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UNITED STATES OF AMERICA

NUCLEAR REGULATORY COMMISSION

Before the Atomic Safety and Licensing Board

In the Matter of

Public Service Electric :
and Gas Company Docket No. 50-354 O.L.

(Hope Creek Generating
Station) :

R s—e————— PR R et e

THE PUBLIC APVOCATE'S FIRST RESPONSES
TO THE APPLICANT'S FIRST SET OF
INTERROGATORIES

Contention 1

L "specify all appli:able NRC regulations, general
design criteria, guidelines or other regulatery require-
ments, or portions thereof, pertaining to the phencmenon

of intergranular stress, corrosion, crackirg("IGSCC")

which intervenor asser:ts are applicable to the recirculation
piping installed at Hope Creek."

Public Advocate response: The Public Advocate

believes that the following NRC regulations and GDC are

applicable to this phenomenon:
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1. Criterion 1 -- guality standards and records

("A quality assurance program shall be established and
implemented in order to provide adeguate assurance that these
structures, systems, and components will satisfactorily
perform their safety functions. Appropriate records . . .
shall be maintained . . . throughout the life of the unit.")

2. Criterion 2 -- dec‘gn bases for protection

against natural phenomenon

3. Criterion 4 -- environmental and missile design

bases ("These . . . components shall be appropriately pro-
tected against dynamic effects, including . . . pipe whipping,
and discharging fluids, that may result from equipment failures
and from events and conditions outside the nuclear power
unit.")

4. Criterion 14 -- reactor coolant pressure boundary

(". . . an extremely low probability of abnormal leakage,
of rapidly pro pagating failure, and of gross rupture.")

5. Criterion 15 -- reactor coolant system design

("The design condition [must not be] exceeded during any
condition of normal operation, including anticipated

operational occurrences.")

6. Criterion 30 -- guality of reactor coolant pressure

boundary



7. Criterion

31

fracture prevention of reactor

cooclant pressure boundary

8. Criterion 32 -- inspection of reactor coolant
pressure boundary

9, Criterion 33 -=- reactor coolant makeup

10, Criterion 34 -- residual heat removal

11. Criterion 35 -- emergency core cooling

12. Criterion 36 -- inspection of emergency core
cooling system

13, Criterion 38 -- containment heat removal

14. Criterion 39 -- inspection of containment heat
removal system

15. Criterion 44 -- cooling water

16. Criterion 45 -- inspection of cooling water system

17. Criterion 51 -- fracture prevention of con-

tainment pressure boundary

18. Criterion 54 =--

piping systems penetrating

containment

The Public Advocate believes that the above general

design criteria are applicable to the Contention relating

to the potential for pipe cracking. When and if others

are identified, the Public Advocate will inform the applicant

and parties.



Additional "regulatory reguirements, Or portions
thereof” inclﬁde the following: NUREG - 0313, ACRS Letter
of August 9, 1983, SECY 83-267 (Jul- 1, 1983), SECY 83-267A
(August 11, 1983), SECY 83-350 (August 18, 1983), NUREG -
0785, NUREG - 0803, NEDO - 24342 (April, 198l1) ("GE Evaluation
in response to NRC request regarding BWR SCRAM system pipe
breaks"). In addition, please see Danko and Stahlkopf,
"Status of Research on P.pe Cracking in BWR's", 23 Nuclear
Safety, 653 (December, 1982).
2. "Specify each section of the hkope Creek Final Safety
Analysis Report ("FSAR"), which intervenor asserts is
relevant to the consideration of the phenomenon of IGSCC
in recirculation piping and specify, to the extent applicable,
any failure to meet the regulatory requirements set forth
in response to interrogatory 1 above."

The Public Advocate believes, at a minimum, the
following sections of the FSAR are applicable:

FSAR Section FSAR Amendment No.

1. Table 1.3-8 - Significant Design

Changes from PSAR to FSAR 0
2. 1.8.1.31 - Conformance to RG 1.31 0
3. 1.8.1.36 - Conformance to RG 1.36 ' 0
4. 1.8.1.37 - Conformance to RG 1.37 0
5. 1.8.1.38 - Conformance to RG 1.38 0

* Copy attached



1.8.1.39 - Conformance to RG 1.39

1.81.144 - Conformance to RG 1.44

1.12.1 - Unresolved Generic
Safety Issues

9. 1.14.1.86 - Generic Licensing Issues
- Stress Corrosion Cracking of
Stainless Steel 1

10. 5.2.3.2.2 - BWR Chemistry of Re-
actor Coolant 0

11. 5.2.3.4.1 - Avoidance of Stress

Corrosion Cracking 0
12, 5.2.3.5.1.2. - SRP Rule Review 0
13. QR 250.2 2
l14. QR 281.10 2
15. QR 281.12 2
6. "Specify what recirculation piping intervenor con-

siders to be. 'critical'."

The intervenor considers all recirculation piping
which utilizes type 304 stainless steel as critical. Not
only is the piping of critical importance, but the use
of this type of steel creates suscept.bility to IGSCC.

7 "Specify what critical recirculation piping has not
been identified by applicants as susceptible t> IGSCC."

The intervenor does not understand this guestion.
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8. "Specify the basis upon which intervenor relies
for the assertion that connections to the decay heat
removal system are critical piping."

Since the decay heat removal piping is connected
with the recirculation piping in various places, the
joints where the connections are made are also critical
to the extent that they are made of either carbon steel
or type 304SS. The welds are especially critical. Where
the welds join dissimilar metals -- e.g., carbon and SS304
-- there is added risk of IGSCC.

9. "specify the regulatory requirem=nts and/or any
other basis for intervenor's assertion that all recirculation
piping susceptible to IGSCC must be replaced."

Please see general design criterion 4 ("Structures,
systems, and components important to safety shall be designed
to accommodate the effects of and to be compatible with
the environmental conditions associated with normal
operation, maintenance, testing, and postulated accidents,
including loss of coolant accidents . . . ") 1If the re-
¢circulation piping su#ceptible to IGSCC is not either
replaced or othes protective measures installed, then

intervenor asserts that GDC-4 has not been met.



10. “Specify the conditions under which intervenor
asserts replacement 1s feasible."

The condition where replacement is most feasible
is prior to plant operation -- i.e., before the facility
goes "critical”.
il . "Specify all preventive measures intervenor asserts
applicants should take prior to start-up.”

P’'- .3e see response tc Interrogatory No. 9
In addition, the appl.cant should consider the use of an
oxygen control systew. The intervenor understands that
the facility has been designed in a way to allow installation
of such an oxygen control system at a later date. This
should be inves:igated now and considered for installation
prior to any decision on licensing for operation.

The intervenor believes that such a system has
recently been installed in the Susquehanna Nuclear Station.

In addition, the intervenor believes that General
Electric now recommends the injection of signficant gquantities
of hydrogen into the feed water as a chemical method of

reducing IGSCC. This should alsc be investigated and con-

s:dered.
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12. "Specify the preventive measures intervenor
asserts should be taken prior to start-up for each desig-
nated 'critical' component of recirculation piping but
which have not yet been taken."

Please see response to Interrogatories
13. ‘Specify the deficiencies intervenor alleges exist
in the applicant's system for identification of cracks
in recirculation piping after start-up."

