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PRODUCT DESCRIPTION

Cast austenitic stainless steel (CASS) materials are used in the primary system piping in about
half of the PWRs in the United States. CASS piping systems are also used in PWRs in other
countries such as Sweden, Japan, and France. CASS material is a good choice for the primary
system piping based on its relative cost, toughness, and corrosion resistance. However, the
microstructural and metallurgical characteristics that make CASS a good choice for toughness
and corrosion resistance also hinder the ability to inspect the piping because of its coarse grain
structure.

Recent improvements in phased array ultrasonic testing (UT) inspection are promising for their
ability to detect flaws of reasonable size with a relatively high probability of detection and
relatively low false call probability. Thus, it is important to determine appropriate target flaw
sizes in the CASS piping and components in order to be able to demonstrate that there is no loss
of structural integrity for long-term operation. The determination of these flaw sizes depends on
the loading conditions and the toughness in the aged condition; CASS materials are known to be
susceptible to thermal aging at the operating temperatures of PWRs (288—343°C). The toughness
degradation is also a function of the chemical content (low or high molybdenum) and percent
delta ferrite.

This report provides an update of the current state of knowledge on flaw tolerance evaluations of
CASS piping systems. The update includes a review of prior work on this subject and the results
of some recent studies. Considering typical loads that are normally associated with nuclear plant
piping with CASS materials, it is concluded that, in general, the target flaw sizes in these
components depend on the loads and safety margins used in the evaluation.

Results and Findings

The target flaw sizes for the cold leg piping considered in this study strongly depend on the loads
and safety factor used in the analysis. For the case in which the safety margin is unity (that is, for
critical flaw size), relatively large flaw sizes are obtained even with relatively high loads. When
the ASME Code safety margin is applied, the target flaw sizes are smaller.

Challenges and Objectives

Because of their coarse grain structure, CASS piping has posed inspection challenges. Several
attempts at inspecting these components using conventional inspection techniques have not been
successful. Recent improvements in inspection technology using phased array UT techniques and
eddy current techniques are promising for their ability to detect flaws of reasonable size with
relatively high probability of detection and relatively low false call probability. Thus, it is
important to determine appropriate target flaw sizes in the CASS piping and components to be
able to demonstrate that there is no loss of structural integrity for long-term operation. With the
improvements in inspection technology, the management of the long-term structural integrity of
CASS components could be based on a combination of periodic inspections and flaw tolerance
evaluations to determine the target flaw size that should be detected from the inspections.

Applications, Value, and Use
The management of the long-term structural integrity of CASS components will involve the
combination of developing advanced inspection techniques and performing flaw tolerance



evaluations. The study described in this report provides a preliminary methodology for the flaw
tolerance evaluation that—when used in concert with inspection techniques being developed by
EPRI—can be used for the long-term management of CASS piping in the nuclear industry.

EPRI Perspective

This interim study has provided a preliminary methodology that can be used to determine target
flaw sizes in CASS materials. Work envisioned for 2008 will use this study as a starting point. A
key area to be addressed is determining whether a generic target flaw of reasonable size can be
detected or if plant-specific analyses will be needed.

Approach

To perform the flaw tolerance evaluation, a typical cold leg piping for a PWR was considered in
a fracture mechanics evaluation. The lower bound fracture toughness from a set of Grade CF8M
CASS spool pieces was determined and used in the evaluation. The critical and allowable flaw
sizes were calculated using elastic-plastic fracture mechanics techniques and limit-load analysis.
Crack growth evaluation was also performed to determine the crack growth during the operating
period.
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1

INTRODUCTION

Cast austenitic stainless steel (CASS) components play a prominent role in light water reactor
application as primary pressure boundary components. In boiling water reactors (BWRs), CASS
components are used as pump casings and valve bodies, and in some instances, as elbows and as
fittings. For pressurized water reactors (PWRs), the primary pressure boundary CASS
applications include applications similar to those identified for BWRs, and can also involve cast
piping components in some PWRs. CASS pumps, valves and fittings generally are fabricated
from static castings due to the complex configurations involved, whereas in piping application,
static and centrifugal castings can be used in these applications. CASS components are used
widely in primary pressure boundary applications in light water reactor service as a result of
reasonable cost combined with excellent resistance to corrosion effects and the excellent fracture
toughness of CASS.

