length for a through all flaw calculated using Eq. 3. A flaw that

exceeds this length is limitad to tnat specified in CiB 2514.3. Thi s fl aw -

lengtn limit guarantaes that surface flaws will remain below critical size

(based on tne plastic collaosa condition) if tney snould grow througn the

well.

,

-L L .
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Taule TI shows ce 411cwante axial flaw si:ss for faul.ad c:nci-icas.

Desa values were catained by imposing a safety margin of 1.5 on Eg. (!) . ne

sinima flaw size catained from Tables III and r/ f s :ne cM:dcal end-of-

inspection fTaw si:a.

2.5 Ex:erimenul Basis for tne Axial law C.-iuMon
In 1.971 !!ber et al . [11] puolisned me resul .s of 34 expeMmenu :n

represanutive nuclear reactor piping satarials of Type 315 suinless suel

and A1C6B canon stael with diameters up to 24 inches. Desa dau providad

:ne basis fer ce axial fiaw critaHen discussad above.

Twenty eignt of :nese tasts were en careen stael . Sinca suintess stael

is sort ductile can carton stael, Elber's c:nclusiens en =e validit/ Of a

1121: load failurt critarion art angifescia als: = suinless snel piping.

De tast resulu sacwn in Ffg. 3 and 9 fers ne easis fer Ecs. 3 and 5.
I

2.5 M tarials
mtarials acolicante :s ne new eM: aria art weugnt ausanitic suinless

stael, Incanal, and neir asscciatad meiczents, and cast ausunitic suiniess

steel witn less : nan 205 (Mi = 20) forMts. !<=actanle yiele stnss is less

: nan or equal to 46 ksi at recs tascorsure.

The sensi:1:sdon of stainless sonel caused :y wicing or furnacs sensi-
<anninen ettintion is an incorunt c:ntMbut:r :s snvironmenui :rsexinc.

al . C5,73 investgaud me effect Of =1 s sans::inden :n =e net-secti:n

failurt cMtaria anc c:ncluced =at 'ce ;rtsanca Of ne wie anc =e sansiti-

:stion of me mataMal sur= uncing :ne flaw co not sipificantly affect =e

acclica stress at fsihrt." Deir c:nclusiens were based en tasdng Octa

furnace-sensiti:ad platas and flawed ;1:es wiO wies mace by manual gas

-12-
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tungstan-art and manual snielded meul-art wita 2C81. suinless stael weld red ,

accoNing to procedures recoassended by a prominent United 5: stas nuclear staan

systaar supplier.

Inadequata data exist to assess tne teaMng subility (see Section 3.0)

of sensitized matarial. However, the lower bound to crack growth instanfif ty
i

is coincident with net-section collapse for wich tne data of reference C73 is

applicable. The safety factor of three (based on tais load) of the flaw

evaluation cMteria assures only stable crack growth and avoidance of guillo-

tine pipe failure.

3.0 1.eak -Before-Break

Prudent design requires that pipe with sersica-induced surface flaws fail
i

by asynnetMc radial growth to a local detactante leak condition rather than

unstable circumferential growen leading to a suflictine pipe rupture. Two

failure mechanisms must be considered: environmenully-aided stante crack

growth (including fatigue), and unstable growtn of an existing crack by loads

associated with nor nal or faultad conditions.

The argtment favoring the leak-before-break hypothesis for environment-

ally-aided crack growth relies on the asynuetry of tne weld sensitization and

| bending loads. Table I, for example, shows that a ecmoleta circumferential
l

crack can equal 63% of the wall thickness for loads douale the design stress

limit, g. Before the crack deptn reaches tnis si:a, the azimutnal vaMations

of welding residual stress and natarial susceptibility in the heat-affected

:ene, comoined with the asymmetMc bending loads, will lead to asymmetMcal

crack growtn and the for-tation of a snort tnrcugn =all crack. mis hypotnesis

is verified by extensive fiald expeMence.

43-

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



- _ - . - - - - _ -_

.

;. .

i

!

.

;.

'
.

Unstacle ersck grewc is avoided by achertnca = ce cMuMa of Tacles !

- to IV sinct the basis of :ne cH:aMa, plasde collapse of me flawed net.

section, is csincident wiu :ne lower bound oc crack-gr: wen insucility

associa:ad wita lead control.
I

3.1 Instacility of Cin.:sferendal FTaws

Acci:1cnal safety sargins on flaw grewen sucility are avaf f aele in

piping systans if :ne 1 cads art governed by ;rtscMbed displacement er reta-

tion insteed of :ne anglied fama or nement =at fcess =e basis for ce

critaria discussed aeove. WI2 proscMbed dispiacament, for examoie, :ners is

a relaxation of crack.tig striss witn sucie ersck growen and =e s:: murt

can susuin amplied disciacaments beyond nese associand =f u saximuu icad.

For :nis class of Icads, :na ;recacly includes seis:mic, acci:1cnal safety

sargin is avaiianle over :nat predicud by :ne plaste collacsa mecnanisms

discussed acove. In fact, it is ;cssible = snow =at in same piping systams

it is imoossible to have unstante cire::sferendal crsck gr wen at Icads

escaeding AS4E Csde t.evel 0 faultad candidens, and 'er =ese systams no

gu111cene pipe break will oc: r. Acolicaden cf =ese cHuria escuirt ce

use of elasde-plastic fracture amenanics.

The basis f r pipe taaMng-instanility analysis was given by pari s, 7ada ,

and Gtmole C23 wo snowed how 1cded piging sys*am c::melianca incitasas =e

;ctandal for unsuale cract grewen. 3y increasing =e unsuccer.ac ; ice

lengu, nors sured elaste ene:gy is availacle c:2 feec in c me plast e net-

section c:ntaining a cract anc cMve it unsucty. The acceo c::mcitanca taxas

:ne systas leading mecnanisa accear = :e closer = a f:r s :y e cf Icacing

estner nan a displacemeS icad. " hey sacwed =at if me estic of ci;e leng=

:s escius was less =an a mataMal ;recerty callec ce *: string maculus,* i.3,
'

I
|
;

14
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instanility was impossible. Taking 7, as 200 for stainless steel, the criti-

cal unsupported length of a 2-f t diameter pipe is 200 ft, a length that is

unitkely in nuclear power plants. Circunferential flaw staaf1f ty guarantaes a

leak-before-break condition. Extensive tasting (see e.g. C7,10,123) has

verified the theory.