As the Advisory Committee on Reactor Safeguards
has noted (see Public Advocate Exhibit 1), it is a"delusion"
to expect that the manual use of ultrasonic testing
("UT") is a reliable technigue. The ACRS has noted the
lack of "repeatability" of the technique. It is highly
dependent upon the individual ability, initiative, and
preservance of the individual testor. Moreover, given the
cramped quarters in which this would have to be done,
combined with the "hot" environment, UT methods will be
difficult to employ. It is, in short, more of an art
than a science. Thus, all practical preventive measures
should be incorporated prior to plant start-up. The
applicant should err on the side of preventive action.

14. "Specify those inspection technigues, other than

manual ultrasonic testing, which intervenor asserts



applicants should use to identify recirculation piping
susceptible to IGSCC after start-up."

There appears to be a misunderstanding in this
sentence. The intervenor asserts that all SS304 piping
in the system is susceptible to IGSCC. Thus, no special
testing is needed to determine which piping is susceptible.
Either it uses SS304 or it does not.

Nevertheless, since UT is not made for this
purpose, a method should be devised ind employed to
help focus inspection and testing of SS304 piping.

The intervenor believes that the General Electric "SRI"
method is a helpful and reasonably dependable method
for targeting piping and welds where such cracking is
most likely to occur. Please see response to Inter-

rogatory No. 11

Contention 2

1. "Define 'management implications' as used in this
Contention.”

The Public Advocate defines "management implications"”
in the manner used by the Board in its Order of December 21,
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1983 (see p. 9-11). Thus, the Board describes intervenor's
concern with the "serious shortcomings in the administration,
procurement, maintenance and quality assurance prcgrams
at the Salem [Nuclear] Station, all of which are under
the direct responsibility of PSE&G." Id., at 9. Absent
a clear demonstration by PSE&G that the company has fully
rectified the management aspects of company operation =--
which led to, contributed to, and in substantial part
caused the Salem circuit breaker outages of February 22 and
25, 1983 -- PSE&G cannot be found technically qualified
to operate a third and distinct nuclear reactor. See
10 C.F.R. part 50, sections 50.56 and 50.57(a) (4).

(The Public Advcoate does not wish to litigate the
Salem outage question. The guestion presented is whether
the company has "learned the lessons of Salem" -- to borrow
a phrase -~ and whether, having learned those lessons,
the company has implemented a program to apply those
lessons to the operation of the Hope Creek facility.)

By way of additional explanatiorn of "management
implication" the Public Advocate submits the testimony of
Dr. Stephen H. Hanauer previously submitted into evidence

in a rate proceeding before the New Jersey Board of Public

*10-



Utilities, in the matter of the Motion of PSE&G to reduce
the level of the LEAC, Docket No. 831-25 (December 1, 1983).
Dr. Hanauer found, for example, that

beyond the specific PSE&G programs

that were found to be deficient, the

conditions disclosed by the investi-

gations raised a general guesticn

regarding the overall performance

and capability of PSE&C management

at both plant and corporate level.

The NRC staff concluded that two

principal causes of the [outages]

were (1) a perceived lack of

resolve on the part of PSE&G managers

and supervisors in enforcing adherence

to procedures and (2) insufficient

management involvement in establishing

the safety perspective governing Salem

operations. (Hanauer testimony, p. 6,
lines 14-23) (emphasis added)

2. "specify each and every aspect in which intervenor
claims that PSEs&G management in the administrative, procure-
ment, maintenance and guality assurance programs for the
Hope Creek Generating Station, as of this date, fails to
meet all applicable regulatory requirements and license
conditions imposed by the NRC."
The Public Advocate contends that PSE&G has not

yet presented sufficient evidence that it has complied
with 10 C.F.R. 850.57(a)(4), a burden which is that of

the applicant to meet prior to any decision to grant an

sile




operating license. The Public Advocate additionally
contends that because of the management failures uncovered
by the Salem investigations, special scrutiny in this area
is warranted. (See, e.g., Hanauer testimony "the actions
and omissions of PSE&G management contributed substantially
to the [Salem] outage cause or duration." see, p. 45, 1. 39-40)
Dr. Hanauer concluded by observing that "deficiencies
were revealed in the areas of operations, training, sur-
veillance, maintenance, procurement, control of vendor
activities and information, and quality assurance." (see p. 47,
1. 49-52)
He further concluded that "beyond the specific
PSE&G programs that were found to be deficient, the conditions
disclosed by the investigations raised a general guestion
regarding the overall performance and capability of PSE&G
management at both plant and corporate levels. . . . [in=
cluding] insufficient management involvement in establishing
the safety perspective governing Salem operations." (Id.,
at p. 48, 1. 1-11)
3. "As to each alleged deficiency, specify the applicable

NRC requirement and/or license condition and describe in

detail:




a. the applicable NRC regulatory
requirement or license condition:

Response: 10 C.F.R. part 50, £50.56 and 50.57(a) (4).

b. "the precise management functions
alleged to be deficient;"

Response: The Public Advocate believes that this
guestion is answered by the response to guestions 1 and 2,
above, particularly the testimony of Dr. Hanauer.

¢. "the name and/or job titles of the
particular PSE&G management officials
with responsibility for preventing or
eliminating the deficiencies alleged;"

Response: The Public Advocate believes that insuring
the safe operation of a nuclear facility requires the active
involvement and explicit commitment of the entire corporation
-- from the Board of Directors to the shift supervisor and
those they employ and control. As to the specific named
"PSE&G management officials", the Public Advocate has not
yet completed analysis of Chapter 13 of the Hope Creek FSAR
and PSE&G's response to the Public Advocate interrogatory
no. 2, p. 7, in which PSE&G set forth the names of 132
personnel involved in the reactor trip-breaker incident

response. The Advocate will inform PSE&G of its response

to this guestion as soon as possible.
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it and replacé it with a new one. Then, the comﬁany attempted
to restart the facility without doing an adeguate analysis

of the causes of the prior "trip." This series of events
suggests that corporate management has not fully instilled

a "safety first" attitude among all those with responsibility
for the operation of the Salem Reactors. It is, therefore,
incumbent upon PSE&G to demonstrate that Hope Creek will be
operated differently.

4. "If intervenor contends that PSE&G is not technically
gqualified to engage in the activities to be authorized by

an operating license for the Hope Creek Generating Station
within the meaning of 10 C.F.R. 250.57(a)(4), specify and
discuss in detail:

a. the particular aspect as to which
PSE&G lacks technical gualifications;

b. the extent to which intervenors
claim is based upon any portion of the
record of the application and, if so,
identifying the particular portions
thereof;

c. all actions which must be taken
by PSE&G in order to eliminate any
alleced deficiencies in its technical
gualifications asserted above."
Response: The Public Advocate believes that PSE&G
has not demonstrated technical gqualification in respect to

its commitment to the safe maanagement and operation of

=]l8e



the Hope Creek facility. At this time the Public Advocate
does not assert that the individual operators and managers
lack expertise, although, upon further review, this allegation

may be raised. The Advocate intends to supplement this

response -- particularly with respect to 4c -- in the near
future.
5. "To the extent that intervenor relies upon the reactor

trip circuit breaker failure at the Salem Nuclear Generating
Station, Unit 1, on February 22 and 25, 1983, including all
investigative and enforcement actions undertaken by the
NRC with respect to those events, specify and describe in
‘detail:

a. each particular finding or statement

by the NRC upon which intervenor relies

to establish a "management implication"

for Hope Creek;

Respons@: a management implication for Hope Creek is
found in every finding and investigation regarding the
specific deficiencies in maintenance, procurement, nbrmation
flow and vendor control. All of these are the responsibility
of management. See also Hanauer testimony, generally.

