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Southern California Edison Company 
23 PARKER STREET 

IRVINE, CALIFORNIA 92718 

F. R. NANDY February 7, 1990 TELEPHONE 

MANAGER OF NUCLEAR LICENSING (714) 587-5400 

U. S. Nuclear Regulatory Commission 
Attention: -Document Control Desk 
Washington, D. C. 20555 

Gentlemen: 

Subject: Docket Nos. 50-361 and 50-362 
Pressurizer Nozzle Replacement 
San Onofre Nuclear Generating Station 
Units 2 and 3 

This letter provides the Southern California Edison (SCE) response to an inquiry 
by Mr. Robert A. Hermann, Section Chief, Materials and Chemical Engineering 
Branch of the NRC, for a copy of a Combustion Engineering (C-E) metallurgical 
exam report of a failed San Onofre Unit 3 Pressurizer Nozzle. This request 
occurred during a recent telephone conversation between C-E and the NRC in which 
the pressuriz'er heater sleeve fabrication history for C-E plants was being 
discussed.  

Following failure of a San Onofre Unit 3 Inconel-600 Pressurizer No zzle in 
March, 1986, C-E performed a detailed metallurgical evaluation of the failed 
nozzle. C-E determined that the failure was due to a form of Intergranular 
Stress Corrosion Cracking (IGSCC) and that the most likely mechanism was Pure 
Water Stress Corrosion Cracking (PWSCC) but that the causative factor could not 
be positively identified. The nozzle met chemical specification requirements 
and its microstructure was normal and C-E considered this failure to be an 
isolated event.  

Included as Enclosure 1 is a copy of a November 5, 1986, internal SCE Report on 
the Failed Pressurizer Nozzle. The main conclusion from the SCE Report confirms 
the basic results of the C-E evaluation that the San Onofre Unit 3 nozzle failed 
due to IGSCC but, contrary to the C-E Report results, SCE considers the failur'e 
to be due to PWSCC, and all nozzles fabricated from this heat of material are 
susceptible to PWSCC induced failure. Based on this conclusion, SCE replaced 
the San Onofre Unit 3 failed nozzle. The results of SCE's evaluation were 
reported to the NRC on November 13, 1986, as part of LER 86-003, Revision 1, 
which discussed the failed Pressurizer Nozzle. Four other nozzles (3 in Unit 
3 and 1 in Unit 2) were identified as also being fabricated from this heat 
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and were subsequently replaced with nozzles fabricated from PWSCC Resistant 
Inconel-600 material. Inspection of the four replaced nozzles indicated that 
three of them had crack indications which substantiates our conclusion that all 
nozzles fabricated from this heat are susceptible to PWSCC.  

SCE has contacted C-E and they have committed to supply the NRC with a copy of 
the C-E Report on the San Onofre Unit 3 failed nozzle, including glossy 
photomicrographs of the nozzle microstructure, in the near future.  

If you require additional information on this issue, please call me.  

Very truly yours, 

cc: J. B. Martin, Regional Administrator, NRC Region V 
C. Caldwell, NRC Senior Resident Inspector, San Onofre Units 1, 2 and 3 

AMC/PNR190:bec



November 5, 1986 

MR. J. T. REILLY 

SUBJECT: Corrective Action for the Unit 3 Pressurizer Nozzle Failure in 
March 1986 

A failure analysis for the Unit 3 Pressurizer nozzle failure in March 1986 has 
been performed. The results of the analysis are documented in the 
attachment. This analysis, mainly concentrating on the metallurgical aspects 
of the failed nozzle, has been thoroughly reviewed by Dr. M. T. Simnad, an 
international well-known expert in corrosion science and currently teaching at 
the University of California, San Diego. His review letter is also attached 
for your information.  

The failure analysis concludes that the heat which contains the failed nozzle 
has several metallurgical characteristics prone to pure water stress corrosion 
cracking (SCC). All nozzles made of the same heat (3 in Unit 3, 1 in Unit 2) 
should be replaced. However, due to a higher service temperature, two out of 
the three nozzles in Unit 3, which are located in the vapor space of the 
pressurizer, should be replaced in the upcoming outage. However, the 
remaining two nozzles, located in the water space of the Unit 2 and 3 
pressurizers, could be replaced at a later date, but no later than three 
years fron now. The specifications for a pure-water SCC resistant Inconel-600 
are described in this report. They should be included in the material 
specifications for the future replacement nozzles.  

The conclusion reached by this failure analysis rejects the recommendation 
from C-E stating that the Unit 3 failure is an isolated case. The rejection 
is mainly based on the fact that C-E's statement is not well supported by the 
established theories and data for Inconel-600 pure water stress corrosion 
cracking and C-E's field operation experience. Also, Mr. L. McKnight's 
extensive experimental work on this subject is not used in this failure 
analysis since the data he collected in strong acidic solution are not 
applicable to pure water SCC.  

CC:38701/shg 
Attachments 

cc: Harold B. Ray 0. E. Shull 
H. E. Morgan W. C. Marsh 
K. L. Johnson J. L. Reeder 
S. R. Gosselin M. P. Short 
R. W. Krieger CDM Files



INTERIM FAILURE ANALYSIS FOR SAN ONOFRE UNIT 3 
PRESSURIZER INSTRUMENT NOZZLE 

C. Chiu, S. Gosselin 

Introduction 

On February 27, 1986, a vapor space leak was located on a pressurizer 
instrument nozzle as a result of a leak investigation. The investigation was 
prompted by a long suspected reactor coolant leak of 0.15-0.2 gpm from the 
vapor space of the pressurizer (Reference 1). Consequently, the plant was 
brought to cold shutdown and the broken nozzle was ground out. A replacement 
nozzle was then welded in place.  