Cottar, Oang, and Zahoor (14] have recently appif ed this tearing insta-

bility theory to primary and secondary piping runs in existing SWR and PWR

nuclear power plants. The analysis here is cog 11cated by the three-dimen-

sionality of the piping design and it is necessary to replace the strafgnt

pipe length L with an effective length equal to EI/X where EI f s the pipe

( section modulus and X is taken to be the minimum bending stiffness of the pipe

run coguted at each assumed flaw location. This stiffness is obtained by an

elastic, finita element piping computar program from which an effective L/R

may be connutad'and compared with the matarial tearing modulus.

The results for some specific boiling watar reactor piping are given in

Taele V. The analysis shows that it is impossible for Level 0 loads to cause

guillotine pipe breaks in the austanttic piping runs considered. The descri p-
,

tion of the above analysis has been abbreviated for this sunmary paper and

interestad readers should refer to reference [14] for details (and assump-

tions) of the calculations. Additional infomation on the calculational

procedure i s given in the Appendix.

3.2 Growth of Surface F1 aws

Zahoor (7] showed that the preferred growth direction of a semi-

elliptical surf ace flaw i s through the thickness. Hi s calculations, for sotn

bending and tension loading, gave the ratic J /J when J and J are cracxe a g

driving forces (defined by the J-integral) in the circumferential and radial

-15-
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drections respectively. Values less : nan ene indicata ;rtferenca Nr axial

growth versus cimmferential gr:wtn. De ratio is always less er equal :s

one as seen in Fig.10. For tending loads, a 120* crack penetrtdng AC". of
Bis:ne wall has tarte Mmes ne driving for:a in ce racial dirtetien.

result strongly suggesJ 1eak.befort-treax tenavior.
i

3.2 Ins. anility of Axial Flaws

De cMtaMa of Taales !!I and rt Nr axial flaws wert cased en =e

experiments of Elber et al C111 anc ce cMdeal net-section stress

cM arion. Flaw instanility is ;rtcluded in =ese ucles by sainmining a

safety fac=r of tarte en =a collanta load.

4. 0 SUSC2.7! CAL FJW GRCWTH

The work acove considertd cM tical crtek si:n wim no d scussien of sun-

cMtical growtn. Fatigue crick gr we for ferMdc stael is treatac in

Asperidix A, !setion XI of =a ASME Cade, out me C:ce c:ntains no guidanca Nr

intargranular stress cervesion cruting (!G3C::1 cr fatigue crtexing in

' austanitic piping.

Cansidertale data is now ava11 ante :n e-sck grewc rttas cue = MSC:: and

Bis stress intansityft:1gue as a function of me stress intansity fac=r.

may te c:moutac knowing =e crtet gecmet: / anc me ;M=ary anc seconcary

In me wort :nat felicws, w summari:a =e crtck gr:wt:-esta can1

stresses.

anc weld resicual s:rtss ca.a :s previce design rec:umencations anc guicanca
Desa calculaticas =at ;revice ce d:ein making crick-grewc calculadens.

requirte Mr a flaw = cteca cd dcal si:n may to usaful in recair caftr-21

cecisions neeced u develop a pipe esclacment lan anc .s 00:11n -tcic.cment

pipe.

- - ..__ __.
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4.1 Residual Stresses

We have reviewed the available data (see e.g. [4]) on weld residual

stresses for use in crack-growth analyses. Typical through-ell distributions

are given in Fig.11 with more detailed results for large pipes shown in

Fi g. 12. The data show more benign distributions in both axial and circunfe:-

ential directions as the pipe diameter increases because of the larger heat

reservoir associatad with the greater wall thickness. There is a transition

in stress distribution at a pipe wall thickness of about one inch and we have

chosen to separats the data at that pipe-wall thickness. The small pipe

reconsendations may be overly conservative for wall thickness approaching one

inch.

The axial residual stress data (learting to cirtusferential cracking) are

consistent and are conservatively represented by the simple distributions

given in Fig.11. The axial stress data base includes measursnents on 4, 10,

12,16, 24, and 28-inch diameter pipe.

There are fewer circunferential residual stress cata and some of these

are limited to measurements only on the inside and outside of the pipe. These

data show much mort variation but there is a trend to comortssive stress on

the inside wall as the pipe diameter increases as shown my Sasaki et al. [153

i n Fi g. 13.

4.2 Stress Corrosion F1 aw Growth

Horn et al. [4] and Huet et al. [16] have c::mniled extensive cract-growtn i

data on Type 304 stainless steel due to intergranular stress corrosion.

Figure 14 snows crack growth rates obtained at ~EC*F in 3 and 0.2 pcm oxygen-
!

| ated water under constant load. The material was given isother-nal heat

| -17-
i
|

|

|
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treatnant to si=ulata furnaca sensi:1:sc and weld sensiti:ac suinless

.

steel. De dau fall into tnree bread classes; :ne icwer ifne c:r esponds :s

weld sensitized matarial in 0.2 pps oxygena.ad waar at 550*F; :ne niedle line

represents the expected crack growta esta for furnaca sensiti:ad stainless

staell (F333) in 0.2 pp watar, the upper beund line represants hignly furnaca

sensiti:ad satarial in 3 pps oxygenatad water at 550*?.

Crack-smuta dau using CT and WCt. specimens, pipe tasts, and CET tas:s

have shown tnat furnace sensitized Type 304 suinless stael i s scrt suscac:-
Sf: sit arly, IG3COinte to IG3C0 for both enc:t initiation and cract growtn.

Man incrack growth estas in 3 pga oxygenatad watar art significantly higner :
For crack growtn evaluation we :nertfort rec:anendQ.1 pga oxygenatad watar.

me felicwing:

Use tne line corresponding to furnace sensi:1:ad s ainless suel (:neo

siddle design line in F!gurt 14) to calculata IG5CC cract gr:wt.1 for

weld sensitized satarial in 0.2 pga exygenatad watan. De precacurt

is conservative sinca erscks grew sort cuictly in furnaca sensiti:aa
Y

sataMal . _ a than weld sensi:1:ad satarial.

Use the unger bound ifne (cornsponding :s F333 in 3 pps natar) :so

evaluata crsc2 grewtn for furnaca sensiti:ad satarial in 3.2 ;cs

Use of 3 :s cata i s ::nsar-rative :ecausa 3.3 s=m' exygenatac =aur.

cract grewtn ratas art 1:wer.
j

i

'M 03530 was found :n se severely sensi:1:ad sased :n CUT asts as weil as71gn17
ASTM A2521 cxalic acid etch tasts and is c:nsicarte ecuivalen: ~17' ::
furnaca sensi:1:ad sataMa1.