b. the regulatory reguirement or

standard to which such statement oOr
findings specified above applies;
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Response: for example, PSE4C management in the
area of the safety classification of equipment("eguipment
evaluation") was deficient. The identification of cause
of failure of the February 22 incident was also deficient.
Verification testing following reactor trip circuit breaker
maintenance or initial installation may also have been deficient.
(The company used the wrong kind of lubricant; also, certain
"tabs" were broken off the replacement circuit breakers at
the time of installation =-- but this failure was not noted
because the replacement breakers were not inspected on
arrival at the plant.) Moreover, the ATWS incident revealed
many "human factors discrepancies" which included "lack of
internal consistency, logical ordering of steps and conventicn
used for emphasis." See, e.g., "NRC safety evaluation re-
lated to plant restart PSE&G, Salem Nuclear Generating
Station," NUREG - 0995, at p. 14. Further problems
were demonstrated in operator training, training on
revised procedures (5 of the 7 trainees could not answer the
test on revised procedures successfully, Id., at 16). 1In
conclusion, the NRC approved restart at Salem based upon
certain commitments with respect to Salem operation. The
intervenor believes that clear assurances are needed for
Hope Creek given the company's prior demonstrated difficulties

and the distinctiveness of the Hope Creek reactor from the

=) 2
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Salem facility (i.e., Salem is a pressurized sssee reactor

while Hope Creek is a boiling water reactor).

Contention 3

1. "Specify all appliable NRC regulations, general
design criteria, guidelines or other regulatory reguire-
ments, or portions thereof, pertaining to environmental
gqualification of safety-related electrical and mechanical
equipment, components and subccmponents at the Hope Creek
Generating Station."

Response: The Public Advocate is aware that the law
in this area (environmental gqualification) is in a state of
flux. Following the decision of the Court of Appeals in

Union of Concerned Scientists v. Nuclea: Regulatory Commission,

711 F.2d4 370 (C.A.D.C., 1983). Thus, 10 C.F.R. part 50,

€50.49 whichjgpended the June 30, 1982 deadline for "completion
of environmental qualification of safety-related electric
equipment" may no longer be applicable law. See also,

49 F.R. 8422 (March 7, 1984) (wherein the NRC discussed

its reaction to Union of Concerned Scientists V. Nuclear

Regqulatory Commission, supra.) The Commission's statement of

policy highlights the importance of an adequate "E.Q."

1B~



program being in place prior to the start-up of operation.

See.e.g., 49 F.R., supra, at 8425:

the environmental gualification of
electrical equipment throughout a
nuclear power plant to standards

higher than those existing at the

time the plant was licensed has

proved to be a complex and difficult
task. . . in many cases eguipment

can be replaced only when the plant

is shut down. During such down time,
licensees have many tasks to accomplish
in addition to equipment gualification
efforts. Delays may also result from
the unavailability of qualified equipment
and difficulties in testing existing
equipment.

Furthermore, it is noteworthy that the NRC intends to authorize
continued operation of facilities where equipment qualifica-
tion has not been shown under a program of staff "justification
for continued operation (J.C.0.)". The Commission notcd
that there are "persuasive technical and policy reasons
why licensees' assertions and analyses may be relied on
pending independent NRC staff review. The Commission notes
that licensees received their operating licenses after
extensive staff reviews including, in many cases, adjudicatory
hearings." 1Id. at B8426.

Accordingly, current Commission policy favors a
selective use of J.C.0. relying upon the untested assertions

of utility operators -- specifically because of, "in many

-19=-




cases, adjudicatory hearings" related to the operation of
these facilities. A full-scale hearing in the ﬁ.o. area,
therefore, is important not only on its own merits, but
as an adjunct to the above policy statement. (For
additional discussion, please see the basis listed on

pPp. 15-16 of Appendix I to the Public Advocate submission
of contentions on November 7, 1983".

2 "Specify each section of the Hope Creek FSAR
including applicant's Responses to Staff Questions which
intervenor asserts is relevant to the consideration of
environmental gualification, safety-related electrical
and mechanical eguipment components and subcomponents of
the Hope Creek Generating Staﬁion."

Response: On this point the Public Advocate relies
on PSE&G's responses to Public Advocate interrogatories
(dated February 14, 1984) at pp. 12-14, which lists 30
separate sections or subsections of the FSAR and FSAR
amendments.
| "Specify the deficiencies intervenor asserts to
exist in the applicant's Environmental Qualification Program
outlined in the FSAR and amphified in answers to staff

guestions."

=20



Response: The intervenor asserts that the applicant
has not demo?itrated that safety-related electrical eguipment
will operatq/%he harsh conditions of an accident scenario
and therefore there is a lack of adeguate assurances at
this point that the facility can be operated with an
adequate margin cf safety. The intervenor further asserts
that it will be necessary to review the proprietary reports
identified by PSE&G at pp. 17-18 of the applicant's response
to the Public Advcoate's first set of interrogatories (February
14, 1984) in order to provide a definitive answer to this
guestion. At any rate, the intervenor believes that the

applicant and the Commission should be greatly concerned

about the implications of Board Notification, 84-032 (February

13, 1984), "Additional Information on &wironmental @Jali-
fication" (transmitting Scandia Laboratories Annual Report
for fy 83 for the Environmental Qualification Inspection
Program conducted by Scandia as part of the NRC's "vendor
inspection program). In this report, Scandia reveals some
astonishing areas of deficiency in the vendor qualification

program. Thus, at p. 5, item no. 2, "qualification strategies,

adlw



it is noted that certain unnamed vendors have engaged in

the practice of changing testing parameters in order to

reach a positive result. And, as far as the majority of

items tested, these simply failed ewwesgig. In short,

the intervenox:“s concern,\" that the applicant may be

relying on "qualification strategies" by vendors which

fail to reveal the true unreliability of critical equipment.
Equally fundamental, vendors appear to rely upon

a strategy of testing which uses high doses of radiation

to simulate environmental conditions. These tests overstate

reliability, inasmuch as low doses tend to degrade egquipment

more than the high does. As a result, PSE&G may have been

mislead in the gualification of electrical cables, switches,

and other such eguipment that is important to safety,

especially in an accident situation. (See also, Board

Notification 84-007 (January 12, 1984), and I.E. Bulletin

840-2 and 84-20.) ar frc aotser

In summary, the utilities E.Q. program suffersAfrom

a lack of reliability due to> the lack of reliability on the part

of vendors' E.Q. testing.

The Public Advocate continues to review this material

and will supplement this answer.

=22e



6E3

Status of Research on Pipe Cracking in BWRs

By J. C. Danko*® and K. E, Stahlkopft

Abstrect: Iniergranular siress corrosion cracking of welded
lype 304 siainless sieel piping in boiling-water reactors has
reduced plant availability and increased operaring costs. In
response 10 this problem, a major 4-yr research program,
Joinily sponsured by a Boiling Waiter Reactor Owners Group
und the Eleciric Power Research Institute, has been esiab-
lished. A modrl for the phenomenon has been developed, and
engineering svlutions have been ideniified, developed, quali-
Jied, and implemented. These include solution heat treaiment
of shop welds, appiication of corrosion-resistant clad, alternate
fipe maiertals of 304 and 316 nuclear-grade stainless steels,
induction heaiing stress improvement, and heai-sink welding.
Solutions under development include last-pass heat-sink weid-
Ing. the conirol of water chemisiry by stariup deaeration and
hydrogen additions, and improved methods for the detection
end sizing of cracks. A unique Jacility for the application of
the solutions 1o full-size pipe mock-ups and training of wtility
and service orgunization personnel has been established 10
ensure the transfer of technoiogy.

