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* -~ ABSTRACT— -

This report identifies forty-four (44) incidents of threaded fastener
degradaz.on and failure in nuclear power plants for the period from

1964 to March 1982, It provides an overview of some of the various types of
threaded fastener problems that have occurred sinie 1564, Safety
implications ¢f these incidents are discussed and recommended short

term Regulatory 2¢tions and ongeing long term Regulatory actions are
described. It should ce'ﬁoted +hat informatica inclucded in this report

represents the current NRC staff understanding of each issue.
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INTRODUCTICN

There are numerous threaded fasteners* in a nuclear pow2r plant. The most
important applications are those constituting an integral part of the reactor
coolant pressure boundary such.ag :;essurem;etgfning ~losures in reactor
vessels, pressurizers, reactor coolant pumps, and steam gzrerators. In recent
years, “here have been an increasing number of degraded thr2aded fastener
incidents reported in both operating reactors and reactors under construction.
A large number of reported threaded fastener incidents invcive reastor

coolant pressure boundary applications and major component supoorts.

Therefore, there is increasing concern regarding the integrity cf the

reactor coolant pressure boundary in operating nuclear power plants and the

structural integrity of component supports.

The scope of this report is limited in that there ¥s no intent to describe
each event in detail and oniy relatively significant events are covered.
This rezcrt covers 2 total of forty-four (42) threaded fastener incidents
reported Dy the licensees c¢f operating nuclezr pcwer plan:s and the
applicants of plants still under construction during the pericd of 18564

to March 1882. This informaticn is derived from pertinent Licensee Event
Reports (LEZR), Regortable Qccurrence Reperts, Oper:ting Reactor Event
Memoranda (OREM), failure analysis reports and other relevant documents.
As stated earlier, the ‘overage of the threaded fastener incidents is not
exhaustive and may be incompleta; only relatively signifizant events that

occurred during this period of time have Deen investigated by the s:aff.

%501%s, Sstucds, capscrews, etc.
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This repor: was initiated as a result of the Executive Director for Cperations

response to R.F. Fraley's memorandunm dated October 20, 193] regarding the

safety concern of threaded fastener-failures in nuclear power plants (References

1 and 2). This report Provides a perspective and an gverview of threaced

fastener problems in operating nuclear power plants and describes recommended

short term Regulatory actions and ongoing long term Regulatory actions

adcress

ing this problem.

DESCRIPTION OF THREADED FASTENER PROBLEMS

pes of Threaded Fastener Decradation and Failures

- -
-

an

'h

£
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reacec fastener ‘ailures anc degradation deg;ri:ed in this report refer

the loss of the integrity of threaded fasterers including bolts, studs
d capscrews due to any mechanical, chemical ar electro-chemical Causes,
@ principal types or meces of threaded fastener degradation and

Tlures ¢iscussed in this repors ave defined below:

ca

en

co

Tlure of material dye 20 stress corrosion refers t0 Cracking

J4S&d Oy the simylztanegus presence of tensile stress and a specific

stile envircnment. 1In this repor: all cracking that oczurs in a hostile

virgnment under steady state tensile lpad is classified as stress

rrasion cracking. Stress cerrosion cracking is a concern because it

can occur below the design stress.

Failure of materia) under repeated cyclic loads is defined as fatigue.

Corrasion fatitue refars 1t reduction of fatigue resistance due to the

presence of a corrosive or hostile environment. This report



2.2.1 tress Corrosion

For all the threaded fastener incidents covered in this report,
stress corrosion is the-most common cause of failure. A total

ef nineteen (19) threaded fastener incidents attributed to stress
corrosion are listed in Table 1. Relevent information when
available such as material of parts, contributing factors, and
the corrective action taken are also tabulated. It should oe
noted that only one threaded fastener incident (LaCrosse) was
reported by a boiling water reactor (BWR); all the other

incidents were exgerienced by pressurized water reactors (PWR).

Table  lists six (6) incidents associated with the cracking of
primary pressure boundary closure studs: the failure of steam

generator manway studs in Arkansas Unit 1 (1578 and 1981), Occnee

—

Unit 3 (18E2), San Oncfre Unit 1 (1977), and Maine Yankee (1982), and

the failure of reactor vessel closure studs in LaCrosse (1870).

Ouring a 1970 refueling outage at LaCrosse, two reactar vessel
closure studs failed in a head remcval operation after applying
a tension of 46 ksi and 35 ksi respectively. The main cause for
the failure of two reactor vessel closure studs made of 12% Cr

martensite stainless steel w~as attributed by the licenses to



exposure to an agueous environment while under load during an

outage. The otheér contributing factors were improper heat treat-

ment of the mater1g1 resultinq_jn a high susceptipility to inter-
granu1ar stress corgﬁsisn anc gal&anic acticn resulting from localized

oreaxaow:: Of tne silver plating on the threads.

During the fifth refueling outage at San COnofre Unit 1 in 1877,
selected components of the reactor primary coolant system were
subjected to an in-service inspection. Eight steam generator
marway studs were visually identified to be showing crack

indications. The cause of the cracking was not determined.

Twe steam geneéator manway studs wer;-sheared off at the base of

the nut at Arkansas Unit 1 in 19}8.during re-installation of the
Tower manway cover following tube plu;ging in steam generator A,
Visual inspection indicated a crack of 9C% of the stud diameter had
existed pricr to retensioning. UT inspection on other studs of both
steam generator ugper and Tower manways did not show any crack
indications. The cause of tne stud failure was nct determined
beczuse meaningful failure analysis could not be perfcrmed on the

excessively deteriorated fracture surface of the failed studs.

During a scheduled steam generator inspection in Oconee Unit 3 in

1980, cracking in nine of sixty-four upper and lower manway studs

was identified by visual and UT examination. At Arkansas Unit 1

during an outage as 2 result of a steam generator tube leik in 1980,

UT inspection identified three lower manway studs with crack indicaticns

on "A" steam generator. For the steam generator manway stud failures



at Arkansas Unit 1 and Oconee Unit 3, the cause was

attributed to the use of thread lubricant containing molybdenum
disulfide (MoSz). Molybdenum disulfide is kncwn to decompose

at high temperature to form corrosive hydrogen sulfide. This
“esulted in acceleratad cracking of the closure studs. CSxperiments
performed at 8rookhaven National Laboratory have shown 2 pronounced
emorittling effect on carbon stee] and low alloy steel when the

material is in contact with MoSZ in a steam environment.

