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1.0 INTRODUCTION

1.i  Background

During the 1992 Arkansas Nuclear One, Unit 1 (ANO-1) refueling outage (1R10), the "D"
reactor coolant pump (RCP) was disassembled. The purpose of the disassembly was to
inspect the RCP for damage due to a potential motor thrust bearing failure. One of the
requirements in the safety evaluation performed by the Office of Nuclear Reactor
Regulation (NRR) in April 1989 [1], following the 1988 refueling outage (1R8), is that
single-wall radiography (RT) should be performed in the event that any RCPs are
completely disassembled for maintenance, repair or examinations. The disassembly of the
"D" pump was not a planned outage activity and, therefore, adequate plans had not been
made to perform RT on this pump casing. Because of this, Entergy Operations submitted
a letter to the NRC [2] to revise the commitment to perform single-wall RT of the pump
casing, and instead conduct RCP casing structural integrity examinations and evaluations
using the methodology contained in ASME Code Case N-481 [3]. Subsequently, the NRC
requested the results of the VT-1 and VT-3 examinations of the "D" RCP. Prior to allowing
ANO-1 to return to power operations, the NRC also requested a comparative analysis
between the Code Case postulated flaw evaluation and the previous "A" and "B" RCP
fracture mechanics and stress evaluations. The results of the VT-1 and VT-3 examinations
and scoping evaluation of Code Case N-481 for the ANO-1 pump casing were provided to
the NRC in Reference 4.

1.2 Description of Pump Casings

The four reactor coolant pumps at ANO-1 were manufactured by Byron-Jackson. All four
pumps were fabricated from ASTM A351-69, Grade CF8M material. Figure 1-1 identifies
the various portions of the pump casing. At the bottom of the pump casing is the suction
nozzle whose axis of symmetry is an extension of the axis of rotation of the pump shaft. The

lower flange occupies the upper end of the suction nozzle, and is marked by a series of
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internal steps as shown in Figure 1-1. The upper end of the lower flange blends into the
diffuser. The diffuser consists of upper and lower rings separated by vanes. The upper
diffuser ring blends into the upper flange. The scroll section is a relatively thin-walled
section connecting the upper and lower flanges outside of the diffuser. The scroll forms a
spiral around the diffuser as shown in Figure 1-2, starting at the crotch area and terminating

at the discharge nozzle.

As shown in Figure 1-3, there are two horizontal welds on the scroll portion of the pump
casing (one on the upper end and the other on the lower end). These two welds are joined

together by a circumferential or vertical weld near the crotch region.

1.3 Objective and Organization

The objective of this document is to address the safety and serviceability requirements of
ASME Code Case N-481 to assure that postulated flaws in the pump casings at critical
locations will be stable, considering the operating stresses and material properties of the
pump casings. Section 2 of this report discusses previous inspections that have been
performed on the pump casings, and the inspection results. Section 3 discusses the
background of Code Case N-481, the items covered by the ASME Code Case, and the safety
factors used with this Code Case. Section 4 provides the specific evaluation performed using
this Code Case. Section 5 presents the conclusions of the evaluation, and Section 6 provides

the references used in the evaluation,
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Figure 1-3. Schematic Drawing Showing Pump Casing Welds for ANO-1 Reactor
Coolant Pump
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The original construction radiographs for the remaining three pumps were then reviewed,
scarching for any preservice flaw indications or weak areas in film density. Identified areas
were then computer enhanced in an attempt to identify any unacceptable flaws that were
previously unidentified. Portions of approximately 20% of all preservice radiographs were
computer enhanced. From this review, the "C" and "D" pumps were determined to have no
unacceptable preservice flaw indications. However, the computer enhancement on the "B"

pump did indicate an unacceptable flaw indication in the same genezal weld area as the "A"

pump.

The flaw indication on the "B" pump through the computer enhancement process was shown
as 1.5 oches in length. The original construction radiograph of this area shows a flaw of
0.625 inches in length which was acceptable per Code requirements at that time, The wall
thickness in the area of the flaw indication is 3.1 inches. UT inspection was used in an
attempt to better characterize the flaw indication. Due to the material of the pump casing
(coarse grained, statically cast stainless steel) and the small size of the indication, UT was
not able to specifically characterize the flaw. However, from these examinations, it was

determined that the flaw size was no larger than 1.5 inches long by 1.5 inches deep.