A small portion of the nozzle (1/4 x 1/8 x 1/8 inch) containing the fracture 
surface and the remainder of the removed nozzle were sent to Combustion 
Engineering, Inc., and L. McKnight and Associated for metallurgical analysis.  
Both of them submitted metallurgical examinations and/or failure analysis 
reports (References 2, 3 and 4). Subsequent to the review of C-E's report, 
Mr. L. McKnight proposed that certain metallurgical and laboratory tests be 
conducted on Inconel-600 material. The results of the test are documented in 
Reference 3.  

Purnose 

The purpose of this report is to review the conclusions and the supporting 
arguments contained in the C-E and McKnight's reports. Additionally, the 
experimental data performed by other scientists regarding Inconel-600 IGA or 
IGSCC are reviewed and an independent analysis was performed to study the 
feasibility of various failure scenarios hypothesized in the report.  

C-E's Analysis 

The results of C-E's laboratory e-xamination as .documented in Reference 2 are 
summarized below: 

1) The cracking mode on the fracture surface of the small sliver was entirely 
intergranular, characterized by well defined grain facets. An 
intergranular crack mode is characteristic of Intergranular Stress 
Corrosion Cracking (IGSCC). There was no evidence of cracking in the 
larger piece of the nozzle. Because of the size of the sliver, it was not 
possible to tell where this cracking started.  

2) There were no signs of cyclic/fatigue-induced failure..  

3) The same design, material form, and fabrication techniques have been used 
with partial penetration instrument nozzles on other C-E supplied 
components including the San Onofre 3 pressurizer. The records do not 
indicate any anomalies during the fabrication of the San Onofre 3 
pressurizer.



-2

7 [.  

4) The failed nozz'e was fabricated from an Inconel-600 forgi ng and was 
stress-re ieved at 1675 0 F for a period of 1 1/2 hours. Therefore, the 
stresses typically associated with a rolled tube do not exist.  

5) The microstructure of the removed nozzle (not the sliver containing the 
crack) is characterized by very large grains, sizes 0-2 (ASTM Standard), 
with small grain boundary carbides, a lot of.very fine intragranular 
precipitates, and a narrow denuded zone adjacent to the grain boundaries.  

6) CE believes that Inconel-600 tubing with a high, greater than 55 Ksi, 
yield strength has been associated with poor resistance to pure water 
IGSCC. The heat of material for the cracked, nozzle has a yield strength 
of 60.9 Ksi, well into the range that as tubing has poor resistance to 
IGSCC. This heat yields the highest yield strength among those of the 
five heats of material used at seven CE plants.  

7) The same heat of material from which the failed nozzle was fabricated was 
also used to make three (3) other nozzles in the Unit 3 pressurizer, as 
well as one in San Onofre Unit 2 and five (5) at another C-E plant. No 
problems have been encountered at the other two plants which have operated 
longer than Unit 3.  

Based upon the above findings, C-E concluded that the crack in the instrument 
nozzle of the SONGS Unit 3 pressurizer was due to a form of IGSCC. Since the 
nozzle is made of Alloy 600 material with a high yield strength, pure water 
IGSCC would be the most probable mechanism.  

Further, C-E believes that since this same heat of material has been used 
without cracking in other plants with longer service, this Unit 3 nozzle had a 
unique set of conditions that resulted in the IGSCC. Hence, this crack is not 
believed to be a generic problem.  

McKnight's Report & Test Data 

The preliminary report by Mr. McKnight agreed to C-E's conclusion that the 
fracture mode is intergranular and suggested a series of tests be done to 
investigate the metallurgical property of Inconel-600 and the failed nozzle.  
The tests were subsequently performed by C-E under Mr. McKnight's 
supervision. The results of the test are summarized below.  

1) The nozzle material was forged in accordance with SB166 and had been 
annealed at 1675 0 F with a -arbon content of 0.065% to 0.07%. The 
carbon content is considered too high. As a result, a considerable 
amount of intragranular carbide precipitation was observed.  

2) There is a chromium depletion zone adjacent to the grain 
boundaries. -It is evidence of sensitization, probably during the 
processing sequences and due to the welding technique used to 
install the nozzle.  

3) Contrary to C-E's belief, McKnight believes that it is impossible to 
identify any corroding media responsible for the observed failure on 
the fracture service because the material has been decontaminated 
and surface deposits has been removed.



4) Tne remaining position of the removed nozzle was used to prepare 
four specimens, i.e., 1, 2, 3 and 4. These four specimens were 
first pre-treated to yield different grain boundary morphology and 
then tested for their susceptibility to IGSCC. The pre-treatment, 
grain boundary carbide morphology, and the test results for these 
four specimens are tabulated in table 1. In addition, four more 
specimens made of standard Inconel-600 with a lower carbon content 
(0.03%) were prepared; two solution annealed and the other two 
solution annealed and then sensitized. The test results of these 
four additional specimens are also tabulated in Table 1, but in the 
parentheses.  

5) Based on the results of Table 1 it appears that if the carbides tend 
to be larger size and less continuous in the grain boundary, there 
is less tendency for SCC.  

In summary, Mr. McKnight believes that the material of the failure nozzle 
close to the weld may have been exposed to elevated temperature in the realm 
of 2000 0 F during welding. Upon cooling down from the welding temperature,.  
some of the material may have.been sensitized through the 1200 - 1600 0 F range.  
However, he stated that for IGSCC to happen, it would have been necessary the 
existence of a corrosion environment, a very.high residual stress or applied 
stress, and an unfavored microstructure, as evident of the test results in 
Table 1. The mechanical properties of typical Inconel-600 as well as the 
failed nozzle are tabulated in Table 2.  