Among the excellent features of CASS are the corrosion resistance, including resistance to
general corrosion, intergranular corrosion and stress corrosion cracking; improved resistance to
sensitization when thermally treated; and the ease of welding of these materials. Since this
material contains ferrite as one of the phases, the ferrite improves the corrosion resistance and
improves the sensitization behavior of CASS and also facilitates weldability, and weld repair of
these materials [1]. However, the ferrite phase also produces potentially detrimental effects on
these materials as well. These effects include thermal embrittlement, toughness degradation and
volumetric inspection issues.

Recent improvements in inspection technology using phased array UT [2] and eddy current
techniques [3] are promising for the ability to detect flaws of reasonable size with relatively high
probability of detection and relatively low false call probability. Thus, it is important to
determine appropriate target acceptable flaw sizes in the CASS piping and components to be
able to demonstrate no loss of structural integrity for long term operation. The determination of
target flaw sizes depends on the loading conditions and the toughness in the aged condition;
CASS materials are known to be susceptible to thermal aging at the operating temperatures of
PWRs (288 — 343°C). The toughness degradation is also a function of the chemical content (low
or high molybdenum) and percent delta ferrite. With the improvements in inspection
technology, the management of the long term structural integrity of CASS components could be
based on a combination of periodic inspections and flaw tolerance evaluation to determine the
target flaw size that should be detected form the inspections.

This report provides an update of the current state of knowledge on flaw tolerance evaluations of
CASS piping systems. The update includes a review of prior work on this subject and the results
of some recent studies. Considering typical loads that are normally associated with nuclear plant
piping with CASS materials, it is concluded that in general, the target flaw sizes in these
components are dependent on the loads and safety margin used in the evaluation.

Section 2 provides background on the susceptibility of CASS to thermal aging and the factors
that contribute to thermal embrittlement. Screening criteria to determine the most susceptible
CASS material is also discussed. Section 3 provides the flaw tolerance evaluation approach and
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an example problem involving a cold leg piping is presented. Section 4 provides summary,
conclusions and recommendations while Section 5 provides references used in the study.
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2

THERMAL EMBRITTLEMENT SUSCEPTIBILITY OF
CASS

Background on Thermal Embrittlement

Thermal embrittlement of the ferrite phase in CASS components occurs as a result of either a
heat treatment at temperatures of less than 500 °C (<932°F) or as a result of long time aging at
light water reactor primary coolant operating temperatures [4]. Various investigations have been
performed examining the variables affecting the thermal embrittlement of CASS for various
grades of cast components including CF-8, CF-8M, CF-3 and CF-3M stainless steels [4-7].
Studies investigating the cause of the embrittlement have demonstrated that thermal
embrittlement of CASS can occur during the reactor design lifetime or life extension due to the
formation of a Cr-rich ~ phase typically due to spinodal decomposition, nucleation and growth

of 7; precipitation of a Ni- and Si-rich G phase, formation of M 2* C¢ carbides and 2 (austenite),
and/or additional precipitation and/or growth of existing carbides at the ferrite/austenite phase
boundaries [4]. Within the family of CASS most often used in light water reactor application,
low carbon CASS, CF-3 is the most resistant of these materials to thermal embrittlement and CF-
8M, the molybdenum bearing higher carbon CASS material is the least resistant to thermal
embrittlement [4]. One other important feature as related to thermal embrittlement of these
materials is the quantity and distribution of the ferrite within the structure. When the ferrite
phase is continuous, e.g., large ferrite content, or the ferrite/austenite phase boundary provides an
easy path for cracking, the material is much more susceptible to brittle failure than when the
material contains lower ferrite levels. In general, the decrease in toughness is generally not a
significant concern in these alloys due to the extremely high toughness of the austenite matrix.
Various studies have shown that higher ferrite contents correlate with increased susceptibility to
embrittlement, and ferrite-forming elements such as Cr, Mo, Si, Cb and V increase the
susceptibility to thermal embrittlement [4-7].