Since 1974 the number of worldwide incidents of
intergranular stress corrosion cracking (IGSCC) in

‘the weld-heut-affected zones (HAZ) of American

Iron und Sicel Institute type 304 stainless steel

(304 SS) in boiling-water reactors (BWRs) has

\been increas.ag. To date, such incidents total 272,
These are listed by piping system in Table 1.
Sume of the pipes are shown in the schematic of a
BWR recirculation piping system in Fig. 1. In the
recirenlation system, the pipe diameters range from
1010 71 em (4 to 28 in.) with ~150 to 200 welds,
depending on the particular BWR model (models |
10 6).

Of the worldwide IGSCC incidents reported,
there has never been an occurrence of pipe sever-
ance. Pipe crucking has been detected by the pres-
ence of small leaks or by ultrasonic and dye-
penetrant  inspections, Of the 272 reported

*Joseph C. Danko joined the Electric Power Research Insti-
tute (EPRI) in 1978 and is presently the program coordinator
for the Boiling \ater Reactor Owners Group research program
on intergranular stress corrosion cracking of stainless steel pip-
ing. He received the B.S. degree in metallurgical engineering in
1951 from the Carnegie-Mellon Institute of Technology and the
Ph.D. degree in metatiurgical engineering from Lehigh Univer-
sity in 1955, He has held management positions in nuclear
materials research and development at the Westinghouse Elec-
tric Corporation and the General Electric Company.

incidents, ~35% have been detected by leaks. On
the basis of the field data and pipe integrity anal-
yses, @_concept of ‘leak-before-break”  was

evolved.! This view is accepted by both indusTr}
—

and a special Nuclear Regulatory Commission
(NRC) Pipe Cracking Study Group (PCSG).? The
concept is based on the fact that leaks should
develop in the cracked HAZ before the ductile
austenitic  stainless steel loses its structural
integrity. With acceptance of the leak-before-break |
model, IGSCC incidents were not considered to be |

a safety issue or to represent a hazard to the safety |
of the public.?

However, the IGSCC problem did reduce plant
evailability and increase costs. In response to this
‘problem, the Electric Power Research Institute
(EFRI) initiated research and development (R&D)
projects in early 1975 10 resolve the IGSCC
phenomenon. Early results provided a model® for
IGSCC of welded 304 SS and identified several
engineering solutions* to the problem. However,
the number of incidents continued 10 increase, and

the phenomenon spread 1o lines of 61 cm (24 in.)
in diameter, 3¢

Because of the generic nature of the probiem
and the continued impact on the utility industry,
the Boiling Water Reactor Owners  Group
(BWROG) was organized to provide additional
funds to the EPR] budget to accelerate a solution,

This article (1) presents the chronological
developments of IGSCC in BWRs, (2) covers the
results of the early EPRI R&D activities,
(3) reviews the formation of the BWROG, and
(4) describes the present status of the program.

———

tKarl E. Stahlkopf is presently director of the Nuclear Sys-
tems and Matenals Depariment of EPRI He joined EPRI! in
1973 and has served as both manager of the Pressure Vessel
Technology Program and acting director in the Nuclear Sys.
tems and Matenials Department. He received the Ph.D. degree
in nuclear engincering from the University of California, Berke-
ley. He served in a number of positions related 10 nuclear sub-
marine propulsion under Admiral H. G. Rickover, including

1 yr as a staff officer with the Chief of Naval Operations at the
Pentagon,
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654 ACCIDENT ANALYSIS

Tuble 1  Worldwide Incidents of 1IGSCC
(as of 1-12-82)

Number of
Pipe system incidents
Recirculation bypass 50
Core spray 82
Control rod return line 3
Reactor water cleanup 67
Large recirculation
{225 em (10 10.)) 18
Small lines {€7.5 cm (3 in.)] 16
Others (such as isolation
condenser) _li
Total m
- ke )
Inler ! h
it ,: 1 Safe ena
l il Duichman
;l .. Core spray
l B — T O
Jet pumps % ‘:
\ f .
Reciyculation \ = !' isolation
Wikl M"' ‘N“‘\ l valve
’ "‘j Recircutation
Maniloid ‘ v
G
Recwculation
pump
|
Discharge
valve
Bynass Suction vaive

Vaive

Fig. 1 BWR pipe system schematic.

HISTORICAL DEVELOPMENTS

Early Investigations of IGSCC

The phenomenon of IGSCC dates back to the
operation of the first commercial BWR, Dresden
Unit | (Ref. 6). Cracking incidents occurred early
in the operational history of the plant. These
included  furnace-sensitized components  that
tesulted from the postweld stress relief of the pres-
sure vessel, as-welded pipe, and cold-worked pipe
of 304 SS. In subsequent plants coming on line,

NUCLEAR SAFETY, Vol 23. No 6 Novemoer—December 1982

IGSCC incidents continued. Although these
presented problems 1o the utilities in the nature of
repair  and loss of plant availability, the
phenomenon was not considered generic at that
ume.

Shortly after the first incidents of IGSCC,
results of R&D work supported by the reactor
vendor, General Electric (GE), began appearing in
the open literature. The papers provided important
technical information on the elucidation of the
IGSCC phenomenon. In terms of a mechanism,
one of the conditions for imparuing susceptibility to
304 SS is the depletion of chromium in the austen-
itic grain boundaries that results when chromium
carbides (CR,3C,) precipitate during certain heat
treatments and welding. This phenomenon, termed
sensitization, alters the electrochemical behavior or
the passivation of the grain boundaries. Passiva-
tion, or protection of the grain boundaries, is lost
when the chromium content is <12 wt.%. This
compares with a bulk content of ~18 wt.% in
304 SS. The chromium depletion models and

‘theory are covered in a comprehensive review by

Cowan and Tcdmon.”

A film rupture model for the IGSCC initiation
and propagation was also developed.® This mode!
provided the basis for the current work on model
refinements and improvements. The role of applied
stress and dissolved oxygen content in the high-
purity water on the IGSCC of furnace-sensitized
304 SS was determined.’ In general, applied stress
above the yield stress was required to produce
IGSCC. Increasing the oxygen content above the
200 to 300 ppb steady-state value of the reactor
accelerated 1GSCC. On the basis of these
laboratory results, furnace-sensitized 304 SS is no
longer used in BWRs.! Studies on the effect of
cold working showed 304 SS to be more suscepti-
ble to IGSCC, and this led to specifications on the
control of cold work. Some effort was also devoted
to screening tests of alternate materials that were
more resistant to IGSCC, and a number of com-
metcial alloys were identified. These studies made
a significant contribution toward explaining the
mechanism of IGSCC in furnace-sensitized
304 SS; however, the studies did not completely
describe the behavior of welded 304 SS.

EPRI Response to the IGSCC Problem

The 1GSCC incidents in weld-sensitized
304 SS showed a substantial increase in late 1974
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m  both domestic and overscas BWRs. This
prompted  the  shutdown by the NRC of 15
BWRS'™ vor inspection, All reactors were inspected
“nd restarted. The NRC subsequently organized a
special PCSG? 10 study the problem, report their
dssessiment, und recommend corrective action. At
GE' a task force was also organized to address the
IGSCC problem. In late 1975, EPR] initiated the
st of u series of projects with the objectives of
providing 4 better fundamental understanding of
the IGSCC plienomenon and developing and quali-
fying engineering solutions for mitigation. The out-
puts of all these activities sturted 1o appear in late
1975, and, in general, the views of the phenomenon
of IGSCC a1 that time have been confirmed by
luter work.