1

=la - !
|
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The conservatism in the above reconmendations provide margin to account for

Our calcu-fluctuations in water chemistry and higher oxygen during startup.

lations show that the presence of load fluctuations for normal operating

conditions do not affect IUCC crack growth ratas significantly. Fatigue

crack growth due *.o systen transients is discussed in the next section.

'de have elected not to extrapolate the existing data base beyond
Cl assicacout 40 ksi /TC and results from such high K tests are suspect.

IECC theories predict a plateau in crack growtn ratas above a specific value

of X, however, the location of this plateau is uncertain. 01 published data by

| ' Shack and his coworkers (13] suggest the upward trend say increase wita

increasing stress intensity. These crack growth rates at higher K may be

needed for analysis of axial cracks, however, those axial cracks will grow out

of the heat-affected :ene into less sensiti:ad satarial where the lower-bound

(or zero) growth line is appropriata.

4.3 Fatique Flaw Growth

Crack growth due to low-cycle fatigue may be cguted by

(9)h=CX",ff
1

wnere K,ff = K.,,, (1-R)0.5 and R i s the stress intensity ratto K.nin/Xmax-

I
The data base (4,193 shown in Fig.15 was cotained in simulated t|AR

environments for various R ratios. Referenca (20] discusses proolems in ne

definition of X,ff associated with high R values.

-19-
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4.4 FT 4Wrewth Calcuiatiens

Fl aMrewth calculations say be done for a given fl aw gecmetr/ by super. .

;osing tae semica and residual stressas frem ,nich Me stress intansity

f actor say be easily ccanutad (using e.g. , : e ecmoutar progrm of Cechia and

Harm s (213) for any flaw desc. Then, for a given time increen: 20, ce

grew:n increment aa say be c::amutad frca ce s: tss intansity f ac:ce at ::is

flaw desta using ue growta-cata curves and sunned :s couin flaw dacta versus-

time predictions. Computations should incluce ne envenoicgic centribudcas

f
free tae staady and cyclir.Icads.

Da calcula:1cnal precadure has been verified by tansicn tasu en f'Iawed

15 and Z4-inca diasetar pipe C4,22] in simulatad I'JR envirernents. Calcul atad

cracx gmwt3 is ccanartd wi2 measured grewc on a 24-inch diamatar ;1;e in

Fig.16 for two crack growta-esta assunctions of F1g.14 'Je elas:1cally
.

sucerposed the essidual strsss distributien of Fig. L1 wiu the 15 tsi tast

stress. Pipe yield stress was 36 tsi. Similar scod cor-ssponcence has :een

catained by Horn (4] in a (cur-int; tas: of a flawed 15-inc:t diamatar pipe in

a simulatad EldR environment.

Cract gr=wc predicticas totained in Mis way confirm cat crsex precaga-

tier in aswided small-diameter lines is sufficiently fast sna: f=mediata
On =erecair is escceeenced i f IG3C0 t s detacted by in-servica f ascocten.

f avertcl acuer hand, because .elding residual s:-tss disebudens art sert

f n l arge-diametar pi:es ( say greatar can IC-in. dia.) , and =e cricx ar tsu
|

in ce ccmortssive part of me Ptsidual s: tss field, ;erices Of me Order O f

| years art predicted tc be necassary for a small cricx tc grew to a cin a

waien me -seeining safety margin =culd :e unaccactuie. C:nsacuently , f may

se justifiaale u defer escairs in I arge-diamatar I f nes until seneculec
,

i
,

refueling Out2ges, in creer u minimies sian: dcwntime.
i
,
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! Crack growth calculations using the aoove procacures are based on LIFM;

i .e., the stress intansity factor due to residual stress is added to taat due

to the applied stress. This is the procedure used in fatigue crack growta

analysis. The LIFM approach is reasonanle since the test specimens used for
We believe tnat residualthe crack-growth rata data are in the LIFM range.

stresses ana the cra:k-growth ratas rec::ausended here lead to conservative

crack gn3wta predictions.

5.0 Leak Ratas and Detsetion
t

prudent application of flaw repair deferral suggests that leak detection

instrtmentation say be desireable. This section discusses metacds to predict

crack-opening areas and resulting flow ratas. Data is presented on the mini-

mLas flow rate detectable by acoustic sensors and the correlation of acoustic

energy with flow rata.

5.1 Crack-Coen Area

For nonsal loads, crack-opening area may be computed by formiulas given by

Tada and Paris [233 For ciretamferential cracks subject to axial tension and

I bending
I

I

D 3 * "** )} (10a)
A = b (r R )I (e )(1 +2

C
4E ,t a g

Or

-21-
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A= (r A )I (e if +3*C 8?, (ICb)*
'

E t 'a '
b

wners

I.(s) = 3 (1 + (a ) M {$.5 - 13.3 ( ) * 24(a )1}

* (h)'[22.5 - 75(h) + 205.7(f)

- 24~ .3( + 2:Z(* I } } .

and S (0 < s < 1C0*) is the enEhal f crack l eng:n in radians. A is te crtex

epening area, R :ne mean pipe esdius, E i s one elastic sedulus, and ne

:ansion and sending s:rtsses ars

|

|
t

9

#*Et

(1 23
and

M

23' *,

T d* *
.

7 and M art :ne axial forca and sending sement res:ectively inc : is One

acminal pipe :nickness.

For intarnal ;rtssurt 1: acing, :ne Ortex-ocening area i s f:unc ?- m

.
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A=f(2TRt) * G (1)
(13)

wnere e is the hoop or axial stress due to pressure and 1 = a/vlE. For

circumferential through cracks
,

2 4

G (1) = A + 0.161 (0 < 1 < 1) gg4)
2 3 4

= 0.02 + 0.811 + 0.301 + 0.031 (1< 1 < 5)

and for axial through cracks

2 4

G(1) = 1 + 0.6251 (0 < 1 < 1) (15)
2 3 *

= 0.14 + 0.361 + 0.721 + 0.405A (1 < 1 < 5) .

Yielding near the crack tip may be modeled by a plastic zone correction

2

I (16)
[g[yx =x+ g

eff

=nere x may be e or a in the above Mmulas.

Some crack-opening areas for faultad conditions where large-scaleI

plasticity occurs are reported by Geman et al . [10] or may be ccmputed by

methods given by Iancor (73'

-23-
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5.2 Laak Ratas

A c:mmutar progra based on taeory bs Henry (24] is availacle for flew

The model accounts for watar and staam snasas, well friction, -

:nreugn erters.

f1cw arsa, arsa change, and bends in the flew gau assccia.ad vic 133C::.