Past Research on Inconel-600 IGSCC 

Inconel-600 has been kn.own to be susceptible to IGSCC in the caustic 
environment (References 5, 6 and 7), in the lead doped water (Reference 8), 
in the resin intrusion environment of H2SO, solution (Reference 9), and in 

the pure water environment (References 9, 10 and 11). Significant findings in 
these references are summarized below.  

1) After an extensive study on the microstructure effect on SCC resistance, 
Airey stated in Reference 12 that "the maximum improvement in SCC 
resistance correlates with a semi-continuous grain boundary carbide 
precipitation and phosphorous segregation to the grain boundaries." This 
maximum improvements is associated with annealing at 1200aF (10-100 hours) 
and 13001F (10-24 hours).  

2) When annealed at the top of the sensitization iange (12001F to 16001F) in 
which carbides tend to precipitate at the grain boundaries, large discrete 
precipitates due to an agglomeration process were observed in a very short 
period of time. Low temperature annealing (1200-13001F) generates fine, 
semi-continuous carbide precipitation and it does not agglomerate even 
after 100 hours (Reference 12).
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3). Data taken by Bandy and Vanrooyen (Reference 13) regarding Inconel-600's 
performance in pure water have demonstrated the fact that under a slow 
strain rate (i.e., plastic deformation) condition, the crack growth rate 
is proportional to the system temperature. Moreover, it seems that the 
cold worked Inconel-600 with pure water is .more susceptible to IGSCC than 
several other combinations of material and environmental condition. H2 
seems to accelerate the IGSCC process. The data by Randy and Vanrooyen is 
shown in Fioure 1.  

4) Bandy and Vanrooyen found that the crack growth rate in pure water seems 
to be independent of carbon content since the crack growth rate of one 
test with 0.0O5%C Inconel-600 is in good agreement with that of 0.01%C 
material.  

5) Bandy and Vanrooyen's data show a lowering in crack growth rate due to an 
increase in pH of the primary water such as would result from the addition 
of lithium hydroxide to the test medium.  

6) Page and McMinn (Reference 9) did an experimental comparison of 
Inconel-600 and Inconel-690 in the simulated BWR primary water 
environment. The microstructure examination has shown the three 
sensitizing treatments of Inconel-600 (1150oF for 24 hours, 840 0 F for 
24 hours, and a combination of the former two treatments) do not produce a 
noticeable change in microstructure of Alloy-600. This fact suggests that 
mild degree of sensitization may have been present in all the mill 
annealed Alloy-600 specimens.  

7) The data by Page and McMinn show that SCC did not occur in the uncreviced, 
slow-strain-rate test for Inconel-600 with a high purity water condition 
(200 ppb oxygen) at 6001F. However, when oxygen level increases to 16 
ppm, SCC surface cracks were observed. Based on the data, it seems that 
the SCC occurrence is independent of whether or not it is sensitized at 
1150oF or 8401F.  

.8) In 1978, at Duane Arnold BWR, cracks were found on an Inconel-600 safe-end 
(pipe connection) at the recirculation-inlet-nozzle. The root cause were 
determined to be the high residual stress, stress concentration caused by 
the existing crevice, and, probably, the corrosive enhanced material 
stayed in the sleeve area due to an earlier resin intrusion incident 
(Reference 10., NUREG-0531). Reference 14 also concluded that there is 
insufficient evidence to indicate that sensitization is a fa-tor that 
contributed significantly to crack initiation or propagation.  

9) A detailed study on the microstructure effects on primary water SCC of 
Inconel-600 has been performed by EPRI and Battelle Pacific Northwest 
Laboratories. The results of the study are summarized in Reference (15).  
The study explains when a semi-continuous intergranular carbide 
precipitation will improve SCC resistance. Based on a detailed 
examination of the fracture surface, it concludes that grain boundary 
carbides, because they are effective sources to generate dislocations, 
result in a reduction in crack-tip stress state. With this reduction, 
localized corrosion will be hindered (probably because of little strain 
rate exists to repeatedly rupture the localized oxidation film - based on 
the theory of film rupture SCC model).



10) The role of the tensile stress in the crack initiation time has been 
correlated by the mechanistic film-rupture model developed by EPRI. The 
predictions of time-to-crack initiation based on the model are calibrated 
aoainst all available data related to primary water SCC. Based on the 
model, it is believed that the time-to-failure, beyond which SCC cracks 
will occur, is inversely proportional to the strain rate.  

11) Based on the experiments by Bandy and Rooyen, and Coriou (Reference 16), 
EPRI Steam Generator Reference Book (Reference 17) stated that the stress 
threshold for cracking of mill annealed material in high temperature water 
is estimated to be 0.6 to 0.8 times the room temperature yield strength.  

12) Based on the fact that IGSCC has been observed with no difficulty in 
non-sensitized (as well as sensitized) condition and in highly pure 
deoxygenated (as well as oxygenated) water, it appears that the effect of 
sensitization on SCC is minor or insignificant (Reference 17). This view 
is shared by S. M. Bruemmer et al after a review of the data documented in 
References 17, 18 and 19. They concluded that "Significant Chromium 
depletion or impurity segregation at grain boundaries is not essential for 
SCC." This observation is consistent with the mechanistic model developed 
by S. M. Bruemmer et al.  

13) C-E believes that there are two common denominators that are 
characteristics of pure-water SCC prone tubing. A paragraph from the 
paper (Reference 21) by Mr. Owen of C-E is quoted below.  