Quring a routine disassembly of steam generator 42 primary manway
in Maine Yankee in 1982, six of twanty manway studs had failed with
another five showing crack indications. The studs were exposed to
leaking sorated water and Furmanite, a sealing compound containing
leachable sulfur, fluorine, and chlorine which are known SCC
prometers. Tne cause of leakage was due to an interference contact
setween the gasket retainer 1ip and vessel cladding which prevented
arcper compression of the flexitablic gasket during reinstallation
s¢ the manway cover. Furmanite was injectes to the manway to control
the leakage when increasing the torque in the studs to hydrotest
level failed to stca the leakage. UT inspection on steam generatisr
$1 and #3 manway studs did not show any indications. The cause

of the failure of steam generator manway studs at Maine Yankee

is currently under study.
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Four incidents occurring at Surry Units 1 and 2 (1975) and Prairie
Island Units 1 and 2 (1980) are related to the cracking of threaded
fasteners in steam generator supcorts. All the threaded fasteners
were made of maraging steel (Vascomax 250). The exact caus: for the
failure at Surry -Units 1 and 2 (1875) was not determined. The
failure of steam generator column support bolts at Prairie Island
Units 1 and 2 was attributed to an excessive pretorque of 1400 ft-1b.

Laboratory test results have shown that high strength maraging

steels and Tow alloy steels heat treated to high hardness are
highly susceptible to stress corrosian especially under large

preload.

Four incidents }epcr:ed by Ginna (7956), Haddam Neck (1973), Mid-
land Unit 1 (187%8), and Pa'o Verde (1581) are related to failure

of imbeded anchor bolts in steam generator supports, reactor

vessel skirt flange anc 2iping restraints, respectively. The exact
cause for the failure of steam generator supcort anchor bolts at
Ginna and Haddam Neck was not determined. Midland Unit 1 and

Palo Verde are plants still under construction and the cause

of their anchor bolt failures is attributed to excessive

hardness 2s 2 result of improper neat treatment of the Tow alloy

steel material,

One threaded fastener incident related to some valve. studs mide of
stainless steel type 416 in Rancho Seco (1980) is also attributed
to improper heat treatment of the material. The studs of main

steam isolation valve internals made of AISI 4140 material failed



at D.C. Cook Unit 1 in 1881. The failure was attributed to over-
torque during installation and the use of thread lubricant

containing molyddenum disulfide (MoS,) as the probable causes.

The failure of two bonnet to body studs of 2 6 inch gate valve in
the spent fuel cooling system during 2 routine disassembly for
maintenance was reported by Main Yankee (1982). The studs were
made of type 416 stainless steel material and were corroded due

to exposure to boric acid from a small body-to-bonnet leak. The
licenses reported that there are about 150 valves with type 416
stainless steel studs in the plant. Inspecticn of 12 such valves
did not show any evidence of borated water corrosion. The licensee
has replaced the degraded studs wi:h-AIS! 4140 Tow all(  steel
studs and in the longer term, all AIZI 4140 studs will be replaced

with studs made of 17-4 PH material.

Severa) broken thermal shield belits in the reactor vessel internals
1

of Oconee Unit 1 were visually observed while performing a 10 year
g Y

1$! during a refueling shutdown. Subsequent UT inspection identified
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94 of a total of 96 bolts showing crack indicatiens. The results
of failure analys s on the broken thermal shield bolts of Oconee
Unit 1 had suggested stress corrosion as well as fatigue to be
potential failure mechanisms. The fracture surfaces of the
broken 50lts were so severely corroded that it was not possible
to determine which of the two failure mechanisms was responsible.
The corrective action for Oconee Unit 1 consists of a red;sign

of the lower thermal shield and use of Inconel X-750 material

for bolts and nuts.

UT inspection performed on reactor vessel thermal shiald bolts
of Oconee Unit 2 also identified three broken bolts and another
twenty-four bolts showing crack indications. The cause of thermal

snield bolt failures in Oconee Unit 2 is currently under study.

All identifiec fatigue failures of threaded fasteners in nuclear
sower plants have been associated with reactor vessel internals.
Tanle 2 lists three threaded fastener failure incicents attributed
ts fatigue, namely, the failyre of therma! shield belts in Big Rock
Point and Yankee Rowe, and the failure of hold down bolts for the
ring shim in Palisades. The failure of hold down bolts in Palisades
was identified after discovering a broken bolt head in the steam
generator =2 inlet plenum; the cause for the failure was attributed
to improper aretorque_of the bolts. The cause for the thermal
shield bolt failures in Big Rock Pgint (1964) and Yankee Rowe

(1968) was attributed to the flow induced vibration.
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Borated Water Corrosion

Borated water corrosion is the second most numercus type of threaded
fastener failure or degradaticn covered in this report. It occurs
only in pressurized water reactors. A total of fourteen (14)
threaded fastener incidents resulting from borated water corrosion
are listed in Table 3. Almost in every case, the cause of threaded
fastener degradation is due to corrosive attack by borated water
leaking from closure gaskets or seals, and the degraded fasteners
were discovered during the process of correcting the leakage.

With prolonged exposure to borated water, the affected closure

studs or no{d do@n bolts can be correded sufficiently to impair

their lcad carrying capability.

One of the severe cases of borated water threaded fastener degrada-
tion regorted was a reactor coolant pums closure stud made of

low alloy steel (AISI 4140) at Fert Calhcun. The diameter of the

stud was reduced from 3.5 inches to 1.1 inches.