Detail s of == wrt is given by Callier et al. (251 *no desc-ibe ce c::noutar

program cat wita :ne crtck-opening areas of Section 5.1, allcw calculations

of leak ratas.

Ranganath (Al used a simpler secod to estimata crtck-opening ana and

ficw rata for circ:arfarential creugnw11 cricxs. Tanle V! shows results of

a csiculaticn u catain :ne maximum crtet leng:n fer inrte difftrent pi;e:

dimetars suca cat ne ficw rita is limitad .c i g;m. Tne 5 gp. flew esta i s
The:ne ainiasi undetactad leakage rata allcwed in nuclear pcmer plants.

tante assumes normal operating ennditions vita a pnssurs s nss across ne

crict of pr/2; a 3,/2. The wort used an intarnal pressure of LC00 psi, anc

tammerature of !!O*r,

5.3 Laak cataction
Collier et al. (251 have snown that it is possible :s seasun f1cw estas

tarsugn actual intargranular s:nss c:rr:sion crteks dcwn u 5.P x lo-I

Xg/ sac (anout 0.0003 gym a 10C0 psia anc SCO*F1 wim c:nventicnal ac:ustic

sensors sountad on the pipe. The exteriments usac :nreugn : texs in 12 in.-

diamatar Schecule 100 pipe. The longest crack, 27.9 mm, l eakad at 3.2 g/100

(acout i gps) for typical 3*4R conci:1cns. Signal s frem cir:.miftetntial crtexs

are urte times strenger at a transcuent station 1cca:ac a a given axial
":r-ti a-

distacca fres :ne crtex : nan at =e same circunfteential dis.anca.
.

tion of accustic :nnscucar signal wiu flew rata, ciscussac in =e same

-- -- _ _ __, __ , _
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report, was shown to have potential. Resistive-tape sensces that are
,

i

extrasely sensitive to moisture have been used with repair deferral schemes.

6.0 Crack Detaction and Si zing

Acceptance of a flawed pipe for continued servica using the evaluation

| I procedures discussed above requires flaw si:e datarnination by ultrasonic

inspection (UT) or radiography (RTi . The principal defects in stainless stael

are axial and circ.aferential flaws caused by IGSCC in the heat-affected :ene

(HAZ) of the weldments.

These flaws are generally not clean cracks with high reflectivity. IGSCO

is frequently a tree-like growth with branches extending into the intargranu-

l ar socius. At any particular radial depen ene oranca or tne trunk may be the

predominant physical flaw and accustic rsfiector. Under hign stress intensity

conditions the trunk section usually dominatas; the crack being similar to a

saw cut or notch with roughened sidewells. At low stress intensity both trunk

and branches may be extremely tight with small pnysical separation :naking

signal interpretation difficult.

Stgnal interpretation is furger comp 11cated by gecmetric reflectors in

or near the heat-affected zone, such as the weld crown, root, or oy the coun-

tarbore and it is difficult to generali:e quantitatively about our ability to

detect and size stress corrosion cracks. Some guidance has been provided by

1.apides [25] in Table VII that gives rough estimatas on tne protsaoility of

! detsstion and sizing IGSCO. The basis for Taole YII is judgment based on tne
'

current state of tne art.
Recent utility response to increasing incidents of IGSCO nas provided

data on the acility of inspection teams to si:e IGSCC in 29-f aca dimetar
|

|
piping removed from a SWR nuclear power plant. Some resul ts, shown in

;

i

i 25-
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Tanle VIII, demonstrata ma: wita preger equipment, training, anc experienes,-

acequata si:ing capability is currently possible. M extansive si:a ecund

recin is currently uncer way under EPRI spens:rsnip.

7.0 Sunniarv and C nclusiens

This Bulletin provices :ne technical casis for datarsining me ac:act-

acility for condnued service of austanitic piping c:mpenents cannining flaws

mat excaec me allowable flaw sundards of G8-3514.3. Coce secten Ga-3440

and ne associated acpencix allows nis altarnative analysis. The secoccicqy

is accrecriate for nomal and faultad Icads in nuclear ;cwer systams of 11gnt-

watar react:r design.

The wrt adcresses born margin of safety and me ec:ncmic c:nsiceradens

recuired to plan a future cuuge for pipe escair. This escuires cataminaden

of cridcal crack siza, a prediction of :::e :ime recuired for me striss

c:r-esian crack :n reach :nis critical si:3, assuranca cat leakage and not

pipe seversnca is :ne failure mechanism, detarsination of cract mening areas

and flow estas, and aspitca:1cn of bact-up inst: menuden :s sense and

sessure leakage.

The precadures adertssee in mis Su11edn = jusdfy c:ndnued coerstien

art not simale. Pey span a scoctr's of engineering d sci: lines inclucing

matarials, elastic clastic frsc urt mecnanics, anc =er al-eyertulic flew

analysi s. While ce :::mconents of =e analysis have a ;:ca .acnnical :asi s,

me acual calculadens, cccumanution, anc esquia=ry accrevai :rcesss nave

te sufficiently time c:nsuming =at utilities may finc ;i;eseen snown .:

essair er esclacamen a mort scencaic cacica. Piping engineer =ncar ac .i =

:nese recaie-etalaca decisiens snculd te familiar et u ce ma.arial ie :n1s
Sulletin price = noncest:1,cdve ;ising ins:ectens, anc sneulc have sucxec.

replacement piping :: mainuin maximum flexibilit/.
.

-
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Appendix A
.

Precadure for Caputing 7 earing 3:20111:y

of Ciremferential 3rcugn laws

.

Tada, Paris, and Gasole (131 used a fractare mecnanics analysis m

De critarien is validprovide a critarion for stabilit/ of crack ex:ansion.
for satarials wnose failure is caaractari ad by gross yielding of =e cross

section conuining =e crack, sucsequent plastic insuoilief, and guillotine

De secod is applicante s piping systams of arci try stiff-pipe r Jours.

ness loaded by sutic or dynamic boundary cisplacamenu. De .necocalcqy is

used to evaluata leak-cefore-creak benavice.

A taaring modulus, T, was developed using J-intagrsi meery sna =e J-

and 7 ,,; areintegral resisunca curve. De noncimensional quantities 7.m 3

defined as

d
E sat.

' sat *~ y ca

(11
and

Iacol " e a

wera E ts Young's noculus, e, is =e flow stress enfinec here ts hal f te sm
a is =e flaw dacts in =aof :ne yield anc 21:1mata natarial strtngu.