"3.1 Highly susceptible tubing 

"There are two common denominators that are characteristic of 
'Coriou' prone tubing. Cracked tubing removed from plants such as 
Obrigheim' , Doel II, Ringhals 112 and Trojan have exhibited a 
characteristic microstructure and yield strength. The high yield 
strength (-60KSI, 413MPa) is set by the fine grain size 
ASTM - 9 to 11). The fine grained microstructure is the result of a 
low temperature ( 17001F, 9260C) final anneal which also dictates a 
very specific carbon inventory. 'Coriou' prone microstructures 
typically exhibit a preponderance of intragranular carbides, few if 
any intergranular carbides and little or no solid solution carbon.  

"The absence of grain boundary carbides has been shown to be 
undesirable for resistance to 'Coriou' type SCC. This undesirable 
microstructure, combined with the high yield strength where elastic 
stresses can build and persist, apparently above the threshold 
required for crack initiation, constitutes the ultimate 
metallurgical condition for 'Coriou' susceptibility. This condition 
develops as a direct result of employing low temperature at final 
anneal." 

Discussion 

Based on the current understanding of the phenomena and mechanism of 
pure-water stress corrosion cracking as briefly discussed in the previous 
section, several key points raised by CE and Mr. McKnight are discussed here.
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1. 55 Ksi Yield Strenoth Limit 

As the understanding of the author, based on several conservations 
with CE's metallurgists, CE has a 55 Ksi upper yield strength limit 
for CE's steam generator tubes for many years. CE's believes (based 
on field experience) that a higher yield strength is associated with 
small grain size and high residual stress persisting in the material 
and, therefore, results in a higher susceptibility to SCC. This 
correlation has not been studied by other researchers but it is 
consistent with the current understanding in Inconel-600 
susceptibility to SCC. One evidence to support the validity of this 
upper limit is that both W and Framatone steam generators have 
extensive pure-water SCC failure experience whereas CE steam 
generators have none (based on A. R. McIlree - EPRI's statistics).  
W and Framatone do not have this upper limit whereas CE does.  

2. Isolated vs. Non-isolated Case 

CE believes that the Unit 3 leakage is an isolated case because 
there are nine other nozzles used at three plants from the same heat 
with a yield strength of 60.9 Ksi and none of the others has 
exhibited symptoms of failure. These plants are SONGS-2, SONGS-3 and 
St. Lucie-2. The location of these nine nozzles are tabulated below.  

3 nozzles Unit 3 vapor space 
1 nozzle Unit 2 water space 
4 nozzles St. Lucie-2 vapor space 
1 nozzle St. Lucie-2 water space 

Because the time-to-crack-initiation is both highly temperature and 
strain rate dependent (References 22, 23, 24), a nozzle submerged in 
the water at the bottom of the pressurizer tends to have a longer 
life because of axial temperature stratification. Also, a nozzle 
that has experienced fewer startups will last longer. Note that 
the strain rate is non-zero only during a startup and the 
time-to-crack-initiation is infinite when the strain rate is zero 
(References 22, 24).  

Since St. Lucie-2 has only experienced about 17 startups (based on 
the data provided by St. Lucie-2 technical staff) since its 
commercial operation, whereas San Onofre Unit 3 has already 
experienced about 22 startups, it is not surprising that St. Lucie-2 
has not experienced a similarfailure. Meanwhile, since the nozzle 
from the same heat in Unit 2 is in an environment about 20-400 F 
lower than those for the nozzles in the vapor space of the 
pressurizer, the life is probably 2 to 4 times longer (based on 
Speidel's data, life increases by a factor of 2 for every 100C 
reduction in solution temperature, Reference 23).  

Based on the above discussion, it is expected that one of the three 
nozzles, from the heat of 60.9 Ksi yield strength, located in the 
vapor space of the Unit 3 pressurizer will fail first. Because this 
expectation is consistent with the established theories and data for 

. Inconel-600 pure water SCC, treating the Unit 3 pressurizer nozzle 
failure incident as an isolated case is technically questionable.



3. Forain: vs. Mill-Annealing 

The failed nozzle was machined out of a forging, whose processing 
temperature is unknown and could be a little lower than the temperature 
typically used for mill annealing (1900'F~2000aF). The effect of 
a lower processing temperature would be that a smaller amount of intra
granular carbon could be going into solution and diffuse to the grain 
boundary. As a result, the grain boundary carbide content is less and 
is more susceptible to SCC.  

4. Hiah Carbon Content of the Failed Nozzle 

The carbon content of the failed nozzle is 0.07%, within the 
specification range of Inconel-600, but higher than what is typical for 
steam generator tubes. A high content of carbon greater than 0.03% may 
be associated with a high intragranular carbon content, thus reducing the 
resistance to IGSCC. The solubility of carbon content at about 1800'F is 
0.03%. Therefore, for a low temperature forging, about 0.04% of carbon 
will not dissolve into Inconel solution and eventually migrate the grain 
boundaries.  

However, this effect is considered minor by Bandy and Vanrooyen for 
Inconel with carbon content between 0.01% and 0.05%. Moreover, three out 
of six heats of CE's Inconel material used at its pressurizers have 
carbon content greater than 0.07% without any failures. Table 3 
tabulates the properties of all the heats of Inconel material used by CE 
for the pressurizer nozzles. This fact also suggests that the effect of 
carbon content on SCC susceptibility in pure water is minor, if not 
negligible.  

5. McKnight's Experiments at CE 

The results of the experiments performed at CE under the supervision of 
McKnight, as tabulated in Table 1, are judged to be not useful or related 
to the understanding of the pure-water stress corrosion cracking problem 
at Unit 3. This is because that there is enough difference in the SCC 
process between an acidic solution and a pure-water (or primary water) 
solution such that the conclusion drawn from the data may not be 
applicable to the case of pure water SCC. This is evident that McKnight's 
data show that the sensitization reduces the SCC resistance in an acidic 
soluti6n after solution annealed. Meanwhile, the sensitization process 
does not reduce the SCC resistance in pure water and caustic solution 
after mill-annealed at various temperatures (see data in Reference 17).