The formation of the ~ within the ferrite has its maximum effect at 475°C (885°F), and as such
the phenomenon is identified as 475°C embrittlement. Thermal aging causes the ductile to brittle
transition temperature to increase and both room temperature and operating temperature
toughness decrease with increasing embrittlement of the ferrite phase [1, 5]. Although the 475°C
temperature is significantly above the normal operating temperature of the BWR or PWR
primary systems, a reduction in toughness of these materials due to the 475°C embrittlement
effects identified above can be observed following long time exposure to temperatures as low as
288°C (550°F).
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Toughness Degradation

The reduction in toughness in CASS components in the as-fabricated condition is the result of
the presence of a duplex grain structure (both austenite and ferrite) as well as the inherently
lower toughness of the ferrite phase at operating temperatures. This effect is not generally a
major concern, in the as-fabricated component, given the extremely high toughness of the
austenite matrix [1]. A much greater concern is related to applications that result in exposure to
higher temperatures, either as a result of a heat treatment, or as a result of prolonged operation at
temperatures where thermal degradation can occur as discussed above.

The effect of thermal aging is to decrease the lower and upper shelf Charpy energy of CASS.
The extent of the low temperature embrittlement is generally quantified by measuring the room
temperature Charpy energy absorbed after aging at temperatures representative or slightly higher
than those expected in service.

Since the ferrite phase is the only phase susceptible to thermal embrittlement, exposure to light
water reactor operating temperatures for extended periods produces a structural effect due to
thermal aging in the component which is dependent upon the quantity and morphology of the
ferrite present. For light water rector applications, traditional guidelines have been that the low
temperature embrittlement becomes a concern only when the volume fraction of the ferrite
exceeds approximately 15 to 20%. The basis for this argument is that ferrite tends to form in
pools in the austenite matrix and when ferrite levels are less than approximately 15%, there is
significantly less likelihood that the embrittled ferrite phase can form a continuous path of
embrittled material that can extend through the thickness of the cast component [5]. In addition,
the size, distribution and morphology of the ferrite within the austenite matrix depend on the
solidification conditions during the casting process. Cast stainless steels may solidify with a
columnar or an equiaxed grain structure or a mixture of both structures. Investigators have
observed that in CASS of similar chemical composition, the size and distribution of the ferrite
islands within the austenite matrix tend to increase with larger section size. This effect is
believed to be due to the slower heat removal rates observed in larger section thicknesses. With
increased ferrite spacing at constant ferrite content, the size of the ferrite islands increases and
the probability of a continuous path of ferrite through the thickness of the component increases

[S].

Several investigators have focused on evaluating the effects of ferrite morphology, distribution
and material composition on the toughness of CASS following long term exposures at reactor
operating temperatures. Chopra [4] developed a procedure and correlations for estimating the
Charpy impact energy and fracture toughness J-R curve of CASS based upon readily available
material information. The correlations were based upon mechanical property results on CASS
that were aged up to approximately 58000 at temperatures ranging from 290-350°C (554 -662°F).
The extent of the thermal embrittlement was characterized by the room temperature Charpy
impact energy. A correlation for the extent of thermal embrittlement following very long term
aging was developed. This “saturation” or minimum impact energy was provided in terms of the
chemical composition of the material tested
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Screening Criteria

The recommended screening criteria discussed in Reference 7 are based on lower-bound values
of the fracture toughness data in the literature. These toughness values are used in the flaw
tolerance analysis of typical reactor coolant system geometries with representative service
loading conditions to determine acceptable initial flaw sizes for inspections. The procedure is
outlined in the following steps and shown graphically in Figure 2-1.

Low-molybdenum (e.g., SA 351 Grade CF-3 and CF-8) material that has been cast centrifugally
is not subject to significant thermal aging embrittlement during exposure to service temperatures
less than 320°C (610°F) for 525,000 hours (60 years). Low-molybdenum material that has been
cast statically is not subject to potentially significant loss of fracture toughness after exposure to
service temperatures less than 320°C (610°F) for 525,000 hours (60 years), provided that the delta
ferrite content of the material can be shown by either calculation or measurement to be 20 %, or
less. Management of potential loss of fracture toughness for low-molybdenum, statically-cast
components is required, in terms of inservice examination and flaw evaluation program
elements, if the delta ferrite content of the material cannot be shown to be 20 %, or less.