2.2 1988 Inspection

Since the 1986 inspection, AP&L, with the assistance of Babcock and Wilcox (B&W),
developed a UT procedure for the examination of the pump casing welds from the outside
surface. The UT examination of the flaw indication in the "A" pump casing and the entire
"B" pump casing welds were performed during the 1988 refueling outage, utilizing the B&W

automated ultrasonic data acquisition and imaging system (ACCUSONEX).

A robot was used to perform the ACCUSONEX automated scanning and to provide
coordinated data for the transducer location, Using threshold values that just exceeded the
average noise level from the pump casing material for both straight beam and angle beam

mensurements, minimum detectable indications of approximately 1/8 inches wide (through-
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wall dimension) and 3/4 inches long through the maximum wall thic'iness can be detected.
The fact that the previous slag indications could not be detected with UT most likely
indicates that they are very small, occupy very little volume, and are below the limit of

detection for present-day UT technology.

Also, during the 1988 refueling outage, a complete volumetric external surface examination
of the "B" RCP casing welds, using double-wall RT and advanced ultrasonic techniques, was
performed. The areas of the casing welds examined by RT showed no rejectable indications.
Sections of the upper and lower scroll welds near the discharge end of the pump, which
could not be successfully radiographed to meet ASME Code filni density requirements, along
with the remainder of the vertical weld, were examined by UT. In the lower scroll weld,
several indications were detected (using ACCUSONEX) in an area bounded by a rectangle
with a length of 4.1 inches and a through-wall dimension of 1.8 inches, at a depth of 0.9
inches below the outer weld surface in & region where the weld is 4.75 inches thick. These
indications were considered to be slag inclusions located approximately 0.70 inches from the
weld centerline. The upper scroll weld could not be examined with ACCUSONEX due to
insufficient access for the robot; however, a manual scan was performed which identified
three indications. The composite size was conservatively determined to ke no larger than
a 4.5 inch long by 1.25 inch through-wall dimension at a depth of 1.35 inches from the
outside surface. The "veld is also 4.75 inches thick in this region. These indications are
located approximately on the weld centerline to 0.6 inches from the centerline. The
composite indication is also considered to consist of slag inclusions resulting from the original
construction welding process and not a service induced condition. Table IWB-3518-2
maximum allowable dimensions for an indication are 1.8 inches for the length and (.30
inches for one-half the through-wall dimension within the weld. Figures 2-2 through 2-7
show the locations of the lower and upper scroll weld flaw indications found by the UT
examinations. The "B" RCP factory radiographs for these areas and the low density
radiographs of these areas taken during this outage were computer enhanced. The analysis
of these enhanced radiographs showed no rejectable indications in the welds. It was thus

concluded that these indications are small preservice slag inclusions,
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Figure 2-1. Schemanc Drawing of Weld Flaws in Arkansas Nuclear One "A" and "B"
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Figure 2-2.  Byron-Jackson Reactor Coolant Pump Weld and Base Material Thickness with
Lower Scroll Weld Flaw Indication - ANO-1 "B" RCP - 1988 UT Exam
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Figurc 2-5. Byron-Jackson Reactor Coolant Pump Weld and Base Material Thickness with
Upper Scroll Weld Flaw Indication - ANO-1 "B" RCF - 1988 UT Exam
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3.0 BACKGROUND ON ASME CODE CASE N-481

A review of data collected in EPRI's "Cast Austenitic Stainless Steel Sourcebook"” [10] shows
that slag inclusions and other fabrication defects, such as th e identified during the
inspections of the ANO-1 "A" and "B" pump casings, are not uncommon. However,
whenever such flaws are identified by surface or volumetric inspection during fabrication,
they are usually excavated and weld repaired. Examinations and repairs during the
fabrication process are accomplished with relative ease, since they are performed in a shop

environment.