Stress analyses performed on the piping systems
showed thut the original calculations were within
both the allowable values of the American
National  Standards Institute  Pressure Piping
B 311 and the allowable values of the American
Society of Mechanical Engineers (ASME) Boiler
and Pressure Vessel Code Sec. 111 One very sig-
nificant finding of these studies was that po
allowance was made in the code for we!d residual
stresses. If these stresses are included in the pipe
design analysis, then some installations of 304 SS
Pipes excecd the code allowitble valyes. Weld re-
sidual stre s Micasurements performed on several
different pipe sizes of 304 SS showed a pipe-size
dependenc, ; the peak residual stresses on the inside
surfuce decrease with increasing pipe diameter. !

The weld residual stress was the missing link in
the undersiunding of IGSCC behavior of 304 SS
pipe. There was general agreement among the vari-
ous orgunizations’*!" 45 10 the causative factors in
IGSCC: (1) weld sensitization, (2) stress above
the yield stress of the base material, and (3) a
high level of O, dissolved in the cooling water. A
mode! for the IGSCC of welded 304 SS was
developed bused on the coincidence of these three
factors in the 304 SS pipe weldment. Weld re-
sidual stress was included as a major contributor to
the total stress in the weldment.

On the Lasis of this mode],>!! engineering solu-
tions (cornmonly referred to as countermeasures or
pipe remedies) for mitigating IGSCC in welded
304 SS pipes were identified “12=14 T, remedies
cun  be logically divided into three categories:
stress, sensilization, and coolant  environment.
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Work was Initiated on a number of remedies; their
Status is presented 'ater (see BWROG Program).
The NRC Pipe Crack Study Group and EPR]
also examined 1n-service inspection (ISI) methods
ana requirements.? The NRC ordered augmented
uitrasonic Inspections to be conducted in accor-
dance with the ASME Code Scc. XI, but the
specified schedule for examination was reduced on
the basis of the specific piping s¥stem. The nonde-
structive  examination Practices for IS] were
reviewed, and number of problems were
identified.? They were specifically related 1o
(1) the weld preparation configurations of the
counterbore und weld crown that give rise to @

multitude of geometrical reflections, (2) the work-

IGSCC were also recommended. Work in these
areas was initiated under EPRI support.

Formation of the BWROG

Although satisfactory progress on the project
activities discussed in the previous SECLions wuy
being achieved. IWo important 1GSCC events
occurred that chianged the time schedule and scope
of work. These events were the IGSCC in the
Alloy 600 safe ends of Duane Arnold® and in 4
61-cm-dia. (24-in.) 304 SS pipe in KRB Block A
in Germany.® Both cases were linked small cracks,

cracking, the NRC reconvened the PCSG.¢ The
group concluded that further studies on pipe
integrity were needed;, however, the concept of
leak-before-break remained valid,

These events }so triggered action by the BWR
utility owners 1o add additional resources to help
solve this problem. In late 1979 the BWROG was
established, and EPRJ was requested 1o Mmanage
the owners group research program, Since the orig-
inal group was formed, the program was expanded
in 1980 10 include overseas BWR utility owners
and 10 have decided o participate in the program.
Total membership at this time is 32,

BOILING WATER REACTOR OWNERS
GROUP 1GSscC RESEARCH PROGRAM

EPR] accepted the responsibility 1o integrate
the resources of the BWROG in the ongoing R&D
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effort into a single unificd program tc meet the
utility needs. This program is the BWROG
IGSCC research program.'*

The objective of this research program is to
develop the technology to extend the service life-
time of piping and to minimize the outage times
required for inspection and repair. The application
and implementation of the resulting technology will
improve plant availability and reduce the economic
impact of IGSCC in BWRs. The results of the
program are applicable to operating plants, plants
under construction, ana future BWRs.

The present 4-yr program (1980 to 1983)
places emphasis on (1) analysis, inspection, and
testing of large piping of the recirculation system,
(2) use of full-size mock-ups to demonstrate field
applicability of various qualified remedies, and
(3) improvements in nondestructive examination
methods to detect, locate, and size IGSCC. To
address these needs, the program is structured into
three major tasks: problem resolution, remedy
development, and remedy application. The objec-
tives of each task and its current status are dis-
cussed in the following sections.

Problem Resolution

The objectives of this task are to (1) develop
improved capability for identifying those pipe
welds that are most likely to suffer IGSCC,
(2) provide a capability of locating and sizing
IGSCC, (3) provide reliable methods for predict-
ing and monitoring crack growth, and (4) evaluate
the consequence of cracking from a systems
viewpoint.

Status of Task. General Electric has
developed a stress rule 1o identify pipe welds that

are potential IGSCC candidates.’® The stress rule
is

Pp+ Py + @+ Flresid) _
S, S, +0002F

SRI

where P, = primary membrane stress
Py = primary bending stress
S, = code yield strength
Q = sustained secondary stress

F = sustained peak stress

E = clastic modulus
resid = weld residual stress
SRI = stress rule index
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At SRI values of 1.0 and less, the probability
of IGSCC is very small indeed. The application of
the SRI to field cases does show that no 1GSCC
has been found at values <1.2, However, the stress
rule has not been successful in identifying which
we'ds are vulnerable with SR/ values >1.2.

Deficiencies in the stress mode! include (1) no
consideration for the level of sensitization, (2) re-
sidual stress distribution, (3) effect of postweld
grinding, (4) service stress cycles, wnd (5) the
actual operating stresses. These factors are being
evaluated in studies to improve the current model.
From these studies, a promising engineering mode)
for crack initiation based on a film rupture
mechanism of IGSCC is being developed. This
engineering model includes both cyclic and static
loads and has been successfully applied to reconcile
the results of tests on constant-extension-rate
laboratory specimens and cyclic loaded pipe test
specimens. Further work is in progress to include
the other factors known to affect IGSCC.

Once the vulnerable welds are identified, ultra-
sonic ISI equipment and procedures are needed to
detect, locate, and size the IGSCC in the HAZs of
the austenitic pipes. Under this program, a par-
tially focused dual-crystal search unit has been
employed and appears to be superior 0 alternate
units for ISI. Because the unit is partially focused,
different configurations are required for varying
pipe sizes and schedules.