Relevant Data for Failure Analysis 

The following data, in addition to what are stated in previous sections, are 
considerec relevant to the failure analysis.  

1) The outside diameter of the failed tube is 1.05 inches with thickness of 
0.218 inches.  

2) The configuration of the failed tube with respect to the pressurizer wall 
and the 1/8" stainless liner is shown in Figure 2.  

3) The unit has been in operation since August, 1983. Total operation 
time at the system temperature of 650'F in pressurizer before failure is 
approximated 600 days. It has gone through about 22 pressurization cycles 
at a high temperature.  

4) Typical mechanical properties of Inconel-600 are listed in Table 3.  

5) According to Westinghouse, all the instrument nozzles in pressurizer are 
made of stainless steel-316, together with a SS-316 pressurizer liner.  
IGSCC has not been observed on these nozzles for some years.  

Failure Analysis 

As discussed in the previous sections, all laboratory and field data support 
the fact that a Inconel-600 tubing with high yield strength, relatively small 
grain size, and copious intragranular carbide precipitation is susceptible to 
pure-water SCC in a high strain rate and/or local stress enviroiment.  

Based on the data collected and analyses performed on the failed tube, we know 
that: 

1) The yield strength 60.9 Ksi is beyond the acceptable limit (55 Ksi).  

2) Copious intragranular carbides are precipitated inside the grain.  

3) The location of the highest stress-point is at the six and twelve o'clock 
location of the tube end inside surface. With the residual stress from 
welding (estimated in Appendix B) and the pressurized hoop stress combined 
(estimated in.Appendix C by elastic model), the actual stress level is 
probably 50% above the yield strength (based on a first-order estimation) 
if plastic deformation is considered. The nozzle hoop stress is 
considered very small as compared to other stress components (Appendix A).  
The crack observed at the nozzle end is at the five o'clock location, very 
close to the area with the highest stress.  

4) The average strain rate during plant start-up is 4.8 x 10-'/sec. If 
the tube is as susceptible to pure-water SCC as the mill annealed 
Inconel-600, the crack will initiate after about 17 to 18 times of 
start-up (Appendix D).  

5) The grain size estimated by McKnight's SEM picture of the cracked sliver 
is about ASTM 2-3. This grain size is considered medium because it, by 
itself, will not reduce the susceptibility to pure-water SCC.



With the above information and the discussion in the previous sections, it 
seems reasonable to conclude that the failed nozzle has a material composition 
prone to pure-water SCC. Also, the nozzle failed after about 22 startups, 
whereas a tube with mill-annealed Inconel-600 (which is also prone to 
'pure-water SCC failure) will have failed after about 17 startups. This 
conclusion, plus the fact that there is no sound evidence suggesting that the 
failed nozzle has been subjected to a different operation condition than the 
other three nozzles-located in the Unit 3 pressurizer vapor space, implies 
that another nozzle failure is expected, probably, within one or two years.  

The hypothesis of a pre-existing crack on the failed nozzle (which had 
propagated during operation until the March, 1986 incident) is possible but 
not likely. This is because that based on the observed crack configuration' 
its origin seems to be at the inside edge of the tube, an area of the highest 
.stress. It is believed that a pre-existing crack at this location would have 
been detected during the NOT of. the weld after its completion.  

Recommended Actions 

To prevent recurrence, the following corrective actions should be -taken: 

1) Replacement of all nozzles from the same heat as the failed nozzle (Heat 
No. 54318). All three Unit 3 nozzles located in the vapor space, should be 
inspected and then replaced as soon as possible within one year. The two 
other nozzles (one for each unit) submerged in the water should be 
replaced within about three years from now.  

2) The replacement nozzle should have material characteristics proved to be 
resistant to pure-water SCC. Two candidates should be considered. One is 
Inconel-600 with low yield strength and a high annealing temperature 
(>1900'F) and can be selected from one of the heats which were provided to 
CE's plants in the past. The other is Inconel-800 which has been used in 
the KWU steam generators with no known pure-water SCC problem for more 
than 20 years (Reference 17).  

38701
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TABLE 2 

Typical (and the failed nozzle) Alloy-600 Properties 

Room Temperature 6000F 

Yield Strength 50.4 Ksi (60.9 Ksi)* 40.9 Ksi 

Tensile Strength 110.3 Ksi (108.0 Ksi)* 101.3 Ksi 

Elongation 35.9% (36%)* 40.4% 

Reduction In Area 56.9% (70%)* 53.3% 

Note: The actual strength depends on the actual annealing temperature.  
The higher the annealing temperature, the lower the yield strength.  

* Based on the data specified on the certified material test report.  
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TABLE 3 

Inconel-600 Materials Used by C-E 

Heat Group Carbon % Yield (psi) 

1* .07 60.9K 

2 .05 36K 

3 .06 38.5K 

4 1.08 52.7K 

5 .09 38.5K 

6 .09 51.6K 

*Note that Group 1 contains the five suspect nozzles and the failed nozzle.  
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Appendix A 

Stress Distribution of Instrument Nozzle 
at Location Away From Welding 

The tensile stress of a thick pipe when, internal pressure P. can be 
expressed by the following formula (Reference 25).  

a2 p 
St = b2 - 22 + ) (A*1) 

where Pi = internal pressure = 2250 psi 

a = inside radius = 0.307 inch 

b = outside radius = 0.525 

r = radial distance from center 

The. maximum St, occurring at the inside diameter, is: 