Ultrasonic examination and radiography of pump casings, once in service, is very difficult and
time consuming. As noted by the NRR in the 1989 Safety Evaluation [1], the disassembly
of a reactor coolant pump for the sole purpose of performing a volumetric examination of
the pump casing welds is not practical. There is considerable personnel exposure to
radiation and significant outage time associated with removal of the pump shaft. The
industry operating experience with cast stainless steel pressure components has been good,
and furthermore, no detrimental service induced degradation of pump casing welds, detected

with various inspection techniques, has been reported.

Because of difficulties associated with the examination of pump casing welds during service,
ASME Code Case N-481, shown in Appendix A, addresses examinations and evaluations
that may be performed in lieu of the volumetric examinations specified in Table IWB-2500-1
of Section XI, Division 1 of the ASME Code for Examination Category B-L-1. Examination
Category B-L-1 relates to pressure retaining welds in pump casings; hence, the application
of this code case is limited to the scroll welds, the vertical welds, and the adjacent base
metal. Therefore, the vanes and their attachment welds, which are not pressure retaining,

are excluded in this evaluation.

In addition to performing visual examinations (VT-1, VT-2 and VT-3), the code case outlines

a seven-step evaluation procedure to demonstrate the safety and serviceability of the pump
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casings. Key to this procedure is the demonstration that an assumed quarter-thickness flaw,
with lengtn six times its depth, will remain stable, considering the stresses and material

properties of the pump casings.

The ASME Code Case N-481 evaluation procedure is very similar to that in Appendix G of
Sections 1II and XI of the ASME Code, which provides fracture toughness criteria for
protection against failure of reactor pressure vessels, in that # similar postulated flaw is
assumed for the analysis in both cases. The Code Case does not provide any guidance on
safety factors to be used in the evaluation. Therefore, for the evaluation presented herein,
safety factors consistent with Appendix G for similar evaluations of pressure vessels have

been used.

Appendix G was first introduced into Section 11 of the ASME Code in the 1972 Edition,
and has remained virtually unchanged through the current 1989 Edition. It was introduced
into Section XI of the ASME Code in the 1986 edition with addenda through 1987,
Therefore, even though ANO-1 is committed to the 1980 Edition with Winter 1981 Addenda
of ASME Code Section XI, the use of the 1989 Edition of the ASME Code is acceptable

for this evaluation.

Although Code Case N-481 does not specify that a fatigue crack growth evaluation must be
done, and such analyses are not part of an Appendix G evaluation of the stability of a
quarter thickness deep flaw, such calculations are done in this study for information

purposes.

SIR-92-037, Rev. 0
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40 ASME CODE CASE N-481 EVALUATION

In this section, the seven items listed in the Code Case, to demonstrate the safety and

serviceability of pump casings, are addressed in relation to ANO-1.

4.1  Evaiuation of Material Properties, Including Fracture Toughness

The material of the pump casing is ASTM A351 Grade CF8M, an austenitic stainless steel
casting speciication. The mechanical and physical properties of this material, obtained from
-ne ASME Code [11] used for the Stress Report, are shown in Table 4-1.

A review of the fabrication records indicates that the scroll and the vertical welds were
fabricated using either the shielded metal arc welding (SMAW) or submerged arc welding
(SAW) process. The records also show that several weld repairs were made during
fabrication. After welding, the casings were solution heat treated at 1900-2050°F for ten
hours at temperature, followed by quenching in agitated water to below 700°F within five

minutes.

The most important material property pertinent to this evaluation is the fracture toughness.
The fracture toughness of the base material and the weld metal are addressed separately,
since they are affected by different mechanisms. Fatigue crack growth analyses are done for
information only, since they are not specifically required to evaluate the large flaws

postulated by the code case.

4.1.1 Fracture Toughness of ASTM A351 Grade CF8M

The fracture toughness of cast stainless steels has been the subject of significant research in
the U.S. and elsewhere in recent years. Three grades of cast stainless steel frequently used
in nuclear power plant applications (CF3, CF8 and CF8M) have all been studied extensively

to determine the kinetics and material parameters that control the toughness of these

SIR-92-037, Rev. 0 4-1



materials. The major conclusion drawn from most of the work done on these castings is that
initially cast, austenitic stainless steels have toughness that is relatively high; however, during
service at 550°F they become embrittled with time, which results in a loss of toughness as

shown in Figure 4-1.