High-molybdenum (e.g., SA 351 Grade CF-3M and CF-8M) material that has been cast
centrifugally is not subject to potentially significant loss of fracture toughness after exposures to
temperatures less than 320°C (610°F) for 525,000 hours (60 years), provided that the delta ferrite
content of the material can be shown by either calculation or measurement to be 20 %, or less.
Management of potential reduction of fracture toughness for high-molybdenum, centrifugally-
cast components is required, in terms of inservice examination and flaw evaluation program
elements, if the delta ferrite content of the material cannot be shown to be 20 %, or less.

High-molybdenum (e.g., SA 351 Grade CF-3M and CF-8M) that has been cast statically is not
subject to potentially significant loss of fracture toughness after exposures to temperatures less
than 320°C (610°F) for 525,000 hours (60 years), provided that the delta ferrite content of the
material can be shown by either calculation or measurement to be 14 %, or less. Management of
potential reduction of fracture toughness for high-molybdenum, statically-cast components is
required, in terms of inservice examination and flaw evaluation program elements, if the delta
ferrite content cannot be shown to be 14 %, or less.

From the above, the most critical of all the components is the statically cast CF-3M and CF-8M

CASS materials. Next is the centrifugally cast CF-3M and CF-8M materials which are expected
to be used for most piping materials. Hence the focus of this study will be on the CF-8M CASS
material
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FLAW TOLERANCE APPROACH

Because of the challenges associated with the inspection of CASS components, especially piping
welds, a proposed methodology to manage the structural integrity of CASS components is
through the use of flaw tolerance evaluation. In this approach, a target flaw size for inspection
is established based on fracture mechanics evaluations considering the material toughness, other
material properties and the loading. The flowchart in Figure 3-1 provides a summary of the flaw
tolerance evaluation to establish the target e inspection flaw size for CASS components. The
methodology consists of determining the allowable flaw size (which includes ASME Section XI
safety factors) for the component considering all possible degradation mechanisms (such as
thermal aging), performing a flaw growth analysis to determine possible flaw growth during the
inspection interval (or plant life) and using this information to establish a reasonable target flaw
size that the inspection technology should be capable of detecting

Loads/Stresses
Determine Fracture Toughness (Thermal

— == == P Allowable Flaw J€—CTPritllement)

Sive Material Properties
Safety Factors
\ 4
_ Determine
» Inspection
Intarval
Degradation Mechanisms
Perform R sce
Crack Growth A Fatigue
Evaluation _ Others
Determine
Target Flaw
Size

\ 4

Determine
Detectable Flaw f——Inspection Capabilities
Size

F——————————— ===

End of
Evaluation

Target Flaw Size
>
Retectable Flaw Size,

Figure 3-1
Flowchart for Flaw Tolerance Evaluation of CASS Components
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A few studies have been performed in the literature to address the performance of aged CASS
materials in the presence of a flaw that provide some insights into this study. Bamford and
Linderman [8] performed a series of experiments with aged CF8M CASS pipe using four point
bending test to compare the performance of the aged material as compared to the unaged
condition. The test specimen used was a four inch schedule 80 pipe with thickness of 0.65 to
0.70 in. (16.5 mm to 17.8 mm). The ferrite levels in these components ranged from 6.7 FN to
12.7 FN. Circumferential crack starter notches were machined at the midspan of each of the test
pipes and they were fatigued cracked before the load was applied. With the relatively low ferrite
level in these specimens, it is not surprising that there was no significant difference in impact
energy, J-R curves and maximum obtained load at failure between the aged and unaged
specimens. Failure was by plastic instability as opposed to brittle failure. It was however noted
in the paper that tests of more severely degraded material would add measurably to any
conclusions.

Buchalet et al. [9] performed a flaw tolerance evaluation of CF8M CASS elbows in the aged and
unaged condition using the R6 method. The load considered in this study included pressure,
thermal expansion and LOCA loads. Finite length part through-wall flaws were considered both
in the axial and circumferential directions. The critical flaw depths for the unaged conditions
were 48 mm in the circumferential direction and 40 mm in the axial direction. For the aged
condition, the critical flaw sizes reduced to 23mm and 26 mm respectively. The calculated crack
growth was 6.0 mm in the circumferential direction and 6.7 mm in the axial direction.