Among the fourteen incidents resulting from borated water
corrosion, six incidents related ts reactor coolant pump closure
studs occurred in Fort Calkoun (1380)(1981), Calvert Cliffs

Units 1 (1980) and 2 (1981), and Oconee Units 2 (1981) ard 3
(1281); three incidents related tu steam generator manway closure
studs occurred in Ark:insas 1 (1981), Calvert Cliffs Unit 1 (19881)
and St. Lucie (1977); two incidents related to pressurizer manway
studs occurred in St. Lucie (1978) and Calvert Cliffs Unit 2

(1681); and three incidents related to various types of valve studs
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Some motor hold-down bolts on valve limit-torque operators were
reported to have failed in Vermont Yankee (1981) and Pilgrim Unit 1
(1881). The exact cause of these fa‘lures is not known. One
probable cause for.gpe faiIurg_jn Pilgrim Unit 1 was attributed
by tre licensee to vibration whicﬂ-1oosened the hold-cdown boits

which subsequently sheared during operation.

The failure of emergency feedwater turtine steam inlet bolts in
Arkansas Unit 1 (1980) was due to the bolts made of wrong material,
carbon stee! ((-1117), instead of the originaily specified low
alloy steel (AISI 4140). The carbon steel bolts were not strong
enough to withstand the water hammers that cccurred. Surry Unit 2
renortad the failure of a capscrew im a service water pump impeller
381. The impeller capscrew was cérrodec in an agueous environ-
ment and caused the pump to be inoperable. The broken carben

steel capscrew was replaced with a stainless steel capscrew.

Are
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N
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cased upon tne available information concerning the incidents
covered in this report, the major causes for threaded fastener

degrzzation and failures 2re summarized belcw:

Stress Corrosion

(1) Borated watar leakage

(2) Wet or humid environment

(3) High preload

(4) Use of lubricant containing molybdenum disulfide

() Improper heat treatment of material
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Fatigue
(1) Flow induced vibration

(2) Improper preload

Borated Wazer Corrosion and Erosion-Corrosion

#1, Burated water lezkage -

Other Threaded Féstener Degradation ana Failures

(1) Improper heat-treatment
(2) Improper preload

(3) Wrong material

In summary, we can cenclude that the majority of the reparted
threaded fastener problems were corrosion rlated and caused by

a combination pf any of the following three factors:

(1) Presencs of hostile environment such 2s borated water, wet

or humid environment, and sulfur or chloride contamination.

—
(a8}
—

Appiication of hich preload

(3) Use of material susceptible to stress corrosicn

cracking such as high strength maraging steel and low alloy

steels neat treated to high strength levels.

SAFETY IMPLICATIONS

Most of the incidents reported in Tables 1 through 5 were discovered during
refueling outages, scheduled in-service inspections, or maintenance/repair
outages. As a result, such reported incidents have as yet, had no impact on
public healtn and safety. Of those threaded fastener failure incidents
discovered during normal operation, there has not been any challenge to plant
engineered safety features. In spita of limited safety consequences to dats,

many incidents involve threaded fasteners that constitute an integral part of
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the reactor coolant pressure boundary. As shown in Table 6, a total of ninete2n
of the reported forty-four incidents relate (o reactor coclant pressure boundary
applications. Degradation and failure of such threaded fasteners constitute a
potential loss of integrity of the reactor coolant pressure boundary, and could
lead to malfunction or failure of the affected components. In the extreme

case, a LOCA could occur if extensive threaded fastener failures in a pressure

retaining closure were not detectec,

As shown in Table 7, there are a total of eleven (11) threaded fastener
incidents related to component supports. Failure of such threaded fasteners
will not impair the ncrmal operaticnm of the olant, however, under the extreme
loads associated with 2 LOCA or earthcuake,extensive failures of support or

anchor tnreadea fasteners can result in ccmponent up=1ift and possidble failure,

For threaded fastener incidents related to compenent internals, the major safety

concerns are (i) the degradaticn ¢f the ccmponent performance and (ii) the

- - - %
- - - -~ -
ervecs QI

cse cirss on the safe operation of the plant when the physically

O

separated interral Dolts or studs are not captured. A total of seven (7)
snreaced fastener incidents related to comoonent internals are listed in Table 8.
Altnougn those seven incidents ¢id net resylt 'a any problem of component

performance or plant operation, they do constitute a potential safety concern.

The safety implications discussed above are 2 cause for concern, especially
in view of the increased number of reported threaded fastener incidents in
recent years as shown in Figure 1. This concern is further compounded by the
fact that the UT methods used in-inservice inspectien programs are not

sensitive enough =; detect initial cracking in the threaded fasteners resulting
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from stress corrosicn and fatigue without development and use of special
techniques. The UT sensitivity as required by the calibraticon standard in

ASME section V is not high enough to detect the critical crack size of low

alloy high strength steel material which is_typically below 0.10 inch. Further-
more, for detecting threaded fastener degracation by borated water corrosion

or erosion-corrosion, visual examination at this time is the only reliable
methord to discover such degradation; in almest all cases this requires disassesbly
of the component in order to have direct visual access to the threaded fasteners.
Therefore, degradation cf such visually inaccessible threaded fasteners by
borated water corrosion or ergsion-corrosicn can potentially be left undetected
when there is no clear evidence of leakage in the surrounding area. Under the
present in-service ins:e::ioﬁ programs, visual ingpection is nct 2 mapda:ory
requirement and UT insesction is also not regquired ¢n pressure retaining bolts

or studs with ciameters of less than twe inches. Maine Yankee steam generator

manway studs for example, have diameters less than two inches.

Since each bolt, stud or capscrew in a ccmponent has a unique purpose or function,
the loss of service ¢f any particular part threatens the design basis of the

cmponent. In turn, tiis erodes the safety margin for the plant.

- SRy ATAR (et &alll
2 2 1Y aC S

- ™Y )& N

The following are recommended actions that could be implemented in the short
term and could have significant effect in reducing both the number and severity
0! threaded fastener failure incidents. The recormended acticns should be
considered for threaded fasteners in RCPS components, in RCP8 component supports
an¢ internals, and in other safety system compcnents, when appropriate.
Recommendations 3 througn 5 are 1n-IE Bulletir No. 82-02 dated June 2, 1982
(Reference 4). The scope of the Bulletin is limited to licensees of operating

PWRs and the 8yllezin requirements only adéress RCPS closures.
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Leakage through reactor coolant pressure boundary bolted closures
should be corrected when such leakage is detected. All threaded
fasteners of the closure assemblies where leakage has been detected
should be examinred thoroughly t¢ determine their suitability for

continued. service.