'

'

.
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is the value of J following the matarial resistancestanility analysis, Jag'

curve, and J is the applied value of J. Stacility of crack growen is given by

j stableTsag > Tapp

and (2)

: T,,, < Tappi unstacle.

must be c:maputedT is a maurial Apen/ masund in me laboratory; Tapplmat

for a given geometry and load.
'l

T Nr a piping systa is dven by
app 1

|

I3IT,ppi = Fty+F2

,e

Fg=
(4)

F2= (cos e/2 - 2 sine)
J

L is taken :s be :ne effective pipe leng n,and Fj = sine /2 + cas 9.
discussed below; R is the mean radius; E is Young's modulus; s is the flowo

sinss; J is the J-integral crack-2 riving force; e is Malf :ne crack angle.

Since the maximum value of F is 0.81 and F is negative for 29 < 50 (the
g 2

-29-
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! second tars in 14 3 centributas accut 3". for J = 3Jgg), a conservadve

estimata for Tapp is
'

III
T 3 UI *app

An elasde piping c:moutar program may se used :s c:mouta =e affeedve

pipe lengtn ty ce procacure given ny Cottar et al. Cla1 A ningec secten is

used to model :ne plastic rotation at =e flawed weld 1ccation. kual ccments

applied on each side of the hinge (causing a kink angle) allcw calculadca of

tae c:rresponding in-plane and out4f-plane rets:1cns. The precass is

ettestad in the artnogonal tending direedon from anica a 2x2 flexibility

sacrix any be camoutad. The effecdve lengts i s =en enosan from :ne relation

L=ENn wnere %qn is chosen as the lesser of the :no principal

- sd ff.1essas.

J of Eg. (3) is casmutad fr:s

(6)
J = e .tF ya

where e is one kink angle due to plasdc rotation at :ne crtched secdon.

Cettar et al. conservatively chose equal to 1 degree. Tacol may taen te

calculated frem Eq. (3) and used in h. (2) :s evaluata s:20111:7 The

calcularica is etceaue for eacs weld in =a sising systam.

20
.

. _ - - .



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

, .
,

t

REFERENCES

1. American Society of X:enanical Engineers Boiler ind Pressure Vessel Code,

1980 Edition (and Addenda) .

2. " Flaw Evaluation Procadhres AS4E See:1on XI," T. U. Marston, Ed.,
.

ElectMc Power Research Instituta. EPRI NP-719-SR, Special Report,

August 1978 (see Errata dated ApH1 14,1980) .

3. *Mondestructive Examination Acceptanca Standards, Technical Basis and

Develcoment of Boiler and Pressure vessel Code, AS4E Section XI,

Division 1," edited by R. R. Maccary, Electric Power Research Inst 1*ata,

EPRI NP-1406-SR, Special Report, May 1980.

4. "The Growtn and Stacility of Stress Corrosion Cracks in large-01ameter

BWR Piping," R. M. Horn, Ed., Electric Power Research Instituta Report

NP-2472 (Vol. 1: Summary; Vol. 2: Appendices), July 1982.

5. "EngineeHng Methods for :ne Assessment of Cuctile Fracture Margin in

Nuclear Power Plant Piping," 5. Ranganata and H. S. Menta, Elastic.

Pl astic Fescture Second Symposium, Vol . 2, " Fracture Resistance Curres

and Engineering Applications,* ASTM STP S03, AneMcan Society for Testing

and MataMais, Philadelphia, Pa.,1983.

6. "Toward an Elastic-Plastic Fescture Mechanics Predictive Capacility 'for

Reactor Piping," M. F. Xanninen, et al ., Nuclear EngineeMng and Cesign,

-31-
- - - - - _ -



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

.

j. .

;

.

f

' . ,

3,117-124, L978. Mort detsf1s art given in !?RI Reper. NP-LS2 en
, ,

Projec. !85-L,1978.

7. "Instaatlity Petdictions for Cire:ssferendally Cesckee Type-204 Stainless

Steel Uncer Dynamic Lsading,' M. F. Xanninen, et al ., Elec:Mc Power

Researen Instituta Reper. NP-2347 ('Iolume 1: !amar y; 'lolume 2:

Appendicas) , AcM1 1982.
t

8. "Thearttical Justfication for tne Association of a Critical Net-section
Stress wita Fesc:ure Inidation at a Cesex Tip," E. Saita, Int. L Pres.

'Ies. and Piping, 3 (1980) 203-311.

.

" An Engineering Angroaca for Castic.71asde Fesc urt Analysis,*9.

'f Kumar, M. O. Gaman, and G. F. Shih, ElectMc Tcwer Assearen

Insttute, EPRI MP-1931, Freject 1237-1. Tonical Recort, July LS81.*

I

'Castic-pl aste Fescturt Analysis of .: lawed stainless Stael Pipes,"10 .

M. O. Ger. san, et al ., CectMc Power Research Instituta, Report

MP-2508-4.0, Palo Alts, Ca., Sestammer 1982. See al so, 'C astic.31 asde

Analysis of Crack Coening, Stanle Gr:wth, and Instacility Senavice in

Flawed 2CA Stainless Stael Piping,' M. O. Ser-ran and 't. Xumar, ;rtsantaa

at :ne AIME ?nssurt '(essel anc Piping Canfarenca, OH anco, :T a., June

1982.

**atvestgation of :ne Initiatica and E.t: ant sf Ouctle Fi;e Aucturt,*11.
IMI-iS08,R. J. Elber, et al ., Sat.alle Columnus LancestcMes, Raccr

- June 1971.

i

e

-32-
___ _ _ _ _ _ _ _ _ _ _ _ _ _ _



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

.

1

. . \

.

1

12. ' An Dperimental Evaluation of Tearing Instabfity Using the Compact

Specimen," J. A. Joyca and M. G. Vassilaros, in ASTM STP 743, R. Roberts.

+Ed.,1981, pp. 525-542.
' ,

13 . 'Stanility Analysis of Circumferential Cracks in Reactor Piping Systams,"

H. Tada, P. C. Paris, and R. Gasole, Nuclear Regulaccry Cc mfssion

NUREG/CR-0838, June 1979.

! 14. " Application of Tearing Modulus Stacility Concepts to Nuclear Piping,"

K. H. Cottar, H. Y. Chang, and A.. Ishoor, Electric Power Research

Institute Report NP-2261, February 1982.