S = (0.307)2 2250 0.5252 
max 0.5252 - 0.3072 0.3072) 

= 4588 psi (A*2) 

The minimum St, occurring at the outside diameter, is: 

St 2 x 0.3072 x 2250 
min 0.5252 - 0.3072 

= 2338 psi (A*3) 
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Apoendix B 

Residual Tensile Stress Due to Welding 

During welding, many passes of weldment were progressively applied to the butt weld recess. The average width of each pass is about 1/8 inch. The radial shrinkage of last pass at each vertical welding plane will generate a tensile hoop stress in the nozzle. Note that one side the weldment was attached to Inconel-butter which was welded to the thick wall and the other side of the weldment was connected to the tube. Because the wall is much stiffer than the tube, the shrinkage in the weldment will result in deformation in only the tube, not the wall. The residual tensile stress can be approximated by the linear approximation 

SR = AT*=* * E (B*1) R 

AT = temperature change of the weldment - (2300aF - 6500 F) 

= 8.6 x 10-' in/in.oF, thermal expansion coefficient 

k = radial width of one pass weldment 

R = mean radius of the nozzle 

E = Young's modulus of Inconel-600 

1 
SR = 1650 x 8.6 x 10-' x 8 x 29.5 x 10' 

0.4 

= 130.8 Ksi > 60.9 yield strength (B*2) 

Conclusion 

Since the calculated residual stress with linear approximation is greater than the yield strength, the tube was plastically deformed during welding.  However, after deformation the residual stress would reduce to a level approximately equal to the yield strength of 60.9 Ksi.



Aoendix C 

Stress Distribution and Strain Rate Around the Nozzle Inlet 

The stress field around the nozzle inlet area can be determined by 
superimposing the following three stress components.  

1) The tensile stress caused by the internal force applied to the 
pressurizer wall, which was subjected to a pressurizer pressure of 
2250 psi. The stress is in both the circumferential and 
longitudinal directions of the pressurizer cylinder.  

2) The residual stress induced by welding.  

3) The tensile stress in circumferential and longitudinal directions 
of the tube due to the internal pressure of the nozzle. This 
stress is considered negligible as compared to the welding residual 
stress and the pressurizer hoop stress as described 
in (1).  

The pressurizer hoop stress will result in a local high tensile stress at 
the sharp edge of the nozzle end. The highest tensile stress occurs at the 
sharp edge location which is perpendicular to the nominal hoop stress. In 
other words, it occurs at the 12 o'clock and 6 o'clock location of the nozzle 
inlet.  

Meanwhile, the longitudinal stress of the pressurizer w411 also generate 
tensile stress on the sharp edge of the nozzle end. The highest concentration 
will be at the 3 o'clock and 9 o'clock locations. The numerical valves of the 
tensile stresses at 3, 6, 9 and 12 o'clock of the sharp-edge nozzle end are 
calculated below.  

Nozzle End Tensile Stress at 6 and 12 o'clock Locations 

Based on the analysis documented by R. Peterson (Reference 26), the 
stress concentration factor for a small hole in a large pla-te, which is in an 
uniaxial, circumferential tensile condition, is 3.0. Knowing that the inside 
radius of the pressurizer cylinder is 48.125" and the thickness of the wall is 
3.875". The hoop stress at the inside surface of the pressurized is 
calculated as follows: 

S t max (b2 + a2 ) P. (see Appendix A) 
b2 - a2 

(48.125 + 3.875)2 + 48.1252 
(48.125 + 3.875)2 - 48.1252 

Including the stress concentration factors of 3, the maximum local stress 
at the 6 and 12 o'clock location of the sharp-edged, nozzle end is: 

Smax at nozzle end = 87.3 Ksi



Nozzle End Tensile Stress at 3 and 9 o'clock Locations 

Based on the data from Van Dyke, R. Peterson (Reference 26) stated that 
the stress concentration factor for a small hole in a large cylinder which 
is in an uniaxial longitudinal tension condition is also 3.0. The 
longitudinal tensile stress can be obtained by force balance.  

S = (T a2 ) pi 
(1 b 2  - 7 a2) 

= 13.4 Ksi (C*2) 

Accounting for the stress intensity effect, the local tensile stress at 
the 3 and 9 o'clock locations of the nozzle end is: 

S at nozzle end = 40.3 Ksi (C*3) t max 

Superposition of Elastic Stresses by Linear Elastic Model 

At the 12 and 6 o'clock locations of the nozzle edge, the principal 
stress at the 2250 psia can be calculated by the following formula: 

S = ((87.3 + 60.9)2 + 13.42)1 

(C*4) 
= 148.8 Ksi 

The 8.0 and 16.0 Ksi are the minimum and maximum compressive, residual 
stresses caused by welding. The 13.4 Ksi is the tensile stress caused by 
the longitudinal force exerted to the pressurizer wall. Its direction is 
perpendicular to that of 87.3 Ksi, but on the same plane containing the 
inside pressurizer wall.  

At the 3 and 9 o'clock locations of the nozzle edge, the principal 
stress is calculated by the same method as that for the 12 and 6 o'clock 
locations.  

S m = ((40.3 + 60.9)2 + 29.12)1 = 105.3 Ksi (C*5) 

Note the tensile stresses caused by the nozzle internal pressure in 
either its circumferential or longitudinal direction are neglected because 
of their small magnitude compared to the tensile stress generated by the 
pressurizer internal pressure at the tip of the nozzle edge.  

Actual Stress 

The actual local stress at the 6 and 12 o'clock locations will be lower 
than 148.8 Ksia, but greater than 60.9 Ksia, if plastic deformation is 
considered. The maximum stress level will actually be limited by the amount 
of the plastic deformation allowed by the surrounding elastic material. A 
first-order estimate of the actual stress is the average of the yield 
strength and the stress calculated from the linear elastic mode. That is, 
105 Ksi.



