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An investigation was performed to determine the cause of
cracking in two of nine cracked SA320, L-43 steam generator
manway stud bolts removed from Oconee Unit 3 of Duke Power
Company., In addition, one of the 55 uncracked stud bolts
from the same unit was also examined. The investigation
consisted of metallurgical tests conducted at Battelle
Cclumbus Laboratories, under the direction of Parameter, Inc.,
and stress and fracture mechanics analyses performed by
Parameter personnel. The results of the study show that
cracking was a result of stress torrosion which was promoted
by sulfur and chlorine contamination. The source of the
sulfur is likely the partial decomposition of MoS, lubricant
which was applied to the stud threads at the time of instal-
lation. The source of the chlorine contamination could not

be associated with the lubricant or with any other substances
known to have been applied to the stud bolts either before or
after the cracking occurred. A contributing factor to the
cracking was the configuration of the manway cover mounting
which allows moisture to be trapped when the cover is sealed.
The uncracked stud cxamined was fcund to be softer and to

have a lower tensile strength than did the cracked studs ale
though the strengths of all three studs were considerably
above the minimum value of the material specification. The
specific significance of the tensile strength levels in re=-
lation to the occurrance of cracking cannct be determined

from the limited data available; however, studs with strength
levels closer to the minimum value specified would be expected
to exhibit improved stress corrosion resistance. A stress
analysis of the studs indicates that the operating stress in
the studs is within ASME code requirements. The critical de-
fect size for stress corrosion crack growth is calculated to
be* 0,070 inches beyond the thread root and the critical crack
size for final fracture is calculated to be 0.46 inches be-
yond the root, exclusive of any factors of safety. The material
of the stud bolts examined was found not to be defective in
either chemical composition or metallurgical structure.
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of unknown manufacture. The application c¢f these cleaners

was particularly unfortunate in that the crachking wgs
determined to have occurred by stress corrosicn and thus

the chemical composition of the deposits on the  ack frac-
tur> surfaces was of utmost importance in detern 1‘ing the
identity and source of the chemical agents which produced

the cracking. Cleaning of the stud bolts not only removed

a large portion of the surface deposits which were present,
but may have introduced extraneous chemical species as well.
In part, these problems were overcome by examii:ing the de=-
posits at the tips of small, corrosion-product-filled cracks
whi:h would have been less affegcted by the cleaning solutions,
anc by chemically analyzing the compositions of dried residues
of the cleaning solutions themselves.

Prior to installation, the stud bolts involved were reportedly
sprayed with a commercial molybdenum disulfide (MoS,) lubri=-
cant in aerosol suspension, 'Molykote G Rapid Spraya (Dow
Corning Corp., Midland, Michigan). As a part of this investi=-
gation, special efforts were made to determine whether or not
the cracks and corrosion pits contained sulfur which was not
in the form of MoS, as this compound has been reported (1) to
react with water at elevated temperature to produce highly
corrosive sulfur containing products such as H,S0,. In addi-
tion, the cracks and corrosion pits were also examined for other
contaminants, and the stud bolts were fully characteri.ed as
to their metallurgical structure, chemical composition, and
mechanical properties.
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x=ray acalyvsis after being applied 1o a carbon substrate and
allowed to drv, However, although the label or the product

lists "chlorinited solvent” as a ccnstituent, significant
chlorine concentrations were not detected in the dried r-~sidue.
The possibility of volatile chlorine-containing compounds in

the '"Molykote" being trapped and concentrated in tight cracks

or crevices was also expeiimentally investigated and was found
not to occur in laboratory tests., It was also suspected that

the chlorine might have been introduced subsequent to cracking.
However, testing of the reported decontamination solutions in

a manner similar to that of the lubricant spray did not reveal
significant chlorine concentrations, Furthermore, it should be
noted that chlorine was detected at the vcry tips of tight cracks
which were filled with corrosion product whereas it was not de-
tected on external stud surfaces or on the surfaces of large,
open cracks. This suggests that the chlorime actively partici-
pated in the stress corrosion cracking but was washed out of the
larger cracks during decontamination. Thus, on the basis of the
testing described above, it must be concluded that the stud

bolts were contaminated by an unknown chleorine-con:iairing sube
stance prior to or during installation or that, possibly, such

a substance was utilized after stud removal in addition to those
reported, It should be emphasized that the stud bolt allov is
quite sensitive to chloride-induced stress corrosion cracking (2).
Furthermore, prior or simultancous exposure to sulrfur and sulfide
environments, as was the case for the stud bolts, is reported to
further reduce resistance to chloride cracking (3) in additian

to promoting stress corrosion cracking in and of itself.

The tensile tests which were performed on samples from each stud
resulted in consistent values being measured for the two speci-
mens from each stud, but with a relatively wide range of yield
and tensile strengths occurring between stud bolts. Stud bolr
Number Z (uncracked) showed the minimun averagz yield strenc a1,
145 ksi, while the two cracked studs, Numbers 1 and 3, had aver.
age yield strengths of 164 ksi and 152 ksi, respectively,
Similarly the tensile strength of the urcracked stud, Number -
averaged 158 ksi, while those of the c:acked studs, Numbers 1
and 3, averaged 177 ksi and 167 ksi, respectively, These tensile
values were consistent with the as-received hariiness measurements
of 35.5 Re for the uncracked stud, and hardness levels of 36.9
and 26.4 Re for cracked stud Numbers 1 and 3, respectively., Fure
thermore, of the two cracked studs, Number 1, the stud with the
higher tensile strength and hardness value, showed significantly
more pronounced cracking., Thus, for the three stud bolts exa=-
mined, the incidence of cracking followed the generally observed
pattern of the harder, higher strength condition being more sus-
ceptible to stress corrosion cracking. However, because of the
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Stress and Fracture Mechanics Analvses

A stress analysis of the stud bolts (Attachment 1) indicates

a total nominal operating stress of 33,700 psi, based on the
root area, This stress, which includes the effects of both

the initial pre-load and the cperatiing pressure, is intensified
by approximately a factor of three at the roots of the non-
engaged threads, where the stress corrosion cracks initiated.
The analysis also indicates that the operating stresses are
within the ASME code-allowable values for the material utilized.

A fracture mechanics analysis (Attachment 2) indicates that
stress corrosion cracks would grow from sharp flaws 0,070

inches deep in the thread roots. Such flaws might represent
corrosion pits or intergranular attack on the thread surface
and, in fact, stress corrosion cracks were observed to have
initiated from such surface features. However, the application
of a factor of safety to the stress intensity factor markedly
recduces the calculated critical defect size for Stress corrosirn
because of the highly non-linear relationship betwcen stress
intensity factor and defcct depth. The criticul cruci Jdepth Jox
final fracture is estimated as 0.46 inches beyond the thread
roots, neglecting the effects of stud bolt load relaxation efe
fects, and exclusive of a factor of safety, Load relaxaiion
from prior stress corrosion cracking would increase the critical
crack size for a particular stud, but could also accelerate stross
corrosion cracking in adjacent studs because of load transfer.

It is significint that the cracking initiated in the non-engaged
threads of the stud bolts even though the stresses would be
higher at the first engaged thread at the nuts and at the threade-
ed holes. This behavior is a reflection of the importance of

the environment in producing stress corrosion cracking., In this
regard, it should be noted that the configuration of the stud
belting, as shown by the sketches in Attachment 1, is such that
any moisture which is present ra the stud bolts or in the manway
cover holes at the time of sealing the cover is effectively trap-
ped. Such a situation would Provide an environment conducive to
Stress corrosion cracking, particularly if the decomposition of
M052 were thus promoted.
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