The microstructure of stainless steel castings is significantly different from that of wrought
products. Wrought products consist of a single phase, austenite (v ), as shown in Figure 4-2,
Castings on the other hand exhibit a two-phase, or "duplex”, microstructure of austenite (y)
and delta ferrite (&) as shown in Figure 4-3. The territe phase in the duplex structure in
these castings increases the tensile strength, improves the weldability and soundness of the
casting, and increases the resistance to stress corrosion cracking. However, various carbide
phases, intermetallic compounds such as sigma and chi phases, and a chromium rich bec
phase (a’) can precipitate in the ferrite phase during service at elevated temperatures and
lead to substantial degradation in toughness properties. Research performed at the Argonne
National Laboratory (ANL) and elsewhere [12-23] has shown that the thermal embrittlement

of cast stainless stee! components will occur during the reactor lifetime of 40 years.

As a result of such thermal aging embrittlement, the Charpy transition curve shifts to higher
temperatures as shown in Figure 4-4. For cast stainless steel of all grades, the extent of
thermal embrittlement increases with an increase in ferrite content. The iow-carbon CF3
grades are the most resistant and the molybdenum-bearing high c.rbon CF8M grades are

the least resistant to thermal embrittlement,

The embrittlement of cast stainless steels results in brittle fracture associated with either the
cleavage of the ferrite or separation of the ferrite/austenite phase boundaries. The degree
of embrittlement is controlled by the amount of delta ferrite and the extent of
ferrite/austenite phase boundaries. Brittle failure occurs when either the ferrite phase is
continuous, such as the case with cast material with a high ferrite content, or the
ferrite/austenite phase boundaries provide an easy path for crack propagation. Hence, the

amount, size and distribution of the ferrite phase in the duplex microstructure and the
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presence of phase boundary carbides are important parameters in controlling the extent of

thermal embrittlement.

The kinetics of thermal embrittlement have been explained in detail by Chopra, et al, [12-
16). The kinetics are controlled by several mechanisms that depend on material parameters

and aging temperatures. During embrittlement, additional phases are precipitated in the
ferrite matrix. These include the formation of a chromium (Cr) - rich &’ phase by spinodal
decomposition; nucleation and growth of a’; precipitation of nickel (Ni) - and Silicon (S8i) -
rich G phase, M;Cs carbide and vy, (austenite); and additional precipitation and/or growth

of existing carbides at the ferrite/austenite phase boundaries.

The chemical composition of the casting and the ferrite morphology are important
parameters to be considered during embrittiement. A procedure and correlations for
predicting the fracture toughness of aged, cast stainless stee!s from known material
information is provided by Chopra (24]. The only information required in these correlations
is the chemical composition from the certified material test report (CMTR). A correlation
for the extent of thermal embrittiement at "saturation” (the minimum impact energy that
would be achieved for the material after long term aging) is given in terms of the chemical
composition. The extent of thermal embrittlement as a function of time and temperature
of reactor service is then estimated from the extent of embrittlement at saturation and from
the correlations describing the kinetics of embrittiement, which are also given in terms of the
chemical composition. In this evaluation, the fracture toughness associated with the

minimum impact energy will be conservatively used.
Using the methodology of Reference 24, the chromium equivalent (Cr,) and nickel

equivalent (Ni,,) are determined from the chemical composition, based on Hull's equivalent

factors [25):
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Cr,, = (Cr) + 121 (Mo) + 0.48 (Si) - 4.9
Ni,, = (Ni) + 0.11 (Mn) - 0.0086 (Mn)* + 18.4 (N) + 245 (C) + 2.77

where the chemical composition is in wt. %,

The ferrite content (8,) is then determined by the reiationship:

3, = 1003 (Cr,/Ni ) - 170.72 (Cr,/Ni,)) + 74.22

For CF8M cast stainless steel, the saturation (minimum) impact energy considering thermal

embrittlement is given by:

log, Cv,, = 7.28 - 0.011 (8,) ~ 0.185 (Cr) - 0.369 (Mo) - 0.451 (Si)

- 0.007 (Ni) - 4.71 (C + 0.4N)
Knowing the value of Cv_, a lower bound value of J, can be determined using the
correlation shown in Figure 4-5 [14]. The lower bound value of K, used for linear elastic

fracture mechanics analysis is determined from J,, using the relationship:

|
K[ = ’ E Jk
N (d-v)

where E is the elastic modulus, and v is Poisson's ratio.