Diaz et al. [10] also performed a flaw tolerance study on a large diameter CF8M CASS material
using the deformation plasticity failure analysis diagram (DPFAD) as described in ASME Code
Case N-494. The pipe diameter in this study was 349.25 mm and thickness of 56.77 mm.
Circumferential cracks ranging from10% to 80% of wall thickness were addressed along with
two lengths of circumferential flaws. Both normal operating and accident condition load
combinations were considered in the study. For normal operating conditions, the allowable flaw
depth was at least 50%. For accident conditions considering very high seismic loads, the
allowable flaw depth is on the order of 15% of wall assuming a crack length of 180°. However
when a crack length of 30° was considered, the allowable flaw depth increased to 50% of wall
thickness. Furthermore, when the loading was reduce by half representing a relatively mild
seismic stress, the allowable flaw depth even for the 180° length was at least 50% of wall
thickness.

In this paper, a flaw tolerance approach is used to evaluate the acceptable flaw sizes (crack depth
as a function of crack length) for typical cold leg piping of a PWR made from CASS material.
Only circumferential cracks are considered in this initial preliminary study. Evaluation of
several other configurations such as the surge line piping and axial flaws are pending. The pipe
outside diameter is 32 inches (813 mm) with wall thickness of 2.25 inches (57 mm). The
operating pressure is 2250 psi (15.5 MPa). A maximum design temperature of 650°F (343°C)
was assumed in this study since thermal embrittlement is more pronounced at this temperature.
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Fracture Toughness

The fracture toughness of CASS components is a key input into the flaw tolerance evaluation.
Studies have shown that the fracture toughness of these components degrades with time as a
result of thermal embrittlement (thermal aging) [4]. Unaged CASS components in general have
adequate toughness comparable to wrought austenitic stainless steel as shown in Figure 3-2 [2]
and as such, limit load (net section plastic collapse analysis can be used as the failure criterion
for determining the allowable flaw size during the early life of the component. However, at
reactor operating temperatures, the toughness of CASS components degrades such that elastic
plastic fracture mechanics (EPFM) principle has to be used for determination of the allowable
flaw size since the material has become semi-ductile at some time. With further operating time,
the toughness may degrade to a point where the material has become brittle and as such, linear
elastic fracture mechanics (LEFM) principles have to be used to determine the allowable flaw
size. Figure 3-3 shows schematically how the fracture mechanics regime changes with time as a
result of thermal aging. As illustrated in this figure, after significant exposure to thermal aging,
the fracture toughness reaches a saturation value. This saturation value can be used as
conservative fracture toughness in the flaw tolerance evaluation. The change in toughness with
time has been the subject of research by various organizations, notably Argonne National Labs.
The latest state-of-the art in determining the toughness of CASS components subject to thermal
aging is documented in Reference 4

Crack Extenslon, Aa (in.) Crack Extension, Az (in.)
0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3

3000 Fe b
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: : PV T
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Comparison of Fracture Toughness of Unaged CASS Materials with Wrought Stainless Steel
Materials [4
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Figure 3-3
Change in Fracture Mechanics Regime for CASS Components Resulting From Thermal Aging

The fracture toughness is generally represented by the J-R resistance curve which is a material
property which represents the material resistance to tearing. A procedure for determining the J-R
curve parameters for CASS materials of known composition is provided in Reference 4. In this
procedure, the chromium equivalent (Cr, ) and nickel equivalent (Ni, ) are determined from the
chemical composition, based on Hull's equivalent factors [11]:

Cr,, = (Cr) + 1.21 (Mo) + 0.48 (Si) — 4.99 (3-1)
Ni,, = (Ni) + 0.11 (Mn) - 0.0086 (Mn)® + 18.4 (N) + 24.5 (C) + 2.77 (3-2)

where the chemical composition is in wt%. Per Reference 4, the value of N is assumed to be
0.04 if it is not available on the CMTR.

The ferrite content (9 2 1s then estimated from the relationship:

8 =100.3 (Cr,/Ni, )’ - 170.72 (Cr,/Ni_) + 74.22 (3-3)

For CF8M CASS, the saturation (minimum) impact energy (Cv_) considering thermal
embrittlement can be determined by two methods:
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In the first method, the material parameter € is calculated from which Cv_ is determined as
follows:

® =§_(Ni + Si + Mn)*(C + 0.4N) /5.