Licensees should Supp1emén: the requirements listed in Table [WB-2600,
“Components, Parts and Methods" of ASME Section XI, with a visual
examination of all applicable reactor coolant pressure boundary
pressyre retaining threaded ‘asteners of closure seal assemblies

with insylation removed in each applicable plant's IS! program. This
examination should occur after initial fill and vent, and at normal

cperating pressure and temperature upon recovery for each refueling

outage.

The use of se2lant compounds and fastener lubricants should be uncer
quality control to assure proper selection, procurement and appli-

cation to minimize fastener susceptibility to SCC eavironments.

Licensees should develcp maintenance procedures detailing the tnstruc-
tions for remsval (detorgue) and treatmant (cleaning-handling) of
fasteners, as ~211 as detailed tensioning technigues curing assembly

and disassembly of closure seal systems.

Studs or bdolts of manway closure assemblies should be cleaned, visually
inspectad, and magnetic particle or dye penetrant (for nonmagnetic material)
examinec each outage in which the closure seal is removed for equipment

inspection/maintenance.
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G _TERM REGULATORY ACTIONS

The following surmarizes the long term Regulatery actions in progress at

this time: :

(1

- = - ———

work socnsored by Materials Engineerinc Branch, Division of Encineering -

NUREG/CR-2467 entitled "Lower-Bound Kisee Values for Bolting Materials -
A Literature Stuay" was issued in February 1982. It was based on the
work performed by Lawrence Livermcre National Laboratory (LLNL). NUREG/
CR-2467 documented the available test data, in the form of KISCC versus
yield strength, of various low alloy steels, maraging steels and stain]ess
steel in water agueous chlorice, agueous sulfide and other environments.
This report will be used jointly by the staff and NRC zontractor,
Brookhaven Naticnal Laboratery (BNL), to prepare an NRC position on

the acfiors that should be taken to prevent stress corrosion cracking in

threaded fasteners and fastener materials.

A contract pertaining to evaluating and establishing threaded fastener
application requirements was recently placed (March 1882) with Brooknaven
National Laboratory (3NL). The objective of this werk is to obtain
informaticn leading to a regulatory position on material selection,
installation, and inspection of threaced fasteners and threaded

fastener material used in water reactors. The BNL work is expected

to be completed by Cctober of 1982. B8ased on that input, a NUREG

report on this subject will be issued by the NRC. This report will serve
as the principle vehicle for evaluating the safety significance of threaded

fastener degradation and failures and for developing and implementing new

and improved regulatory requirements appiicable to threaded fasteners.



-

(RS

()

- 18 -

a3rk sponsorec by Chemical Engineering Branch, Division of Engineering -

A draft report dated Ma-ch 3, 1582, entitled "Boric Acid Corrosion of
Ferritic Reactor Components,” was completed by Srookhaven National
Labcratory (BNL). This répdrt-summarized-the material degradation
experience resulting from boric acid corrosion of seven nuclear power
plants (Fort Calhoun, Calvert Cliffs Units 1 and 2, Oconee Units 2 and 3,
Kewaunee 2nd Zion !) based on review of aoplicable Licensing Event Reports
(LER) anc other relevant reports. This report also reviewed the available
corrosion rate data of H3303. H4304-KOH and H,-B04-L10H solutions on
various low alloy steels in the literature including some of BNL's cwn
work and determined that a corrosion rate of at least 112 mils/year can

be attained at 212°F. *

Tne BNL report will be used in licensing reviews and operating réactor
licensing acticns to establish the basis for analysis of effects of
borated water corrosicn on cardon and low alloy steel comsonents
includin

el -

threzded fasteners.

wi

Prioritization by the Jivision of Safetv Technoloav (DST) -

OST has completed an assessment of the safety implications of stud

cerresicn in PWR systems (Reference 3). Their priority was based

primarily on the borated water corrosicn phenomenon.

OST estimated that the frequency of small-break (SZ) LOCAs that could
result from corrosion of stud bolts would be abou” 6 x 10'3 per PWR-year,
based on the operating experience to date. Based ¢n the WASH-1400
distribution cf release categories resylting from smail-break LOCAs,

the estimated risk is 1.5 x 10'4 Ci/PHR-year. [f reguiar visual inspection



of studs is required, the risk can be reduced by at least a factor of ten.
Over the life of a plant, the additional cost of visual inspection is
estimated to be approximately $110,000. Thus the priority score for this
issue is 1 x 105 Ci/RY/]p6 dollars, which is a high score relative to

other issues that have been prioritized.

REFERENCES (attached)
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Memorandum from R.F. Fraley, ACRS to W.J. Dircks, Subject: Bolt Failures
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etin e, 82-02, dated June 2, 1382; Degradation of Threaded Fasteners

in tre Reactor Coolant Pressure 3oundary of PwR Plants.”



TOTAL: 44 Iecidents

7 Reactor coolant Pressure Boundary
7/ Threaded Fastener Incidents

1 : | !
1. 117111
64 65 66 67 63 69 172 13 N4

YEAR —

N W 7777, 77474 111 710, A
7576 17 16 79 080 81 82

FIGURE ) - A plot of the number of threaded fastener incidents covered
in this report from 1964 to March 1982 The numbers in
parentheses refer to reactor coolant pressure boundary
threaded fastener incidents for that year.
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TABLE 1. STRESS CORKOSION OF THREADED FASTENERS

¥ ( Year | Components Materials “Contributing I Corrective
Plants __|Reported | and Parts of Parts | ~ Factors Action
LaCrosse (BWR) 1970 Reactor Vessel 12%2 Cr Marten- (1) Aqueous environment | (1) Replaced with studs made from
Closure Studs (3.5 [sitic Stainless |during outage A-540-B23, Class 4 material
inch diameter) Steel (ASTM-A- (2) Improper heat treat-|(2) Augmented ISI UT surveillance
437-p4n) ment of material
(3) Galvanic action due
to silver plating break-
down
(4) Pretension
Ginna 1970 Steam Generator Low alloy steel | (1) 160 KSI pretension |(1) Replaced with studs made ‘from
Support Anchor (AIS1-4140) (2) Humid/wet borated A-490 material
Studs (1-3/8 inch water (2) No pretension :
diameter) _
e — - ———————————————————————] o s———— — —— ‘_.__ —
Haddam Neck 1973 Steam Generator Low alloy steel |(1) Pretension (1) 24 of 256 bolts replaced
Support Anchor ('2) Water leakage (2) Pretension reduced on replaced
Bolts (2 inch ' bolts
diameter) (3) Installed microswitch on all
bolts for monitoring
Surry 1 1975 Steam Generator Maraging Steel (1) Replaced with Cd plated Vascoma:
Support Raelts (Vascomax 250) 250 bolts
Surry 2 1975 Steam Generator Maraging Steel 1) Replaced with Cd plated Vascoma