The above methodology has been used to estimate the lower bound toughness value of the
heats of the ANO-1 pump casings [26]. A summary of the results is prosented in Table 4-2
and shows that for these CF8M pump casings, the range of J,_ (including lung-term aging

effects (embrittlement)) is 817-1117 in-Ib/in®. This minimum value of 817 in-1b/in- translates

into a K, value of 152 ksiyin  at the operating temperature of 550°F.

SIR-92-037, Rev. 0 44

< ASSOCIATES INC




4.1.2 Fracture Toughness of Pump Casing Weldments

As indicated earlier, the fabrication records indicate that the pump casing weldments were
made using flux welding, either by submerged arc welding (SAW) or shielded metal arc
welding (SMAW). Extensive work done on the toughness of austenitic stainless steel
weldments in References 27 and 28 has shown that the toughness for SAW and SMAW
weldments in the unaged condition are lower than for the base material. On the other hand,
tungsten inert gas (TIG or GTAW) weldments have toughness more typical of the base
metal. The lower toughness of SAW and SMAW weldments is due to nonmetallic inclusions
in the weld metal (hat result from the flux welding process. Limited data from Reference
27 suggests that J, values of 1168 and 973 in-lb/in? may be used for SMAW and SAW
weldment fracture assessments, respectively, in the as-welded condition. Corresponding
values for solution-annealed weldments are 968 and 1260 in-lb/in®. Values of 990 and 650
in-Ib/in? are suggested in Reference 29 for SMAW and SAW, respectively, based on the
work done in Reference 28 Unlike the base cast materials, the fracture toughness of
SMAW and SAW weld metals are virtually unaffected by long-term aging [30]. In the safety
evaluation performed by NRR in 1989 [1], the lower bound value of 650 in-Ib/in? for SAW
weldments was recommended for use in any future fracture mechanics evaluations for the

ANO-1 pumps. Hence, this lower bound value will be used in this evaluation.

In comparison with the fracture toughness of the ASTM A351 Grade CF8M matenal, it can

be seen that the fracture toughness of the SAW weldment is controlling. The lower bound
J, value of 650 in-Ib/in® translates into a K, value of 1355 ksiyin at the operating

temperature of 550°F,
4.2  Stress Analysis Results

A Stress Report [31] for the ANO Unit 1 RCPs was prepared in 1973 by the Byron-
Jackson/Borg Warner Corporation to meet the requirements of the ASME Code Section 111,

1968 [11]. Since the pumps are identical, this Stress Report covers all four pumps. In this
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No. 3

This Jocation corresponds to the area on the upper scroll weld on the "B" RCP where slag
inclusions were identified i~ 1988, The thickness at this location was obtained from
Reference 9 as 4.75 inches. Stresses at this location, also obtained from Reference 9, are
shown in Table 4-4. The assumed flaw in this case would be on the outside surface, since

the maximum tensile stress occurs at this surface.

Lacation No. 4

This location corresponds to the area on the lower scroii weld on the "B" RCP where slag
inclusions were icentified in 1988. The thickness at this location is also 4.75 inches [9).
Stresses at this location are provided in Table 4-5. Similar to Location No. 3, the assumed

flaw will be on the outside surface.

Location No. §

This location is chosen to correspond to the thickest portion of the horizontal scroll welds.
From Reference 35, the maximum thickness of the scroll weld is 5.3 inches, At this location,
the maximum stresses from the Stress Report [31] on the weld were used to perform a
bounding evaluation. Stresses at this location, obtained from Reference 31, are shown in

Table 4-6. The flaw is postulated on the inside surface for the fatigue evaluation.
45  Postulation of Flaws
As required by the Code Case, the postulated flaw is a quarter thickness semi-elliptical flaw

with length six times the depth. A summary of the flaw dimensions at each location is

provided in Table 4-7.
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46  Determination of Stability of Postulate Flaws

To determine the stability of the postulated flaws, fracture mechanics evaluations are

performed at each location to address the following:

1) Determination of applied stress intensity factors
2) Allowable stress intensity factor
3) Fatigue crack growth

4) Stress corrosion crack growth.