15. " Mitigation of Inside Surfaca Residual Stress of Type 304 Stainless Stael

Pipe Welds by Inside Watar Cooling Method," R. Sasaki et al .,

Proceedings: Seminar on Countameasures for Pipe Cracking in SWRs,

Paper M 21.1, EPRI Report WS-79-174, May 1980.

16. " Stress Corrosion Cracking of Type-304 Stainless Steel in High-Purity

Watar: A Campilation of Crack Growtn Ratas," R. Huet, L. C. Hsu, D. A.

Garcer, and P. C. Ric:ardella EPRI Intaria Report NP-2423-LD, Palo Alto,'

Ca., June 1982.

17 . Parsonal Comunication, R. M. Horn to S. Ranganatn, *Csments on Crack
,

! Growth Data and Its Applicability to Waldeo Pipe Under Operation

Canditions," June 1983.

-33-
!

- _



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

,

* *
. ,

.

.

j 18. Personal C:smunicatica, W. J. Shack to 0. M. No r-is, AoM1 13,1983.
,

1his lettar emntains unpuolished ersck grath data at stress intansity

f actors greater than 37.ksf/TT.

.

W. H. Basford, " Fatigue Cesch Growt3 of Stainless Staal Piping in a19.

PressuM:ad star Reactar Envircrment, J. Pnssurt Yessal Tecnnology ,

Vol 101, Feeruary 1979, pp. 73-79.

20. " Fatigue Crack Grwtn in Austanitic Stainless Stael ," A. Mc:tinn and

P. M. Scott, Unitad Kingdca At= sic Inert / Au::::M 7 Mort::ern 01 vision

4 port MD-4-402(S), June 1982.
.

21. "Strtss Intansity Factors for Surfaca Cracks in Pi pes: A C mcutar Code
.

for Evaluation by use of Influencs Functicas,* 0. C. Cedhia and O. O.J

Harms, EPRI Aeport NP-2425, Palo Al to, Ca. , June 1982. Addenaa Sect.

198 2. C:moutar sucroutine ORI'It i s availant e from E.:RI.

22. ' Twenty-Six-Inca Pi pe MCE Instruent Surve111anca Te st,* R. t. 3ricxford,

et al., ElectMc Peer 4searen Ins 1tuta intarits 4 cort NP-E369,
l

Researen Project T*.Ca-L, Fecruary 1983. ,

* Estimation of Stress Intansity Fact:rs and :::e Cesex C:ening *cta of a23.

Circ:sferential and Longit:41nal Threugn-C. sex in a 71;e,' 3. Taca anc

P. C. PtM s, personal c=muunication *.s 13e Section XI Tast Grous on M;e
|F1 aw Evaluatica, San 01 ego, May 1382.

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

.ta.
_ _ _ _ _ _



. __

|
'

| .

. .

24. "The Two-Phase Critical Di scharge of Initially Saturated or Sub-Cooled

( ' Liquid," R. E. Henry, Nuclear Science and Engineering, Vol. 41, 1970,
!

pp. 336-342.'

!
25. * study of Critical Two-Phase Ficw Through Intergranular Stress Corrosion

'

Cracts ," R. P. Collier, J. S. X. Liu, F. B. Stolen, and M. E. Mayfiel d, j
1

EPRI Report Project T118-2, January 1983 (in press) . The 1.EM ccmoutar

program is available from EPRI.

25. Personal communication, M. E. Lapides to 0. M. Norris, El e tric Power

Aescarch Institute, May 1983.

27. " Radiographic cetection of IGScc," M. E. Lapides, El ectric Power Research

Instituta Report NP-3154S2, Palo Alto, California, May :.983.

,

$ 4

% .: ,

4 s 4

/,

t

>

%, N.. s

~

W

s

1, 4

i

V

Ag.

'% #

,

s ,

s. + ?

.

f g

* 5'

3 4, g
s

'"
,

. / '3s

N Ag
-

# ,- *
,

g )' 4. M

''

-35- .
4

,
,

s. >, ,

Y, *

w w - * .'_ - fy



. - -. . - .

.

. .

I
'

.

.

t.IST CF FIGURES

Fig. 1. Flaw evaluation methcoctogy
.

|

Fig. 2. Assmed stress dis Mbutien in a e scred pipe at entlasse.
'

( Fig. 3. Catar:1 nation of cM 1 cal flaw si:ss, acsited safety fac=r and

approximation for Tanle I for F, + 7b*I*s
;

I

Fig. 4 Aco11ec stress as a function of crsch si:a f em hfertnca [7* :artur.

crsexed panel experiments. The straignt if nes reartsent ce locus of consun:

net- section striss. 71au vidtn is 4r inenes.

Ffg. 5. C.:spaMson of expeMmental :nrough-.all cir=mfteential cracked i

Type 304 stainless steel pipe dau (71 :n net-metion enllapse cM*JMa.

Fig. 6. A c:maartson of experimental and precietas bencing somenu for flaw

initiation for 4-inen diamatar pipe witn cir=mferential part-trougn flaws.
!

i

r Fig. 7. C.:enarison of net secti:n es11aose and estimaticn scr.ame C5] :sicul a-l

I ltion for a suinless suel ;1;e wi= a arcugn-*all cir=mfartntial flaw anc

| axial Tosaing.

Fig. S. C:mpaHson of analytical precictions anc t.au (113 f:r failurt of

,

axial sur aca ersets in 24 x 1.3 inca Type 315 stael pipe.
I

d

1

I
|

|
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Fi g. 9. Comparison of experimental critical axial surface flaw data (11] with

calculated behavior for three pipe sizes.

Fig. 10. Ratio of crack-driving force in the circunferential to axial direc-

tion as a function of crack length (73

Fi g. 11. Design through-wall residual stress for use in crack-growtn

calculations.

Fig. 12. Throug> wall weld residual axial stress measurements on large

dimetar pipes.

Fi g. 13. Circumferential residual stress in HAI (3 an away from fusion line)

on the inside surface of various dissatar Schedule 80 pipe wlds (15].

Fi g. 14. Intargranular crack growth ratas in sensiti:sd Type 304 stainless

steel in aqueous environments andor constant load with rec::mmended design

curves (43

Fig. 15. Type 304 and 304L stainless steel low-cycle fatigue crack-growth

data obtained in simulated LWR envirorssents.

.