Support Bolts

{Vascomax 250)

(
250 bolts



TABLE ). STRISS CORROSION OF THREADED FASTENERS

Year Comonent s ~ Materials ~ Contributing | " Corrective
Mants  [Reported|  and parts | of Parts | _Factors | _MAction
5an Onofre | 977 Steam Generator Low alloy steel (1) 8 studs replaced
Manway Studs (AIST 4140)(A193
B7) '
didland | 1979 Reactor Vessel Skirll Low alloy steel | (1) Improper heat treat{ (1) Detension remaining studs to
Flange lmbed Anchor | (AISI 4140, meni of material 6 KSI
Studs (2-1/2 inches | 4145) (2). Excessive Preload (2) Install upper lateral supoort
diameter) of 87-92 KSI on vessel .
s — CROEEE| S g TR el -
’rairie Island 1980 Steam Generator Maraqing Steel (1) Excessive Preload (1) Replaced with studs made from *
Wit ) - Column Support Boltq (Vascomax 250) (1400 ft-1b torque) same material N
(1-1/2 inch dia- A538 grade B) (2} Pretension reduced x
meter)
— —— m— ’, e ——————————————— e ] e = - ' —
Prairie Island 1980 Steam Generator Maraging Steel 1) Excessive Preload (1) Replaced with studs made from
Jnit 2 Column Support Bolty (Vascomax 250) 1400 ft-1b torque) same material
(1-1/2 inch dia- (A538 grade BY ' (2) Pretension reduced
meter)
Rancho Seco 1980 Valve Studs Stainless Steel Improper heat treatment
Type 416 (A-193- | of material
16)
Jconee 3 1980 Steam Generator Low alloy steel | (1) Use of thread (1) A1l studs replaced (thread

Manway closure
studs (2-inch dia-
meter)

(S7-320, Grade
L-43)(AIST 4340)

lubricant containing
molybdenum disul fide
(2) Trapped moisture

lubricant containing molybdenum
disulfide was applied)



TABLE 1. STRISS CORROSION OF TI

HREADED FASTENERS

£ “Yesr | Comvonents ~ Materials ~Contributing | Corrective
lants Reported |  apq Parts | of Parts | _Factors __Action
rkansas 1 1980 Steam Generalor Low alloy steel El) Use of thread lubri- |(1) 3 cracked studs replaced
Manway Closure (AISE 4340) ant containing moly-
Studs hdenum disal fide
(2) Preload
1978 Steam Generator Low alloy steel (1) 2 cracked studs replaced
Manway Closure (AIST 4340)
Studs
.C. Cook 1 1981 Main steam isolatiorl Low alloy steel |(1) Primary steam Ly
valve internals - (AIST 4340) (2) Possible use of . o~
s tuds thread lubricant contain- -
molybdenum disul fide
? Possible over torque !
aio Verde 1981 Piping Restraint Low alloy steel |(1) dmproper heat treat-
Embed Anchor Bolts | (AISI 4140)(A-* jnent of material
(1-1/2 inch dia- 3%4 Grade BD)
meter)
conee | 1981 Reactor Vessel A-286 stainless |(1) Borated water enviroqil Redesigned lower thermal shield
2) Inconel X-750 studs and nuts

Internals - Thermal | steel
Shield Bolts

W?) Preload of 32 KSI and
32 KS1 bending




IABLE 1. STRESS CORROSTON OF THRUADED FASTENERS

Year Comvonents Materials Contributing Corrective
anls Reported and Parts of Parts Factors ~_Action

onee 2 198 Reacior Vessel A-286 stainless (1) Borated water (1) Redesigned lower thermal shield
Internals - steel environment _|(2) Inconel X-750 studs and nuts
Thermal Shield (2) Preload of 32 KSI
Bolts fand 32 KSI bending

1ine Yankee 1982 Steam Generator Low alloy steel [(1) Gasket leakage of (1) 10 failed studs replaced with
Manway Closure (SA540-824) horated water same stock

Studs (1-1/2 inch (2) Use of Furmanite .
diameter) sealing compound

(3) Use of thread
lubricant containing

mo lybdenum disul fide
(4) Preload of 900-1100
ft-1b :
b-inch gate valve Stainless steel |Valve body to bonnet (1) Proposed short-term action -
bonnet to body gasket leakage of borat- [replace with AISI 4140 (A-196-87)
studs (5/8-inch ed water studs

diameter) (2) Proposed long-term action -
use 17-4 P studs




—

lants
‘alisades

{ankee Rowe

Jig Rock Point
{iIWR)

——

Year
Reported

1972

Cmiqkincd Ls
_and Parls ___

Reactor Vessel
internals - hold
down bolts for Ring
Shaim (1/2 inch
diameter)

Reactor Vessel
Internals - thermal
shield bolts

Reactor Vessel
Internals - thermal
shield bolts

Type 304 stain-

Materials
_of Parts

less steel

Type 316 stain-
less steel

TABLE 2. FATIGUE OF THREADED FASTENLRS

~Contributing
__Factors

Improper torque

Flow Induced Vibration

S——

7 Corrective
Action

1) Broken bolts replaced
2) Use proper torque and clearance

(1) Added clamp to each thermal
shield joint

A

Type 316 Stain-
less Steel (ASTM
!\-276)

Flow induced vibration

(1) Modify support and flow pattefn




Plants

St. Lucie

fort Calhoun

Calvert Cliffs
Untt )

Caivert Cilffs
Unit 2

Year
Report

1978

1980

1981

1980

1980

1981

1981

1901

ed

TABLE 3.