4.6.1 Determination of Applied Stress Intensity Factors

Even though austenitic stainless steels have been shown to be relatively ductile matenals,
linear elastic fracture mechanics (LEFM) techniques were conservatively used in lieu of

elastic-plastic fracture mechanics (EPFM) techniques.

The stress intensity factors (K,) associated with the applied stresses were conservatively
determined using the flat plate model of ASME Code, Section XI, Appendix A [36]. The

expression for K, is given by:

K, = oM J/x JalQ + oMz JalQ

where:
0,,9, = membrane and bending stresses
a = minor half-diameter of embedded flaw; flaw depth for surface flaw
Q = flaw shape parameter

M_ = correction factor for membrane stress

M, = correction factor for bending stress

The above model is contained in the library of Structural Integrity’s computer software

pe-CRACK [37). This software was, therefore, used to determine the stress intensity factors

SIR-92-037, Rev. 0 4-10
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at the various locations, using the stress information contained in Tables 4-3 through 4-6.
In order to use pe-CRACK, the through-thickness stresses are curve fit tu a third degree
polynomial to determine the membrane and the bending components. The pe-CRACK

results for the stress intensity factor determination are provided in Appendix B.

462 Allowable Stress Intensity Factor

Stress intensity factors, for comparison to an allowable value, were calculated consistent with
the safety factors provided in Appendix G of Section XI of the ASME Code. Paragraph
G-2222 requires a safety factor of 2.0 on priinary stresses and a safety factor of 1.0 on

secondary stresses for Service Levels A and B.

The terms whose sum must be less than the allowable reference stress intensity factor (Kig)

for Levels A and B operating conditions (Service Levels A and B) are:

1) 2K, for primary membrane stress
2) 2K, for primary bending stress

3) K. for secondary membrane stress
4) K, for secondary bending stress.

No safety factors are specifically provided ior Service Levels C and D, and it is

recommended in Appendix G that each situation be studied on an indiv'dual case basis. In

this evaluation, the safety factors used for Service Levels C and D were taken as y2 for

primary stresses, and 1.0 for secondary stresses. The safety factor of V2 is conservatively

taken as that used for flaw evaluations per Paragraph IWB-3610 of ASME Section XI, for

ferritic materials.

Tables 4-8 and 4-9 provide the stress intensity factors with the appropriate safety factors for

the various locations, and their comparison to the allowable Kg value of 135.5 ksiyin . The

SIR-92-037, Rev. 0 4-11

<] ASSOCIATES INC



analysis was perfornied using the postulated quarter thickness flaw depth. It should be
noted that for Locations No. 1 through 4, a safety factor of 2 was conservatively used
regardiess of whether the stress is primary or secondary. It can be seen that the stress

intensity factors at all locations are below the allowable values.

4.6.3 Fatigue Crack Growth

£ven though the postulated flaw bounds the maximum expected flaw during the life of the
component, fatigue crack growth analyses were performed to assure that crack growth is
minimal compared to the postulated flaw. For postulated flaws on the outside surface, the
analyses were perfurmed using pe-CRACK and the ASME Section XI, Appendix C [36]
c-ack growth law for wustenitic stainless steel in an air environment and a temperature of
§50°F. A fatigue crack growth law for a water environment is not currently in the ASME
Section XI; however, per the recommendation of ASM = Section XI Task Group for Flaw
Evaluation [38], a factor of 2 was applied to the air environment law to accourn: for the
PWR water environment. The ASME Section XI fatigue crack growth law for air is given

as.

da =
'JV oot Cv(Ml)

¢
4

where n equals 3.3, and

C, = C(5)

where C is a scaling parameter to account for temperature, and is given by

C = ]01-10008 + 812510 7 - 1132 10° T+ 1025 10° T

T is the metal temperature in °F (T < 800°F). S is a scaling parameer to account for the
pe .S gp

R ratio (K w/Kee), @nd is given by:
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delta ferrite side of the boundary (diffusion of chromium in the ferrite is approximately 1000
times faster than that in austenite at a temperature of 1100°F). Thus, the chromium
content of the austenite is not reduced significantly, and corrosion resistance, even near the y -8
grain boundary, is maintained. Crack growth due to SCC will, thevefore, not be considered

in this evaluation.