Fi g. 16. Comparison of predictions and observations of intargranular stress

corrosion flaw growth in a 26 in. diameter Type 304 stainless stael pipe in a

sinalated SWR envircrunent (223
.
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Table I

A8LE END-OF-EVALUATION PERIOD FLAW
OEPTgM-TO-THICXNESS RATIO FOR CIRCUMFERENTIAL

'

FLAWS, NORMAL OPERATING (INCLUDING UPSET AND TEST) CONDITIONS

I2)II Ratio of Flaw Langth (if) to CiretsiferenceP, + Pb

*a 0.0 0,1 0.2 0.3 0.4 0.5 or more

1.5 (45 (4) (4) (4) (4 (4)
-

1.4 0.75 0.40 0.21 0.15 (4) (4)
1.3 0.75 0.75 0.39 0.27 0.22 0.19
1.2 0.75 .75 0.56 0.40 0.32 0.27

1.1 0.75 G.75 0.73 0.51 0.42 0.34
1.0 0.75 0.75 0.75 0.53 0.51 0.41
0.9 0.75 0.75 0.75 0.73 0.59 0.47
0.8 0.75 0.75 0.75 0.75 0.58 0.53

0.7 0.75 0.75 0.75 0.75 0.75 0.58
40.5 0.75 0.75 0.75 0.75 0.75 0.53

Notas_:

(1) F1 aw depth = for a surface flaw
=2 for a subsurface flaw

t = nominal tai kness
| linear interpolation is permisible

(2) Circumference based on nominal pipe dissetar

(3) P, = Primary Membrane Stress

S,3 = Primary Sending Stress
P

= ASME Code A11 cwa 01e Design Intansity,

|

(4) IWS-3514.3 allowanle flaw standards shall be used

|

|

._ _ .- . _ . .-
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Table II

ALLCWA8LE g- 0.OF-EVALUATION PERIOD PJ'J
DEPTHb -TO-THICXNESS RATIO FCR

CIRC'JFIRENTIAL PJWS - E4ERGENCY AND FAULTID CONDITIONS
:

.

I3I Ratio of 1.angtn (zf) to Ctr-::mferenca(237, * P3

*a 0.0 0.1 0.2 0.3 0.4 0.5 or more

(4) [(6)I 3.0 (4) (4) (4) (4)
(4 (4)2.3 0.75 0.40 0.21 0.15

2.5 0.75 0.75 0.39 0.27 0.22 0.19
2.4 0.75 0.56 0.56 0.40 0.32 0.27
2.2 0.75 0.73 0.73 0.51 0.42 0.34
2.0 0.7T 0.75 0.7T C .53 0.31 0.41
1.3 0.75 0.75 0.75 0.73 0.59 0.47
1.5 0.75 0.75 0.75 0.75 0.58 0.53
1.1 0.7T 0.75 0.75 0.75 0.75 0.58

< 1.2 0.75 0.75 0.75 0.75 0.75 0.53

Metas:
| for a surfaca- flaw(1) FT aw desta = a3

= 2a for a sunsurfaca flaw3
t = nominal taickness
linear intar7 elation is Persisible

(2) C1re.aferenca cased on nominal gipe diamatar

(3) P2 = Primary Mrtne St: ass

s.b = Primary 3eriding Strsss, = AS4E C.:de A11cwanle Casign Intansity
P

(4) I'AS.3514.3 allewacle flaw standares snail se usac

|

.

9

D
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Table III

ALLOWAgEENO-CF-EVALUATICNPERIODF1.AW
DEPTH ' TO-THICXNESS RATIO FOR AXIAL-

FLAWS, NORMAL (INCLUOING UPSET AND TEST) CONDITIONS |

Stress (3) Nondimensional Flaw LengthIII (1/dT)
Ratio 0.0 0.5 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 or

greater

40 .4 0.75 0.75 0.75 0.75 0.74 0.70 0.68 0.67 0.66 0.65 0.64 0.64 0.64 (4)
0.5 0.75 0.75 0.75 0.72 0.55 0.61 0.59 0.58 0.57 0.56 0.55 (4) (4) (4)
0.6 0.75 0.75 0.75 0.64 0.55 0.51 0.49 0.48 0.47 (4) (4) (4) (4) (4)
0.7 0.75 0.75 0.73 0.53 0.44 0.40 0.38 0.37 (a) (4) (4) (4) (4) (4)
0.8 0.75 0.75 0.62 0.40 0.32 0.2S 0.25 (4) (4) (4) (4) (4) (4) (4)
0.9 0.75 0.70 0.42 0.23 0.17 0.15 0.14 (4) (4) (4) (4) (4) (4) (4)
1.0 (4) (4) (4) (4) (4) (4) (4) (4) (4) (4) (4) (4) (4) (4)

Notas:

( 1) Flaw Capth = for surface flaw
for a suosurface flaw

Linear interpolation permissible

End-of-inspection period flaw length(2) I
f = Nominal pipe radiuse =

t = Nominal pipe thickness

(3) Stress Ratio = h a
Where P = Maximus* pressure for nomal operating conditions
0 = Nominal outside diameter
t = Nominal thickness
5 = ASME Ccde allowable design stress intansity
3

(4) I'48-3514.3 allowable flaw standarc snail be used
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ALLOWAELI DID-CF-INS 75CTICN PGICO .=JW
CEPTH-TO.THICXNESS RATIO FCR AXIAL FLAWS

E4GGENCY AND FAULT 5D CONDITICNS

I3I Mondimensional Flaw Lang .n(2)( g ijgStress p
Rado, *

0.0 0.3 1.0 2.0 3.0 4.0 5.0 5.0 or
gresur

50 .8 0.75 0.75 0.75 0.75 0.74 0.70 0.58 (4)
1.0 0.75 0.75 0.75 0.72 0.55 0.61 (4) (4)
1.2 0.75 0.75 0 .75 0.54 0.55 (4) (4) (4)
1.4 0.71 0.75 0.73 0.53 0.44 (4) (4) (4)

; 1.4 0.75 0.75 0.51 0 . 10 (4) (4) (4) (4)
| 1.3 0.7T 0.70 0.42 0.23 (4) (4) (4) (4)

2.0 (4) (4) (4) (4) (4) (4) (4) (4)

Metas:

Stress Rado = h /1,( L)

'4here P = Maximia Pressure for hersency and Faulud C:ndidons
Ncm1nal Cutside 01 amour of :::e Pipe0 =

Nominal Thicknesst *
ASME Code Allowanle Casign Stress InunsityS., =

End-of-Evaluation Period Flaw Langu
i (2) 4 =

Ncninal Radius of t3e Pipe! r =

Nominal Thictnesst =

| (3) Flaw Decc = g for a surfaca Flaw
Za for s Sunsurfaca : Taw3t.inear intar;clation is ;:er-rissible

! (4) I'J8-3514.3111cwanle : law Stancarts Sall :e Usac
1
1

!