Connonents
_and Parls

Pressurizer manway
closure studs

Steam generator man-
way closure studs
(1-1/2 inch diameter)

Reactor coolant pump
closure studs (3-
1/2 inch diameter)

Reactor coolant
closure studs (3
1/2 inch diameter)

pump

Reactor coolant
flosurv 5 tuds

pump

Steam generator man-
way Studs

Reactor coolant
pump closure siuds

Pressurizer manway
s tuds
Safety injection

check vay . e studs

Materials
of Parts

Low carbon low
alloy steel (SA-
540-B24)

Llow carbon low
alloy steel (SA
540-821)

Low alloy steel
(A1S1 4140)(SA
193-87)

low alloy steel
(AIST 4140)(SA-
193-B7)

.

Low alloy steel

Low alloy steel

alloy steel

low alloy steel

alloy steel

BORATED WATER CORROSTON OF

.

Contributing
Factors

Manway leakage of boratec
water

Manway gasket leakage of
borated water

Flexitallic flange
gasket leakage

0

Possibie gasket leakage
of borated water

hasket leakage of borat-
ed water

Possible gasket leakage
bf borated water

Keal leakage of borated
water

Gasket leakage of
borated water

THREADED FASTENERS

“Corrective
~_Action

(1) 5 corroded studs were

(1) 3 studs rceplaced
(2) Gasket replaced

(1) 9 studs replaced

(1) 27 studs replaced

(1) 11 studs replaced

renlaced

(1) Corroded studs replaced

(1) 12 studs replaced

(1) 2 studs renlaced

(1) 16 studs replaced




TABLE 3. BORATED WATER CORROSION.

g Year “foﬁﬁdnents
"lants Reported and Parts |
lconee 3 1981 Reactor coolant

pump closure studs
Jconee 2 1981 Reactor coolant

pump closure studs
\rkansas | 1981 Steam generator

manway closure studs
(ewaunee 1981 B-inch motor

operated valve-

body to bonnet studs
).C. Cook 2 1981 Check valve bonnet

bolts

“Materials
of Parts

low alloy steel

ow alloy steel

Low alloy steel

—— e —,—

low alloy steel

Llow alloy steéel
(AIST 4140)( 4-
193-87)

HREADED FASTENERS

~ Contributing
Factors

Closure qgasket leakage
of borated water

rl) 1 stud replaced

Corrective
Action

Closure gasket lecakage
of borated water

—y——

1) 1 stud replaced

Closure gasket leakage
of borated water

(1) Cérrodgd studs replaced

Valve body to bonret
gasket leakage of con-
centrated (12%) borated
water

I

]
Valve body to bonnet
gasket leakage of
borated water

(1) A1l 12 studs replaced

(1) Corroded studs replaced

-Lz-
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Plants

Pilgrim 1 {BWR)

Surry 2

Reported

1981

TABLE 5. OTHER DEGRADATION OF THREADED FASTEMERS

- ('ouqmncn—t;
—and Parts

Valve limit-torque
operator molor hold
down bolts

Service water pump
tmpeller capscrew

Materials
__of Parts

Carbon steel

BENNRE T 1 Tpam— Corrective

_Factors Action

Replace bolts

(1) Broken capscrew replaced
(2) A1 impeller capscrews to be
replaced with stainless steel

capscrews,

962-




TABLE 6.

Degraded ieactor CooYant Pressure
Boundary Threaded Fasteners

Reactor vessel closure studs

Pressurizer manway clesure studs

No. of Reported |
_Incidents

Steam generator manway closure
S tuds

Reactor ccolant pump closure
s tuds

Safety injection check valve
s tuds

SUMMARY OF DEGRADED THREADED FASTENERS TN REACTOR COOLANT PRE. :URE BOUNDARY

| Plants (Year Incident
__Reported & Reactor Vendor)

Mode of Failure

LaCrosse (1970) AC

Stress Corrosion (SC)

Calvert Cliffs 2 (1981) CE
St. Lucie 1 (1978) CE

Borated Water
Corrosion (BC)

Mazine Yanikee (1982) CF
Uconee 3 (1980) BEW
Arkansas 1 (1981) DAW
Arkansas 1 (1978)(1980) By
Calvert Cliffs 1 {1980) CE
St. Lucie 1 (1977) cE

San Onofre 1 (1977) W

SC
SC
BC
SC
BC
BC
SC

Ft. Cathoun (1980) CE
Calvert L1iffs 1 (1980) CE
Calvert Cliffs 2 (1981) CF
Oconee 3 (1961) 88W
Oconee 2 (198i) D&M

BC
BC
BC
BC
BC

Calvert Cliffs 2 (1981) CE

BC




TABLE 6.

Degraded Reactor Coolant Pressure
Boundary Threaded Fasteners

CVCS isolation valve bolts

Check valve stud

TOTAL NO. OF PLANTS: 13
TOTAL NO. OF EVENIS: 19

No. of Reporte
__Incidents

1

SUMAARY OF DEGRADED THREADED FASTENERS IN REACTOR COOLANT PRESSURE BOUNDARY

Plants {Year Incident
|_Reported & Reactor Vendor)

Zion 1 (1979) W

D.C. Cook 2 (1981) W

Mode of Failure

Erosion-Corrosion

BC

-l:.



SUMMARY OF DEGRADED THREADED FASTENERS IN SUPPORTS

Threaged Fasteners
In Component Supports

No. of Pla;ts

Plant (vear Incident Reported)

Steam generator support bolts

6

Surry 1 (1574)

Surry 2 (1874)

Sequoyah 1 (1977)
Sequoyah 2 (1877)
Prairie Island 1 (1580)
Prairie Island 2 (1980)

Steam generator support embed
anchor stucs

Ginna (1870)
Haddam Neck (1873)

Reactor cocoiant pump support

Wwaterford (1231)

Reactor vessel embed anchor

Midland (197¢)

| Palo Verde (1281)




TABLE 8. SUMMARY OF DEGRADED THREADED FASTENERS IN INTERNALS

Degraded Inreaced Fastene s
In Component Internals

Ng. of Plants _

I P1 ants
(year incidents reported)"

Reactor vessel internals -
thermal shield bolts

Oconee 1 (1831)
Oconee 2 (1582)
Yankee Rowe (1568)
Big Rock Point (1368)

!