4.7  Effect of Thermal Embrittiement and Other Degradation Mechanisms that May
Degrade Properties of the Pump Casing

Structural material degradation mechanisms for various components in light water reactors
have been discussed extensively in Reference 39. Of all the degradation mechanisms
addressed in this EPRI report, only thermal and irradiation embrittiement could potentially
degrade the fracture toughness properties of the cast stainless steel pump cas.ngs. Thermal
embrittlement effects have been included in the consideration of crack growth and fracture
toughness (K,z) properties in this study. Irradiation embrittlement is not of concern since

the RCPs are far removed from the reactor core.
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Table 4-2

SIR-92-037, Rev. 0

e =t g
Heat Numbers
Material ‘
Composition | 6426 6415 6441 6395
Pump A | Pump B | Pump C | Pump D
Cr 18.8 18.8 18.7 19.1 |
Si 0.76 0.82 0.71 0.92
Mo 2.23 2.26 2.15 2.19
Ni 9.4 9.4 9.3 9.4
C 0.04 0.04 0.07 0.04
Mn 0.91 0.98 0.8 1
N 0.047 0.07 0.068 0,055
cr,, 16.9 16.9 16,7 17.2
Ni,, 14.1 14.5 15.1 14.3
Ferrite (3,) 13.5 11.5 79 14.2
Cv,,, (J/em?) 140 122 125 102
J;. (in-Ib/in?) 1117 975 1001 817
4-16
J5

Determination of Lower Bound Fracture Toughness of ANO-i Pump Casings
Considering Thermal Embrittlement
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Table 4-5

Stresses at Location No. 4
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Table 4.7

Postulated Flew Siz~s and Locations

-
Location Weld Flaw Depth | Flaw Length
Location of Thickness (in.) (in.)
Flaw (in.)
.W

1 Inside 2.60 0.65 39

2 Inside 3.10 0.778 4.65

3 Outside 175 1.1875 7.125

4 Outside .75 1.1875 7.125

5 Inside 5.30 1,325 7.95

Table 4.8

Comparison of Calculated and Allowable Stress Intencity Factors for
Level A and B Conditions for Quarter Th.ekiv:ss Sarface Flaws

T e
Calculated Stress Allowable Stress
Location Intensity Factor Intensity Factor
(ksiyin ) (ksivin )
e e e e e .
1 47.7 135.5
p 52.1 135.5
3 129.0 135.5
R 128.7 135.5
S (2D) 99.4 135.5
(3D) 128.4 135.5
|
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Table 4.9

Comparison of Calculated and Allowable Stress Intensity Factors for
Level C and D Conditions for Quarter Thickness Surface Flaws

Location

1
2
3
4

5(2D)
(3D)

[F-953 ST S TIIAL SR SRR I LTINS R QTR TSN L TR R AR TR R DI Sl U T LT SR AR S RIS T SRy

(ksiyin ) (ksiin )

Calculated Stress Allowable Stress
Intensity Factor Intensity Factor

389 138.5
42.5 135.5
106.3 135.5
106.3 135.5
109.0 135.5
110.1 138

T T SR T R TR SIS T DRI YT L SR R R S

Table 410

Results of Fatigue Crack Growth Analyses
for Quarter Thickness Surface Flaws

Location

5 (2D)
(3D)

L

Initial Flaw Depth Crack Growth
(in.) (in.)
m

(.65 0.0389
0.775 0.0523
1.1875 ! 0.0655
1.1875 0.0662
1.325 0.5870
1.325 0.2908
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Figure 4.”. Solution Heat Treated Wrought Type 316 Stainless Steel

Figure 4.3, Solution Heat Treated Grade CF8 Stainless Steel Casting
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50  SUMMARY AND CONCLUSIONS

The evaluations contained in this report have demonstrated that the ANO-1 reactor coolant

pump casings meet the safety and serviceability requirements of ASME Code Case N-481.