Local Strain Rate In the High Stress Area 

Based on the above analysis, the position of the highest stress is at 
the 12 and 6 o'clock location on the edge of the Inconel-600 tube end. The 
averace strain rate is determined here.  

Because the stress level drops exponentially with the distance from the 
highest stress point, the area of high stress will behave elastically, 
i.e., the local strain is almost linearly proportional to the local stress.  
Moreover, the maximum strain is limited by the elastic behavior of the 
surrounding material. With this relationship, the maximum local strain 
change during pressurization can be calculated as follows: 

S S 
E 

29.1 Ksi = 0.97 x 10-3 (C*6) 
30 x 10' psi 

The average strain rate, assuming an average of 8 hours of pressurization 
time, is: 

S 0.97 x 10-3 3.3 x 10
8 x 3600 
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Appendix D 

Time-To-Failure Prediction 

Based on the model proposed by Y. G. Garud (Reference 22), the Inconel-600 
pure water SCC failure model can be approximated by the following failure 
model.  

(t 
at = AE dt (D*1) 

0 

where a = critical value, beyond which SCC is considered in existence 

A = constant 

E = strain rate 

S tf = time-to-crack-initiation 

From the above equation, tf is: 

t_ at )/.P (D.2) 
A /E 

Based on Spiedel's data for mill-annealed Inconel-600 pure water SCC at 644 0 F, (a t/A) 
is 8.547 second and P = 0.638.  

0 638 

t = 8.547/(3.3 x 10-') = 139.0 hours 

No. of Startups = 139/8.0 = 17.3 times 
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Nr.Jo;:: S. Steibel 
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Torrey TecK Inc.  
P.O.Rox 78C 
Solana Beach, CA 92073 

Dear John: 

Re: Interin Failure Analysis for San Onofre Unit 3 Pressurizer Instruiment Nozzle.  

Per your request, I have reviewed the meno fron C. Chiu and iStru-;cp nl ine xamiato of the cracked pres surizer insrumnt ozle n Sn nofe Uit3. The supporting docum~ents and papers relatbd to this topic have also been included :n assessment, which is attached herewith.  

a ree with the conclusions reached by C.Chiu and S. Gosselin in their report. Their analysis of the problen and the review of the backcround inforpation is quite conplete and accurate.  

Sincerely, 

Zassoud T. Sinnad' 
Adjunct Professor 
Materials Science L Engineering 

and Nuclear Energy 

encl:



19UNIVERSITY OF CxLIFORB SAN DIEGO 

BERKELEY DAVIS *R\INE LOS AN ELES RI\ERSIDE *AN DIEGO SAN FRANCISCO V SAN B ., RA *A CRP Z 

...... .  

DEARTVENT OF APPLIED MECHANICS AND 
DNkC!NEERINC SCIENCES. MAIL CODE I- LA IOLLA. CALIFORNIA 920 

-7 S :,x :~I~ .i 7, ZTZ7 j L 

D 1N 

SI:lNAD 
Iniversitv of California in San Diego 

30 October, 19S6 

The folc:ing are my connents on the interim failure analysis for 
San 0nofre 'Lit 3 pressurizer instrument nozzle: 

1. The susceptibi litv of hih nickel alloys, such as Inconel-600, 
o intergranular stress corrosion cracking in pure water at 

elevated ten1eratures has been well establisIed sinco the 
Pioreering 1-:ork of Coriou over twenty -ears ago. The tine to 
failure is governed bv a number of variables, including the 
tensile stress level and the strain rate, the structurc 
of the alloy resultino from Drior heat treat7ents and foring 
operations, conposition of the alloy surface treatent, 
puritv and ox-e ccntent and p' of the water, F dt 
temperature. ost of the experience has been obtained frov 

.. T steam generator Inconel-600 tubing. There are also a 
ngmber of cases of IGSCC failures in Swedish BR Inconel 
instru-entation tubing and core screw conponents. :.0 suc 

failures have been observed with Incolov-800.  

2. The C-K conclusions are based upon the examination of the 
failed nozzle n-.aterial, and upon the fact that a number of 
other nozzles made from the identical heat of material have 
not failed after longer exposures.. The statement to the effect 
that "this crackz is not believed to be a generic problem" is 
somewhat persuasive. However, it is unclear as to what were 
the postulated "unique set of conditions that resulted in the 
IGSCC in San Onofre Unit 3". The question is whether lon-er 
exposures in the San Onofre units will result in IGSCC in the 
undamaged nozzles too, if the stress levels or the relative 
susceptibilities of these nozzles are somewhat different.  
The accelerated stress corrosion tests in strong alkali and 
acid solutions are not relevant to this problem.  

3. It is important to note that the heat of material for the 
cracked nozzle has too high a yield strength of 60.9 1si, well 
into the range where poor resistance to IGSCC is indicated by 
CE data. It has been observed that Inconel-600 tubing vith 
yield strencths greater than 55 Ksi are most susceptible to 
IGSCC in nure water.
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Hence, nozzles that have exerienced fewer start and/r 
lower t emerature s il v e correspondingly lon-er lifeties.  
The craced n oz z e was exposed at the system temnerature C 
650'F for approximately 600 days and 22 pressurization cycles 
before it failed. The crack is located at the location close 
to where the stress is hi;nest (estimated to be 50% above the 
yield stren..-th), res lin , f ro- residual stresses from weliln: 
an e e ruessurized !oo, stress.  