Reactor vessel internals -
Hold down bolts for rine shim

[Pa1isades (1672)

-

Main steam isolatinn valve
internals-studs

0.C. Cook 1 (1981)

Service water pump internals-
imoeller capscrew

[
I

' Surty 2 (1s81)

TOTAL NQ. OF PLANTS: 7




Year Comnonent s

Plants _|Reported |  and Parts

Sequoyah | 1977 Steam generator
support bolts
(1-1/2 inch dia-
meter)

Sequoyah 2 1977 Steam generator
support bolts
(1-1/2 inch dia-
meter)

Arkansas | 1980 Emergency feedwater
turbine steam inlet
bolts

Waterford 1981 Reactor coolant
pump support bolts

Vermort Yankee 1981 Valve limit-torque

operator motor
mounting bolts

Materials
_of Parts

Carbon steel
(c-1117)

~ Contributing
__Factors

1) Quench cracks

—

Action

Corrective

Replace bolts

*l) Quench cracks

Replace bolts

1) Wrong materiz,
[2) Waler hamme.

(1) A1l replaced with low alloy
steel (AISI 4140) bolts

L
“
o

.

(1) Improper torque
(2) Some bolts too
short

bolts

torque equipment

(2) Retorque bolts with calibrated

(3) Improve QA plan for bolting

(1) Replaced fsiled bolts and short

(1) 4 mounting bolts replaced
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A metallographic failure analysis was performed on two cracked bolts on
the diffuser adapter to casing adapter plate from Reactor Coolant Pumps of the
H. B. Robinson Unit 2 ouclear power plant. The observations included
transgranular cracking and pits om the shank of one bolt and the head of
another. SEM evaluatiom of the fracture surface disclosed areas of probable
fatigue interactionm. The report concludes that the bolt failure was due to a

stress corrosiom crackisg (SCC) mechanism caused by probable chloride

contamination and fatigue enhancement.

iv



1.0 INTRODUCTION

In April 1982, during the 10 year inservice inspection of reactor coolanmt
pumps at the H. 5. Robimsom plant, the utilirty discovered that various
diffuser adaptor to casing adaptor bolts had failed im service. In May 1982,
a bolt which had cracked in the thread ares was sent to Brookhaven Natiomal
Laboratory (BNL) for examination(l), The report concluded that the bolr
failed by a stress corrosiom cracking mechanism probably caused by high

censile stresses io the bolt and probable chloride contamination.

In Jume 1982, thiree additional bolts were sent to BNL from the H. B.
Robinson plant for examinatiocm. The work was done by a subcontract issued to
BNL from the Franklin Imstitute under P.0. #C-67718. This report describes

the results of this examinatiom.

The analysis of the bolts was to be a metallurgical investigatiocn of the

failure mechanism and encompassed the following methods of evaluatiocn;

a) Visual/Photography
b) Scanning Electrom Microscopy (SEM) and Emergy Dispersive Spectroscopy

(EDS)
¢) Optical Microscopy/Metallography.
.0 VISUAL/PHOTOGRAPHY

The first solt examined (Figure 1) had no visual cracks and was later
determined by discussiom with A. Herth (USNRC-Regiom 2) to be an archive
specimen if additional testing was needed. It was identified by the packinog
designation as Pump: Capscrew 21. The bolt was & inches long and was .0625

inch in diameter.

The second specimen received (Figure 2) was just the shank porticm cf a
bolt with a fracture on ome end and the appearance of mechanical severiag om

the opposing end. This specimen was identified as PUMP CAPSCRFW "B".



The third bag examived had two specimens imside. The first specimen

(Figure 3) was a portion of the threaded area of a bolt with the same
appearance of mechanical severisg om one end. The second specimen was a bolt
head with a thin metallic sheath surrounding it (Figure 4). This bolt head
had ‘ractured at the bolt bead/shamk juncture. This bag was identified as
PUMP: CAPSCREW 13/14.

The outside of the three plastic bags were surveyed by BNL Health Physics

personnel with the following results: (at contact)

Specimen I.D. 21 b 13/14

Beta-Gauma 600 mR/hr 1.1 R/hr 2 R/br

Gamma 200 mR/br 250 mR/hbr 800 =mR/hr
3.0 SEM/EDS

The fracture face of the specimen identified as PUMF CA?SCREW "8"? was
cut from the bolt shank and viewed in the SEM. Figure 5 is a low
magnification photograph of the fracture face. The fracture was relatively
flat with only ome area of ridging and was tramsgrasular in appearance. One
area of pitting was noticed during the excmination (Figure 6) with the pit
lying on the plane of the fracture surface. The ridge area was examined
(Figure 7) and bad the appearance of some intergranularity presest om the
shank side of the fracture face. The examination also disclosed ome area of
possible fatigue contributionm (Figure 8) which was seen iz an area almost

diametrically opposite the fracture ridge.

The fracture face of the bolt head (identified as PUMP CAPSCREW 13/14)
was also examined by SEM. It also had a very flat appearing fracture surface
(Figure 9) and was genmerally tranmsgracular in nature (Figures 10, 11 and 12).
No pitting was evident in the evaluation of the fracture surface. Figure 13
is an SEM photograph of the apparent area o. fracture initiation which had

definite fatigue wavefront characteristics evident.




Since decontamisation had been performed om these bolts prior to SEM

evaluation, EDS examination for contaminants was omitted. An analytical SEM
technique for stress corrosion cracking eoviroument determination(2) was
performed on the fracture surfaces of both bolts examined. This technique
produced data genmerated by examinatiom of Type 316 stainless steel fracture
surfaces. The technique iadicates whether the stress corrosion cracking
occurred by environmental interaction of the stainless steel with either
chloride or hydroxide solutioms. The examination entails the measurement of
Cr/Fe ratios after EDS amalysis. Classificationm of these ratios is then based
on the observatioms that im chloride sclutions, the corrosiom product is
chromium riech (Cr/Fe 0.6-0.9) while im bydroxide solutioms, the corrssion

produce is irom rich (Cr/Fe 0.4~0.6).

Figure 14 is an EDS scan of the base material at 35 kV. The Cr/Fe/Ni
ratios are in reasonable agreement with those of a Type 304 austepitic
stainless steel. (Note: the use of a higher kV accelerating voltage provides

a more accurate determination of the materials intensive properties.)