The fracture toughness of the base metal stainless steel, A351 Grade CF8M casting, and the
weld metal were addressed, including the consideration of thermal embrittlement. The lower

bound fracture toughness value of these materials was used in the analysis.

Five critical flaw locations were selected for the evaluation, considering areas where
fabrication defects have previously been identified. In addition, the maximum stress

locati ns were also included in the analysis.

Consistent with similar evaluations for pressure vessels with postulated large flaws, per

Appendix G of ASME Section 111, safety factors of 2 for primary and 1 for secondary loads

were used for Service Levels A and B conditions. Safety factors of V2 and 1 were used for

primary and secondary loads, respectively, for Service Levels C and D conditions. At all

locations, the applied stress intensity factors were below the allowable values.

Fatigue crack growth analyses were performed for information purposes, conservatively
considering the 40-year plant life to show that crack growth for even the boundary
postulated flaws are relatively small.

The analyses included a number of conservatisms as noted below:

® The lower bound toughness of the weld metal was used in all cases to determine

the allowable stress intensity factor,

SIR-92-037, Rev, 0 5-1
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& Cyven though cast stainless steel components and their weldments are relatively

‘ctile, a linear elastic fracture mechanics approach was used for the analysis, in

».. 4 Of elastic-plastic fracture mechanics techniques.

® A flat plate model was used to calculate the stress intensity factors, even though

the pump casings, for the most part, have circular cross sections. The use of a

more representative model would have reduced the stress intensity factors.

At Locations No. 1 through 4, because available documentation provided only a
combination of primary and secondary stresses, a safety factor of 2 was applied on
both the primary and secondary stresses. A safety factor of 1 on the secondary
stresses, as required by Appendix G of Sections 111 and X1 of the ASME Code,

would have resulted in lower applied stress intensity factors at these Jocations,

At Location No. § the maximum stresses along the weld were applied at the
thickest section, resulting in conservative stress intensity factors. Also at this
location, stresses were classified as primary if they could not be conveniently
separated into primary and secondary components. In addition, stresses were
classified as membrane if it could not be determined whether they are membrane

or bending.
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CASE
N-481

CASES OF ASME BOILER AND PRESSURE VESSEL CODE

Approvel Date: March §, 1990

See Numerical Index for expiration
and any reaMirmation cates

Case N-48]

Alternate Examination Requirements for Cast
Austenitic Pump Casiogs

Section X1, Division 1

Inquiry: When conducting examination of cast
sustenitic pump casings in accordance with Section
X1, Division 1, what examinations may be performed
in lieu of the volumetric examinations specified in
Table IWB-2500.1, Examination Category B-L.1,
Item B12.107

Reply: 1t is the opinion of the Committee that the
following requirements shall be met in lieu of
performing the volumetric examination specified in
Table IWB-2500-1, Examination Category B-L-],
Item B12.10:

(a) Perform a VT.2 visual examination of the ex-
erior of all pumps during the hydrostatic pressure
test required by Table IWB-2500-1, Category B-P.

(b) Perform a VT-] visual examination of the ex-
ternal surfaces of the weld of one pump cacing
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ternal surfaces of the weld of one pump casing.

fc) Perform a VT.3 visual examination of the in-
ternal surfaces whenever a pump is disassembled for
maintenance

(d) Perform an evalua on to demonstrate the safe-
ty and serviceability of the pump casing. The evalu-
ation shal! include the following:

(1) evaluating material properties, including
fracture toughness values;

(2) performing a stress analysis of the pump cas-
ing;

(3) reviewing the operating history of the pump;

(4) selecting locatinns for postulating flaws;

(5) postulating one-quarter thickaess ref:rence
flaw with a length six times its depth;

(6) establishing the stability of the selected flaw
under the governing stress conditions;

(7) considering thermal aging embrittiement
and any other processes that may degrade the prop-
erties of the pump casing during service.

(e) A report of this evaluation shall be submitted
to the regulatory and enforcement authorities having
jurisdiction at the plant sit for review.
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