(3-4)
The saturation value of RT impact energy, Cv_,for steels with < 10% Ni is given by
Log,, Cv, = 1.10 + 2.12exp(-0.041 ¢ ). (3-5)
And for steels with >10% Ni by
Log,, Cv, = 1.10 + 2.64exp(-0.064 ¢ ). (3-6)

In the second method, Cv_, is estimated directly from the chemical compositions of the steel and
is given by:

Log,, Cv_, =7.28-0.011 (8 )-0.185 (Cr) — 0.369 (Mo) — 0.451 (Si) 3-7)
—0.007 (Ni) —4.71 (C + 0.4N)

The saturation impact energy is determined using both methods given in Equations 3-5, 3-6 and
3-7 and the lower value is used for estimating the fracture toughness.

The material resistance J-R curve can be estimated from Cv_, using a power law relationship:

Jd =C [Cvsat]m[Aa]n (3—8)

where: J, is the deformation J-Integral (kJ/m’) per ASTM Specification E§13-85
Aa ig the crack extension (mm)
C is a constant
m, n are power law exponents

The saturation fracture toughness J-R curve at room temperature for centrifugally-cast CF§M
stainless steel is given by [4]:

Jg = 20[Cv, ]""[Aa]"

(3-9)
In English units, the J-R curve (units of J in in-kips/in’ and Aa in inches) is given by:
J4 =114[25.4]"[Cv, 1" [Aa]" (3-10)
where Cv_, is in Joules/cm’ and the value of n at room temperature is given by:
n=0.25- 0.0771og;g Cvgat (3-11)

Corresponding equations for the J-R curve at temperatures between 290°C and 350°C (550°F and
662°F) are given by:
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Jg= 57[CVsat]0'4l [Aa]™ (SI units) (3-12)

Jg =325[25.4]"[Cvgy 1°*'[Aa]" (English units) (3-13)
n=0.23- 0.057log oy Cvgut (3-14)

Equation 3-13 for the J-R curve can be expressed in simple terms as:

T4 =C[Aa]" (3-15)

The above correlations (Equations 3-1 through 3-15) account for degradation of toughness due to
thermal aging, but do not explicitly consider the initial fracture properties of the original unaged
material. Fracture toughness data in Reference 4 indicate that the J-R curve for some heats of
unaged cast stainless steel may be lower than those for wrought stainless steel. To take into
account the possibility of a relatively low initial unaged toughness, the methodology outlined in
Reference 4 requires that the saturation J-R curves be compared to the lower bound J-R curve for
the unaged cast stainless steel. The lower of the two curves is then used. For statically cast
stainless steel, the lower bound unaged J-R curve is given by:

T4 =400[Aa]%* (SI units) (3-16)

T4 =8330[Aa]®*" (English units) (3-17)

The above equations were used to determine the values of the parameters C and n for a set of
Grade CF8M CASS material spool pieces for one piping system for which the chemical
compositions were readily available. The variation of C and n as a function of delta ferrite
content for this material set is shown in Table 3-1. Also shown in Table 3-1 is the elastic-plastic
fracture toughness, J,.. As can be seen, the parameter C is a strong function the delta ferrite
content while the parameter n is unaffected. The resulting aged material J-R curves used in this
study are shown in Figure 3-4.

Table 3-1
J-R Curve Parameters vs. Delta Ferrite Number (DFN)
DFN J1c (o3 n
in-Ib/in’ | kJ/m? in-Ibfin’ | kJ/m?

15 1000 175 5750 325 0.35
20 915 160 5200 294 0.35
25 800 140 4500 254 0.35
30 650 114 3610 204 0.35
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Aged J-R Material Resistance Curves for Grade CF8M CASS at Various DFN Levels

Stress-Strain Properties

In addition to the fracture toughness, other material properties that are of importance in flaw
tolerance evaluation are the yield and ultimate strengths of the material as well as the Ramberg-
Osgood parameters describing the stress-strain curve of the material. Studies performed in
Reference 12 indicate that in general, thermal aging leads to an increase in both yield and
ultimate strength and a slight decrease in ductility. The ratios of aged versus unaged tensile
properties are shown in Figure 3-5. In some case however, there is a slight decrease in tensile
properties with aging. In general, there is a very mild increase in the ultimate strength as a
function of delta ferrite for the unaged material for the representative spool piece considered in
this evaluation. The yield strength is virtually unaffected by the delta ferrite content in the
unaged condition. In this study, the beneficial increase in tensile properties will not be taken into
account and the unaged properties will be used.