Figures 15, 16, 17, 18, and 19 are EDS scans across the fracture face of
PUMP: CAPSCREW 13/14 (the bolt head fracture). The Ctlfo ratio for these
rcans ranged from a low value of .957 to a high value of 2.10. Figures 20,
21, 22, 23, and %% are EDS scans across the fracture face of PUMP CAPSCREW B?.

This fracture face had Cr/Fe ratios ranging from 0.839 to a maximum of 1.027.

The ratios observed on these two specimens are significantly highker than
those previously reported(l), These greater values im Cr/Fe ratios are
probably due to the fractv:e faces having a more prolonged contact with the
corrodent solution, than the previously examined bolt which cracked im the

thread area.

These high Cr/Fe ratios indicate the possibility of chloride induced

stress corrosion cracking as the mode of failure.



4.0 OPTICAL MICROSCOPY/METALLOGRAPHY

Additiomal char .terization of the cracking phenomenon was accomplished
by cutting cross sections from the twe Zfractured bolts and examining them
metallographically., These samples vere made by cutting tranmsversely to the
fracture face approximately mid-cross section of the bolt. The first section
examined (Figure 25) was from the shank fracture area after ASTM A-262 was
performed. It can be seen in the photomicrograph that the structure is that
commonly seen in austenitic stainless steel with no evidence of sensitization.

There was virtually no evidence of significant cold work on the specimen.

The second specimen examined /Iigurs 26) was the area adjacest to the
bolt head failure fracture face. The structure of the material after ASTM
A-262 etching also shows no evidence of semsitizationm. This specimen showed
some areas of significant cold work (Figures 27, 28, and 29). Various areas
of pitting were also found on the bolt head cross sectionm (Figures 30, 31, and

32) whica is indicative of chloride contamination.

5.0 DISCUSSION/CONCLUSIONS

It has been observed that chlorides will cause pitting as well as
transgranular cracking im austenmitic stainless steels(3,4) at higber
temperatures. Since these bolts were from the same pumps which supplied the
first bolt for examimation(l); the comclusion that chloride comtamination is

contributing to the cracking is consistent.

The following conclusions can them be drawn from the failure anmalysis

ubservations:

1. The bolting material is of the austenmitic stainless variety (probably
Type 304).

2. The bolting material is in the non-sensitized condition.



The transgranular characteristics of the cracking, with pitting im

evidence, indicates chloride contamination. This is also
substantiated by the very high Cr/Fe ratios encountered om the

fracture surfaces.

Since evidence of fatigue was observed on both fracture faces; it is
reasonable to assume that fatigue interaction comtributed to the bolt
failures by a fatigue assisted stress corrosion cracking mechanism

caused by probable chloride ccntamination.
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Figure 12. SEM photo showing additional
areas of transgranularity.
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Figure 11. SEM photo depicting the trans-
granularity near the edge of the
fracture face.
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Figure 13. SEM
or Plmp: :CAPSCREW h/lf-
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Fiqure 14, EDS scan of base metal for Cr/Fe Figure 15. EDS scan of fracture face for
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ratio { Cr/te 638 ) Cr/Fe ratio ( Cr/Fe - 1.426 )

—

'f:%””"MWF a mm-n.‘ lﬁﬁ’j  f “!ﬁ{fﬁb}.’,, a0

Figure 16. EDS scan of fracture face for Figure 17. EDS scan of fracture face for
Cr/Fe ratio { Cr/Fe - 2.10 ) Cr/Fe ratio ( Cr/Fe - 1.61 )

\




51

. 4’1:"'." B A At fr ,
ﬁ*ﬁﬁ%' '&Hﬁ;}qn EENSEL R
5 , . : 2 :»__,,V 3; -‘.

s
.

Figure 18, EDS scan of fracture face for
Cr/Fe ratio ( Cr/Fe - 957 )
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| Figrre 20. EDS scan of shank fracture face
for Cr/Fe ratio ( Cr/Fe - 2.0 )
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Figure 19. EDS scan of fracture face for
Cr/Fe ratio ( Cr/Fe - 1.417 )
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Figure 21. EDS scan of shank fracture face
for Cr/Fe ratio ( Cr/Fe - .839 )
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Figure 22. EDS sce
for Cv/Fe ratio
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Figure 23. EDS scan of shank fracture face
for Cr/Fe ratio ( Cr/Fe - 2.025 )
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Figure 24. EDS scan
for Cr/Fe ratio ( Cr/Fe - 1.743 )
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Figure 25. Optical photomicrograph of shank
bolt after ASTM A-262 test
( Div.= 0.001lmm )
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Figure 26. Optical photomicrograph of bolt
head structure after ASTM A-262
( Div.= 0.001mm )
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Figure 27. Low magnification photo of a
cold work area of bolt head
« ( Div.=0.001mm )
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Figure 28. Higher magnification photo of
the cold work area
( Div.=0.0005mm ) .
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Figure 29. Optical photomicrograph of a
cold work area on bolt head

( Div.=0.00025mm )

Figure 31,

50X

Photomicrograp® .f another pit
on the €ige o

{ Niv

=0 ﬁﬂlmm \

he boltl

head

.
vy - YTy
.
?
/ .
1 ’ R ~:
o B L4 -

! L : \\\“‘ :. .

& - -
R it ¥ , "'. 1.‘ S \'—*'
b »-~."-i~uh .
~ 4 LY Y ot B
f r ) ‘. | IO .
' o TN, Y A € ¥ e il
¥ -~ P ’ .\ »a -
R 4 o AFWIL T i
TR N { GRS wi . P g N
‘li a{".‘. - @ A . ' . g
i 4.5 B¢ b i ; : ¢ gt i
b A X S 5 T % 5-' o
St B SRR i 1\ TN ol
P R L P:od,' “\ \‘{‘4-“ ll- ’
H \ I~."n~ . " ¢
LYES RS £ T A T
Y e ) "ng"'f. en> % e e

50X
Figure 30. Photomicrograph of pit on the
edge of the bolt head
( Div.=0.001mm )
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Fioure 32. Higk:r magnification photo of
figqre 29
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