6. In Ger7any (K!U) and Canada (for the hoiline version of the 
CANU reactors), the alloy In4colo-800 was specified 
fo 11 owing its highly successful application in the Peach 
Bottom !!TG stea generator tubing (no leaks in 7 v ears of 
o.eration). Also, extensive studies in France durine the palst 
two decades on caustic stress corrosion and IGSCC in pure 
water of Inconel-G00, Incolo-SC0, and type 316 stainless 
steel have provid.Cd very useful information on the threshold 
stresses for stress corrosion crachin of these allos. ; 
tests eore carried out at 330'C (662 F) on snecinons unr
constant strain and under constant load. The results of these 
tests showed that for Incoloy-630 resistance to caustic stress 
corrosion, in Na01, solutions below 10 concentration, no 
cracking occurs even at stresses exceeding the yield strength 
(2S0 V2a, 40ksi). Inconel-600 showed susceptibility to stress 
corrosion cracking in all concentrations of caustic and in 
pure water at stresses as low as one-half the yield strenrth.  
Heat treat ent improved the caustic stress corrosion cracking 
resistance of Inconel-6.00 The steam generator tubing for the 
Super Phoenix fast breeder reactor is all Incolov-800.  
(Ph.Eerge, et al, Corrosion 33(12), 425 (1977); Nucl. Energy 
17(4), 291 (.1978).  

7. In the KNU steam generators Incoloy-800 tubing has been used 
very successfully since 1969 in about 20 P'Rs. The 
specification complies with AST\ 163-66, with somewat 
narrower compositional specifications toward higher nean 
nickel (32 to 35%) and Cr (20 to 23,) contents and lower 
pernissible carbon contents (0.03.). The stabilization ratios 
of titaniumi-to-carbon and C+N are l2 and =8 , respectively, 
to prevent sensitization at welds. All KWU steam generator 
tubes are shot-peened with -lass halls on the outside diameter 
in order to nenerate compressive surface residual stresses to 
mitigate stress corrosion. The decision to continue to use 
Incolov-600 in KWU reactors is based unon the results of 
extensive tests in laboratorv exoerionts in a nodel steam 
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a sIo 1 u t ions providie abet r sinu-l;-on of SCC 
tssc 0 c- c C .eC c a ui t C c~ i o , S wh 1i ChI f ar,-ex e > ;.2 

max imu c oncen rat on 0f fre ro x ide that can fo 
heateda crevices. T he latter concentration is governe (e 
available superheat .(difference between tne sa 7ur tion 
Le:perature and the primarv coolant tenperature). In dil te 
caustic solutions and in pure water Incolov-800 was found to 
he practically immune and far more resistant . to SCC than 
T nconel-600. (R.S.Pathania and J.A.Chitty, Corrosion 34(11), 
369 (1978).  

9. The results of an extensive study of SCC of steam generator 
tubin- materials in a cyclic stean environment were renortec in 
1973 by O aL end Southern ;Nuclear Engineering. The tests were 
Carrie: out in a loop in steam taken directly fro a stea.l 
generator superheater (Eartow Plant, Florida Power). These 
tests viel.ded results that differed radically from the results 
of conventional laboratory tests conducted in boiling Mg
chloride. T.e alloys t!at resisted SCC contained at least 22 
Cr (e.(., Incoloy-SOO) . ickel alloys that sowced 
s usc etibii t to SCC all contained low amounts of Cr (e. .  
Inconel-b00, with 161 Cr). (J.P.Hammond, et L11, ORNL-5031).  

10.The 1PRI "Stean Generator Reference Book" does not rive a 
balanced assessment of the relative merits of Inconel and 
Incolo -600 for P I steam generator tubing.  

Paine, et al, (p.4-4) state that" Incolov-300 is less 
desirabic than Inconel-690 due to a lesser corrosion data bank 
available to US utilities and to its susceptibility to caustic 
SCC," while acknowledginr' the excellent performa.ce of this 
allov in t ,e KMU PWRs since 1969! The same authors also admit 
(p.4-3) that for Inconel-690 (their preferred alloy) "steam 
generator o.er ating experience is lackin." (! ).This data bank 
certainly is available to US utilities, as well as the long 
experience in the Peach Bottom 'and Ft.St.Vrain HTGCRs. In 
contrast, both Inconel-600 and Inconel-690 have been found to 
be susceptible to IGSCC at 288'C in a resin intrusion water 
environment (Page & Minn, Iet. Trans .AIF, 17A (May 1986) 77).  

11. I concur with the actions recor.nended b\' C. Chiu and 
S. Gosselin, namely, that the nozzles made from the sane neat 
as the failed nozzle (heat No. 54318) be renlaced. The 
replacement nozzles should be Incoloy-S.00 alloy, or Inconel
600 selected from CF specified alloy that is resistant to 
I0SCC.
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Fig. 27. Effect of applied stress and sodium hydroxide concentration on 
stress corrosion cracking of Incoloy 800 (Sanicro 30) C-rings 
and pressurized capsules at 290 to 3000C (554* to 5720F) 
(tef. 115) 3e-r ,a -Q-P 

141



INCONEL 600 

NOT 50 
CRACKED CRACKED 

300 ( AS RECEIVED * 0 
800 0 C, 5.5 h U 0 40 CRACKED 850 0 C, 4 h A A 

200 30 

20 NO CRACKING 

100

I I I l 0 
10 20 50 100 200 500 1000 

SODIUM HYDROXIDE CONCENTRATION (g NaOH/kg H20) 

Fig. 28. Effect of applied stress and sodiu hydroxide concentration on 
stress corrosion cracking of Inconel 600 C-rings and pressurized 
capsules at 290* to 300C (554* to 572*F) (Ref. 115) 9 4 
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