A “call confirmer” ultrasonic (UT) unit consist-
ing of a pulsor-receiver and search unit, a coupled
signal processing unit, and a manual transducer
positioning jig (scanner) is available in a field pro-
totype version and is presently undergoing pro-
cedural development testing. The call confirmer
views the UT return signal and c..npares 's
features with stored characterization:, of IGSCC,
and a decision is made that disinguishes the signal
as a crack or as a geometric discontinuity,

To assist in improved crack sizing and monitor-
ing, pipe samples with IGSCC have been produced
for training and qualification of procedure. A pro-
cess has been developed to introduce IGSCC in
welded 304 stainless steel pipes that simulate field
failures. Use of these samples or standards will
reduce the error in detection which results from
the use of conventional calibration notches in stan-
dard specimens. Standaid IGSCC specimens of
25-cm (10-in.) Schedule 80 pipes will be dis-
tributed to the BWROG members for training.

e il T
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Detection, location, and sizing of cracks provide
part of the information needed to predict the ser-
vice hfctime of the austenitic stainless steel piping
system. The other source of information is derived
from analytical and experimental studies of crack
growth. In the early IGSCC incidents in small
Pipes, crack propagation was rapid. Accordingly,
IGSCC detection led to repair or replacement of
the piping. Recent data have demonstrated that
¢ruck propagation rates are strongly influenced
both by residual stress distribution and by weld
semsitization.  The weld residual stresses are a
strong function of pipe diameter'’ with the tensile
residual stresses on the internal diameter of the
pire, decreasing with increasing pipe diameter. In
Fig. 2 the measured through-wall residual stress
distribution of large pipes is shown. Cracks ini-
tiated at the inside surface will propagate only
until they reach the region of compressive residual
stress, where they will arrest. Thus forced outages
lo repair large pipes may not be necessary. Crack-
growth verification experiments on large pipes sub-
Jected 1o simulated service conditions are in prog-
ress 10 check on the life predictions.

All 1GSCC incidents to date have resulted in
leak-before-break behavior. A complete circum-
ferentiai crack must exceed 50% of the wall thick-
ness for the service loads to extend the crack by
ductile tearing. Tt is predicted that, before the
cracked area reaches this size, the azimuthal varia-
tions of welding residual stress and material sus-

Wl 3P

50[ 345
10 276 ® GE 26 n NP944 -
<76 gt 1 GE 26 w1 I1HSI rel pipe (4 azimuths)
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Fig. 2 Resldual through-wall stresses for large pipes. GE (Gen-
eral Eleciric Compuny), ANL (Argonne Nationsl Laboratory).

ceptibility in the weld HAZ, combined with the
applied bending loads, will lcad to asymmetrical
crack growth and to the formation of a through-
wall crack at some location. This prediction is
borne out by field experience. To date, all the
cracks caused by IGSCC which have penetrated
the pipe wall have resulted in a leak and have been
detected wel! before there was any chance of catas-
trophic pipe failure under normal service loads.
Analytic and experimental studies in BWR
austenitic piping have shown that stable crack
growth caused by ductile tearing can only start
after a critical plastic flow stress [about
48 X 10° Pa (70 ksi)) is reached in the pipe
cross section. Delineating the transition between
this stable tearing (leak) with increasing load and
instability (break) is the critical aspect of the
leak-before-break question addressed by current
research on fracture of very ductile materials.

For structures made from tough ductile materi-
als such as stainless stecl, the occurrence of
unstable fracture (which would lead to break-
before-leak behavior) is now known to be deter-
mined by the dependence of fracture resistance (a
material property) and crack driving force (which
depends on load and structural geometry) on crack
extension. Because laboratory measurements have
determined how the fracture resistance of stainless
steel varies with crack extension, predicting crack
growth instability becomes a matter of predicting
how the driving force varies as the stress corrosion
crack exter.s through the wall and around the cir-
cumference of the pipe.

Under NRC sponsorship, a stability analysis
has been performed for a circumferentially flawed
stainless  steel pipe subjected 1o  severe
displacement-controlled bending and axial load, a
condition believed to he generally representative of
seismic loading. The analysis showed that instabil-
ity is unlikely if the pipe length-to-radius (L/R)
ratio is <200. More recent work under the
BWROG and work sponsored by the NRC has
shown that L/R values for the piping lines studied
to date have ratios well below 200. This is true, for
example, for a circumferential crack 50% through
the wall, containing a through wall section of 120°.
The example assumes an axial load that is 50% of
the flow stress and a bending load sufficient 1o pro-
duce in the cracked section a fully plastic moment
that is significantly larger than the ASME Cade
design allowable for normal operation and antici-
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pated transients. Thus instability is very unlikely
under a large load characterized by displacement-
controlled bending and axial loads even in the pres-
ence of severe IGSCC.

The validity of the approach to structural insta-
bility taken by the NRC analysis was demon-
strated in smull-specimen tests. Further verification
wus recently obtuined in a bend test on a flawed
10-cm (<-in.) stainless steel pipe. In this test, the
specimen was spring loaded to simulate a length of
8.8 m (30 f1). The results confirmed the transition
from stable 10 unstable crack growth predicted by
the stability analysis. Additional stability tests are
planned in 10-, 25-, and 40-cm (4-, 10-, and 16-in.)
pipes with part-through and through-wall flaws
subjected to combinations of internal pressure,
bending, and axial tension to simulate piping loads
under normal and abnormal operation. Other work
secks 10 (1) estimate the crack driving force and
its variation with crack extension for a variety of
geometries and loads and (2) develop and apply
simple enginecring design methods for determining
equivalent L/R values for the complex piping sys-
tems found in BWRs.

The results of the BWROG and NRC work
indicate that unstable crack extension would prob-
ably not occur in BWR stainless steel piping sys-
tems designed in accordance with the ASME Code
even though severe IGSCC may be present. The
more prob: ble consequence is leak-before-break
behavior. This follows from (1) field experience
with real piping systems, (2) the fact that asym-
metric weld-heat sensitization and bending loads
suggest a preferential directicn for crack growth,

and (3) stability analysis and associated verifica-
tion tests.

Remedy Development

The objective of this task is to develop and
qualify remedies for the mitigation of 1GSCC in
the austenitic stainless steel piping.

Pipe remedies have been organized into three
categories as shown in Table 2. Discussion of the
remedies follows the categories in that tauie

\s Sensitization-Related Remedies. [he develop-

ment work and qualification of solution heat treat-
ment (SHT) of shop welds,'”~'* the shop and field
application  of  corrosion-resistant cladding
(CRC),"™'"  und alternate material'® pipe
remedies have been completed. Qualification was
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Table 2 Remedies for Mitigation of IGSCC
in 304 SS Pipe

Remedy Purpose

Seusitization Related

Solution heat treatment of To eliminate weld sensitization
shop welds and residua! stresses
Corrosion resistant cladding  To provide an IGSCC-resistant
layer 10 protect the HAZ
Alternate pipe matenal To eliminate weld sensitization

Stress Related

Heat-sink welding (HSW) To provide compressive residual

stresses on the inside surface
and partially through the
wall

To provide compressive residual
sticsses on the inside surface
and parually through the
wall

To provide compressive residual
stresses on the inside surface
and partially through the
wall

Induction heating stress
improvement (1HSI)

Last-pass heat-sink welding
(LPHSW)

Environment Related

Startup deacration Fzduce dissolved oxygen content

before startup

Add hydrogen to feedwater to
reduce sicady-state oxygen
content

Alternate water chemistry

achieved by testing welded pipes using each
remedy and comparing the results with reference
as-welded 304 SS (Ref. 20). A statistical test pro-
gram was formulated to relate the time to failure
of the laboratory specimens to field failures and
thereby to demonstrate the capability of the pipe
remedies to achieve the goal of a 40-yr plant
lifetime.*' For 10-cm-dia. (4-in.) pipes, the goal
was to show a factor of 20 improvement of the
pipe remedy over the reference condition. This was
an extremely conservative estimate because the test
conditions accelerated the IGSCC. These condi-
tions were (1) high applied tensile stress [136% of
the yield stress of the base material at 288°C
(550°F)], (2) cyclic loading (0.7 cycles/h trap-
ezoidal wave shape), and (3) high dissolved oxygen
content (8 ppm) in the high-temperature [288°C
(550°F)] high-purity water,®® The sensitization-
related pipe remedies have been accepted by the
NRC in NUREG-0313 Rev. | (Ref. 22) and pro-
vide relief from the augmented ISI of nonconform-

- WA, Pa s e
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Ing pipe lines. The SHT,CRC, and alternate pipe
material 316NG have be__ used in plants under
construction and for the Tepair or replacement of
Pipes in operuting plants worldwide, 2234

Under the sensitization-related remedies, stud-
s are being performed on the phenomenon of
low-temperature sensitization (LTS}, The objective
13 10 delermine the extent of continued sensitization
4t the BWR steady-state operating temperature of
288°C (5350°F) on the susceptibility of the weldec
304 85 w IGSCC, These siudies include stress cor-
rosion cracking tests, fundamental studies on the
phenemenon und modeiing analysis 10 predict the
long-term operating effects.