!

_ - _ _ _ - -
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Table V

STA8ILITY OF SWR 304SS PIPING

Pipe Size L,ff/R J T,p, T,,g Crack

Worst Outside Thick. 15 fin StaDil f ty
CritacionLocation / Diameter ness

System Number (1) Inch Inch (2) (3)

Iso-condenser
Supply Line 70* 12 .75 0.688 13 1 5352 10 5 230 T

70** 12.75 0.688 119 5352 96 230 T*

Return Line 80* 8.63 0.500 203 4102 13 6 240 J

80** 8.53 0.500 194 4102 156 240 J"

Care Soray 23* 10.75 0.594 150 , 4102 120 240 J

Recire Line 46 ' 2S.00 1.3 17 95 11944 75 210 7

Notas:

(1) ***" is systam with hangers, supports and snubbers intact; "** assumes hangers,
supports, and snubbers failed. See Reference (14] for weld location.

(2) Japp assumes a crack plane rotation cf I degree (see Appendix) .

"T* means J > J then unstable; "J"
and stability can be as}#med.and i f, T@ > TTyp64 stainless stael(3) Stability criterion:

J;cumeans J < J
was4300lbin

|

.

. . _ . . . - _ _ _ , _ _ _ _ _ _ _ _ _ . . __ _.__ - - _ _- _
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Taale it*

r.cre.07 CF PIPE SIZE CN TdE AATIO CF TdE l

C2ACK t.ZNGTd FOR 5 GFM LEAX AATL 440 TdE C2!TICAL CIACX tElGTi

Wnel Crsch Langu for Critical C.-tex

Pice $1:s2 (in.)_ 5 PM Laak (in.) Lance r ( f n.)I3I ur_

' 4.30 6.54 0.528

10 4.36 15.35 0.25

24 4.37 35.79 0.129

Motas:

(1) See Raftrenca [U Accendix 3
(2) Sc::ecule 50
(2) AssLued SWss a = y2

|

|

\

|

:

.
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Table VII

1 0F DETECTION AND SIZING OF INTERGRANULARPROSA81LITY
STRESS CORROSION CRACXS IN '4ROUGHT AUSTENITIC STAINLESS STEEL

2 Fl aws , a/t > 55UT - Circusferentia1*

3 (Fl aws > 15sm in length) 9CSDe taction
SI:ing: Langth Variance: (Percent of ncminal crack length) :20 (:0.5 inch)#

Capta Variance: (Percent of nominal crack deptn) <S :nm :70

(Percent of nominal crack depth) >6 m t30 (tc.122 inen)3

4RT-Axial and Ci rc:siferential Fl aws, a/t > 155

85 5Cetection
a t definedSi zing

Notas:

liPRI sucjective best estimata
3 tow relianility of UT for axial flaws.
30etection prooability varies wita acceptable false alars rata;
some service accass conditions will reduce procabilities shown.
Length variation for a surfaca flaw (a/t=0.5, 2c/a=6) in a 24-inch diamatar,4

5chedule 80 pipe with wall thickness t = 1.218 inches.
, Depth variation for a surface flaw (a/t=0.5, 2c/a=6) in a 24-inen dimetar,-

Schedule 80 pipe with wall thickness t = L.218 inches.
6 ot generic, corre:t technology assumed (see Ref. [273).M

- , . __
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Table VIII*

UT r1.AW CEPTH MEASUREMENT COMPARED
WITH OESTRUCTIVE TESTINGL

Destructive UT Measured
Testing Cepta

'Measured .

Weld Indication Max. Thru
Missner Nuncer Capta2 Wali Cepc Error 2

145-S W 11 1 .215 15.5 .244 4.029

2 .27 5 21.1 (3) (3)

3 .205 15.7 .191 -0.014

12D-SW 19 1 .220 23.2 .r.07 -0.087

2 .235 17.3 .3C6 -0.071

3 .240 17.4 408 -0.158

4 .250 18.1 .250 -0.010
..

Notas:

lIGC Samoles at Bat.alle Caltmous t.20ers= ries, Cecancer 1982
2A11 desta asesurments in inches
3 Tem disagreed on risult and did not sucait data

|

.

L

|

*

.

1

- - . _ -- - _ _ -_.-- . _ _ _ _ _ _ _ . _ . _ . _ _ _ _ _ _ _ _f
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Initial
flaw size

a g

Fatigue
crack growth ,

3
Nonnal4

- Flaw growth
analysis Pipe hconditions'

stresses % g,IGSCC
Drowth and faulted

condilions
, ,

2 inspecilon
I

Safety
,

interval factor

3 r

Allowable Flaw S!ze
Reduce Final flaw

n ze a - Nortnal Conditions
gf,

n
,

a - Ernergency anda
, Faulted Conditions

* Ac tance
| - . Critorion ,x

h,.

'/..- |Yes|'

g[ 3 r
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Repair / operallon*

seplace acceptable
,
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1.0 g g
i \

\\ N

0.8 -
\ 'N
gg

g P,,, + Pa = S,,, f - --

[ collapse line from /
1 g

g Eqs. (1) and (2)]

jj 0.6 -
"

P+P 2.773 S
-

[(s,a,,fety Ia=ctor = 2.773)
2

3 0.41

'o 0.4 -

.5

* M M14.30.2 -

standard

i

i

| | | |0
0 0.2 04 0.6 0.8 1.0

Fraction of Circtunference (%)
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1.0 Experinent
O 2-inch SCti 80 pipe
o 4-inch SCIi 80 pipe

0.8 - 0 4-inch SCti 80 pipe
with 75% surface llawg

A 16-inch Scil 100 pipee Ou)
'

$00 -

E
$

'E
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5
& .

0.2 -
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| I I0
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\ Sosid coins are excenmental failure*

4 points. All fractures in tne exceriments
'.,'

0.8 " "* E 0""I' IIII'
-

24 x 1.74n. A1068 pice
' 24 x 0.74n. A1068 pice

_

12.75 x 0.74n. A1068 :: ice,

*I

4 0.4 -

Curvis calculated0.2 -

with Equanen (3)

l I I ! ! !
0
O 4 8 12 16 20 24 28'

*

Axsal Througn-Wall Fiaw Lengtn (inenes);Cg
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h
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- Experiment number 34
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O

/
Average Flaw Length (inches) LT
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Rgure 11. Companson of analytical precictons and cata for
/ failure of axial cracks in 24 x 1.5-in. type 316 pice.
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