Results of these studies have provided the fol-
lowing understanding of LTS, In the weld HAZ of
the 304 SS, precipitation of chromium carbides
(CryyCy) occurs at the austenite grain boundaries.
Examination of welded 304 SS specimens exposed
4t lemperatures ranging from 288 to 500°C (550
0 932°F) for various times revealed further
sensitization in the HAZ. This was manifested by
growth of the precipitated chromium carbides with
further Jepletion of chromium at the grain
boundarics. On the basis of thermodynamic con-
siderations, the chromium in equilibrium with the
chromium curbides may drop to low levels of 6 to
8 wi.% ¢'iromium, dependi~ 2 on the time and tem-
Perature. Scanning transmission electron micros-
COpy micusurements of the LTS specimens did show
4 lower chromium content in the grain boundaries
relative tu the as-welded condition,

The cffect of the Jower chromium content on
IGSCC of the welded 304 SS specimens is being
determined by constant extensicn rate tests. Tests
on as-welded and as-welded plus LTS specimens at
288°C  (550°F) in high-purity  water  with
8000 ppb dissolved oxygen show that the LTS con-
dition is more susceptible to IGSCC. Both test
Ume and total elongation are significantly less in
the LTS treated specimens. However, tests per-
formed in 4 water environment with 200 ppb dis-
solved oaygen, the steady-state operating leve!,
shewed essentially no difference between the two
metallurgical conditions.

For (he fundamental and modeling studies,
Arrhenius plots of the stress corrosion cracking
tesls und sensitization measurements are being
used. To date, the results show that, for certain
heats of 304 SS, LTS will occur within the plant
Uesign lifetime. The 304 and 316 nuclear-grade

Stainless steels do noy exkibit LTS because of the
low carbon content (0.02 wt. o max.). Although
normal grades of welded 304 SS are prone to LIS,
this does not enhance the IGSCC suscepuibility at
the BWR steudy-state operating  conditions,
Further studies are in progress to fully evaluate the
LTS phenomenon.

Stress-Related Remedies. The heat-sink weld-
ing process involves the welding of the root pass
and the first und second layer by conventionul
welding and then compieting the weiding while
flowing, Sprayed, or stagnant wuter Is used inside
the pipe. With this process, favorable compressive
residual stresses are introduced on the inside sur-
face of the Pipe and partially through the wall. An
additional benefit is the slight decrease in the level
of sensitization relative to conventional welds. Test
results have shown a factor of Improvement greater
than 15 over reference pipe welds, 719 providing no
postweld grinding is employed. The grinding opera-
tion introduces high tensile residual stresses that
overcome the compressive residual stresses of
hcqt-sink welding. The process has veen effective
for repairs in operating plants and plants under

—Lonstruetion. 225

The IHS! (Inductive Heating Stress Improve-
ment)  process, conceived, developed, and imple-
mented in Japan, =30 jnuolves heating the outside
surface of the Pipe weldment to ~500 to 550°C
(930 to 1020°F) while maintaining the inside sur-
face temperature ar 100°C (212°F) with flowing
water. The temperature gradient across the wall
thickness results in ~0.5% strain in the stainless
steel and impars 2 compress've residual stress on
the inside surface and partally through the wall.

Under the BWROG Program, process specifi-
cations have been developed using a section of a
recirculation loop mock-up, and residual stress
measurement on the Joints has been performed.’!
In addition, tests on IHSI treated pipe and refer-
ence welded material are in progress. To date, the
THSI pipes show factor of improvement greater
than 10 over nontreated 304 SS pipes. At this
time, a number of domestic utilities have expressed
interest in @pplying the process both to plants
under construction and 10 operating plants.

The LPHSW (Last Pass Heat Sink Welding)
process involves the use of high heat input during
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the final weld while water flows through the inside
of the pipe. This process, like heat-sink welding
and [HSI, results in compressive residual stresses
on the pipe inside surface and partially through the
wall. Preliminary development work has demon-
strated compressive residual stresses in a 7l-cm
(28-in.) pipe. Work is in progress to establish the
process parameters that will be verified by residual
stress measurements. Tests to quantify the benefits
of LPHSW are also planned.

Environment-Related  Remedies. In  most
BWRs, oxygen levels during startup are
~8000 ppb. This compares with steady-state levels
of 200 to 300 ppb at the operating temperature of
288°C (550°F). The variations of dissolved oxy-
gen for a number of BWRs with normal and
stariup deaeration have been measured and are
shown in Fig. 3. Plants with deaeration practices
clearly show lower oxygen contents at low
temperatures.’*¥ Because of the high oxygen con-
tent during startup, it has been postulated that this
was a major contributor to the IGSCC of the 304
SS piping. However, the sicady-state conditions
also facilitate IGSCC and, at this time, the bene-
fits of startup deaeration have not been established.

Under the BWROG research program, experi-
ments arc being performed that simulate the
startup coaditions of oxyge:. and hydrogen peroxide
concentrations and stress as a function of tempera-
ture. Tests up to 190°C (375°F), which is the tem-
perature where the dissolved oxygen content is near
its steady-state value, showed no difference
between normal and deaerated startup.®*~% How-
ever, when the tests were extended to the full
operating temperature of 288°C (550°F), the
results were not the same. The aerated startup
simulations resulted in IGSCC, whereas the
deacrated startups did not produce IGSCC. It
appears that something may happen at tempera-
tures below 190°C (375°F) that affects the
behavior of the 304 SS above 190°C. In assessing
the effects of startup deaeration, the operating
cycle of the BWR must be considered. The reactor
spends most of its operating time in the steady-
state condition. Although deaeration during startup
is less delcterious than normal aerated startup, the
contributions between steudy-state and startup
environments must be separuted before the benefits
of startup deaeration can be quantified. This is the
objective of experiments currently in progress.
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Alternate water chemistry involves the addition
of hydrogen 10 the feedwater at operating
temperature.  Experiments performed in  the
Oskarshamn BWR in Sweden have demonstrated
that small amounts of hydrogen can significantly
reduce the dissolved oxygen content.” Electro-
chemical measurements of the corrosion potential
of 304 58S clectrodes showed a reduction. With suf-
ficient hydrogen addition, the oxygen content was
reduced to a level where the electrochemical poten-
tial would no longer support 1GSCC.» Thus, by
adjusting the oxygen content by hydrogen addition,
IGSCC of 304 SS can be prevented. Present exper-
iments are in progress to determine the effects of
hydrogen water chemistry on 1GSCC of 304 SS
and other structural materials.® Under a joint
Department of Energy and Commonwealth Edison
Company project, in-reactor experiments are
planned in Dresden 2 Power Station in 1982,

Remedy Application. The goals of this task
are to (1) demonstrate the application of the vari-
ous pipe cracking remedies on full-sized field
mock-ups, (2) provide assurance that the remedies
are effective, (3) train and qualify personnel in the
application of the remedies, and (4) prepare ge-
neric  specifications, procedures, and quality

assurance plans that are applicuble to field imple-
mentation.

Status of the Task. This task is assigned to
the EPRI Nondestructive Evaluation (NDE)
Center in Charlotte, N. C. The center includes the
BWROG Pipe Remedy Application and Training
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Facility. Construction of the center started in 1980,
and it was dedicated in February 1981,

Several BWRs were surveyed to obtain infor-
mation on the accessibility and fabrication of the
piping systemis. The surveys inciuded one BWR-$
and threr BWR-4 models with Mark 1 and
Muark 2 centainments. Access to potentially vulner-
able pipe welds was more restrictive with the Mark
| vontwinment, but access in all plants presented
problems. Piping system layout varied from one
architect=engineering firm to another. Variations
between the recirculution loops were also observed.
This information was used in guiding the prepara-
tion of full-size pipe mock-ups.

Sclection of mock-ups was based on field
cxperience, results of a special study of
repair/replacement of large pipe, and the survey
studies. The mock-ups include (1) a discharge riser
attached 1o both the ringheader sweepolet and the
reactor pressure vessel inlet nozzle; (2) a recircula-
tion loup discharge manifoid (ringheader) and five
discharge risers; (3) the lower horizontal section of
the suction line with the downcomer elbow, a simu-
lated suction valve, and the recirculation pump
inlet; (4) a section of the suction downcomer with
the residual hoat removal tee i the vertical sec-
tion, and (5) o simulated safe end on the reactor
recirculation outlet nozzles (see Fig. 1). These
mock-ups are in various phases of fabrication and
are scheduled to be completed in 1982.

Various commercial pipe severing and machin-
ing equipment has been purchased and is being
evaluated. This includes the determination of the
merits and limuations of the equipment, adapting
the equipment for the specific repair needs, and the
preparation of operating procedures for the various
planned repair activities.

Welding  cquipment, both manual and
automatic, has also been procured and is undergo-
ing evaiuation. Procedures for the preparation and
performance of various pipe welds are being
developed. These will be used in the preparation of
the mock-ups and demonstration of the pipe
remedies.

Mcetings have been held with the technical
representatives of the utilities and a special indus-
try advisory coinmittee on the subject of training.
Valusble information has been obtained on the
level of training needed and the personnel that
should attend the training sessions. Two levels of
iruinces have been identified: the maintenance

supervisors and the operators. Training of the
skilled craft was not recommended because the
needs are very specific, and these can best be
gained by the use of mock-ups at the plant site.
The first training session for maintenance supervi-
sors i1s scheduled for early 1982,

OTHER PIPE CRACKING MECHANISMS

Pipe Cracking from Fatigue

Fatigue cracking in BWR pipes results from
vibrations or thermal cycling. Compared with the
IGSCC incidents, fatigue cracking accounts for
only a small percentage of the tota! pipe cracks in
the BWR stainless steel pipe systems. A review of
the Licensee Event Reports (LERs) revealed that
18 cracking incidents were fatigue related in pipes
<10 c¢m (4 in.) in diameter.

In addition to these LERs, thermal-fatigue
cracks have been reported in five BWRs in
Sweden.”® Cracking occurred in 25- and 40-cm
(10- and 16-in.) 304 SS pipes that formed a
branch connection between the feedwater and shut-
down cooling systems. Large areas of cracking
observed in the base material was caused by ther-
mal fatigue resulting from temperature gradients
when the feedwater of 180°C (356°F) mixes with
the shutdown cooling water of 270°C (518°F) dur-
ing normal operation. The 304 SS was not sensi-
tized, and the cracking morphology was
transgranular. Operational times of the plants were
between 23 000 and 39 000 h.

Similar incidents were reported in a Finnish
BWR in anncaled 304 SS pipe sections where mix-
ing of water of two different temperatures [280
and 130°C (536 and 266°F)] occurred.®® The
cracks exhibited a transgranular morphology.
Corrective actions for the thermal and mechanical
fatigue was to modify the pipe system design 10
minimize or eliminate the thermal gradients and
vibrations.

Pipe Cracking in Cold-Worked
(Nonwelded) 304 SS

A number of pipe cracking incidents have been
attributed to the effects of cold work on the 304
SS.“*2 In the cold-worked metallurgical condition,
failures may be either transcrystalline or inter-
granular depending on the stress level, environ-
ment, and degree of sensitization.
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The IGSCC incidents of cracking in 304 SS
elbows in the shutdown cooling and cleanup system
in Oskarshamn® presents an unusua! and most
interesting case. The ¢lbows had a mimimal carbon
content of 0.05 wt.% and had been formed by cold
bending with a resultant deformation of 15 to 20%.
This deformation of the 304 SS resulted in the
transformation of some of the metastable austenite
tv martensite, Measurements on the degree of sen-
sitization revealed a complete absence of chromium
carbide (Cry3Cq) precipitation. Thus, with the
exception of sensitization, the other conditions for
IGSCC were present, namely, high residual stress
and oxygenated water. A hypothesis for this
IGSCC incident is proposed, based on the presence
of some martensite that is known to lead to local-
ized corrosion. When this corrosion penetrates the
surfuce, initiation occurs. With a crack initiated,
the probability of a crack intersecting a grain
boundary would be high. The grain boundary, a
source of impurity segregation, could set up acid
crevice conditions in the BWR environment. The
presence of the cold-work residual stresses would
provide the driving force of crack propagation.
Although the crack propagation may be slow,
depending on the state of stress in the elbows, the
operation time of 45 000 h would be sufficient for
the :rack to propagat through the wal! and result
in the leak that was observed in the |l-cm-dia.
(4.5-in.) elbow. Although these results were unex-
pected, they do indicate that under certain condi-
tions of environment, stress, and operating time,
initiation and propagation of IGSCC may occur in
unsensitized 304 SS. Very recent unpublished
results on IGSCC in unsensitized 304 and 316
low-carbon stainless sieels with fatigue precracks in
a simulated BWR environment of 8 ppm dissclved
oxygen content support the above hypothesis.
These results suggest that other failures similar to
those in Oskarshamn may occur in unsensitized
cold-worked 304 SS in BWRs.

CONCLUSIONS

Results of the BWROG research program on
intergranular stress corrosion cracking of stainless
steel piping have led to the following conclusions:

|. The phenomenon of IGSCC in BWR stain-
less steel piping joints is now well understood.

2. IGSCC does not present a safety hazard if
leak-before-break behavior is established. Experi-
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ence shows that this has been the case in every one
of the 272 field occurrences.

3. IGSCC of BWR stainless steel piping
depends on three conditions being present simul-

taneously: high tensile stress, susceptible material
condition, and environment.

4. The phenomenon is easily reproduced in the
laboratory on prototype components.

5. A range of qualified mitigating procedures
for plants under construction and new plants has
been developed and qualified by extensive
laboratory testing in the United States, Japan, and
Europe. The mitigating procedures include repluce-
ment by alloys immune to IGSCC, SHT of joints
after welding, corrosive-resistant cladding, heat-
sink welding, and induction hrating stress improve-
ment.
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