The Ramberg-Osgood stress-strain parameters are represented by the expression:

£ _ LJF o [i]n
0 % % (3-18)
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where ¢ and € are true stress and true strain, respectively, and €, 6,, & and n are model
parameters that must be determined for the material of interest. The parameters 6, and €, are
reference stress and strain, respectively. Usually, G, is taken as the yield stress, o, and € is

taken to be the pseudo-elastic yield strain (6 /E). If the stress-strain curve of the material is
available, these parameters can be determined by curve fitting.

The Ramberg-Osgood parameters used in this study are shown in Table 3-2.

Table 3-2
Stress-Strain Curve Parameters
E o, o, o n
25.6x10° (ksi) 29 (ksi) 85.4 (ksi) 1.282 6.408
176x10° (MPa) 200 (MPa) 589 (MPa)
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Ratio of Yield and Ultimate Stress of Aged and Unaged Cast Stainless Steel as a Function of
Aging Parameter P [12]

Loads and Stresses

The stresses required to calculate the allowable flaw size are typically available in the Stress
Report for the component. Loads/stresses are required for all operating conditions defined in
ASME Code, Section III (Levels A, B, C and D). The stresses may be due to a combination of
primary loads as well as secondary loads. For piping components, the primary bending stress in
ASME Code, Section XI correspond to the unconcentrated primary stresses defined in Equation
(9) of ASME Code, Section III, Section NB-3650. The secondary (expansion) stress is the
unconcentrated stress intensity value for loads defined in Equation (10) of ASME Code, NB-
3650. A limited study performed on a few Stress Reports indicate the load combination for the
bending stress, normal operating and upset conditions (dead weight, thermal and OBE seismic)
which typically bound the flaw evaluation is between 5 ksi (34.5 MPa) and 10 ksi (68.9 MPa) for
CASS piping components. In addition to these loads, transient thermal stresses and residual
stresses were considered in Reference 10. However in this study, these additional stresses will
not be considered since they are not required in determining allowable flaw size by ASME

3-9



Section XI when considering EPFM or limit load. Thus, the two stress limits are consistent with
the normal operating cases in Reference 10. These two stresses will be used in the study herein.
Nevertheless, the methodology provided can be applied on a component specific basis once the
stresses and other material parameters are established to demonstrate the range of flaw depths,
lengths and corresponding margins on loads for the CASS cold leg piping.

Allowable Flaw Size Determination

In the previous studies [9, 10], the DPFAD approach was used to establish the allowable flaw
size. Furthermore the DPFAD analysis in Reference 10 indicated that the analysis for the critical
or allowable flaw size fall into the EPFM regime. In this study, the allowable flaw sizes are
determined by considering both EPFM and limit load. The limit load solution can be used in
cases where the material is not severely embrittled.

Elastic Plastic Fracture Mechanics Evaluation

In this study, EPFM analyses involving the J-integral/tearing modulus (J/T) analyses are used to
determine the critical through-wall flaw sizes. Simple handbook solution has been developed for
calculating J for cracks in various cylindrical configurations [13, 14]. For a cylinder under
tension and bending loads the J-integral is given by [13]:

Tension:

J=f, P? /(4nR2tE')+ 06 ,€,t Hy (0, /0, )" (3-19)

Bending:

J=f, M2 /(4nR4tE')+ a0 ,Eot Hy (o /00" (3-20)

The Tearing Modulus (T) is defined by the expression:

d E
R
a

of (3-21)
Hence, in calculating T, J from the above expressions is determined as a function of crack size
(a) and the slope of the J versus crack size (a) curve is calculated in order to determine T. (The
flow stress, 0, is taken as the mean of the yield and ultimate tensile strengths.) The material
resistance J-R curve can also be transformed into J-T space in the same manner. The intersection

of the applied and the material J-T curves is the point at which instability occurs and the crack
size associated with this instability point is the critical crack size.

The piping stresses consist of both tension and bending stresses. The tension stress is due to
internal pressure and axial forces while the bending stress is caused by deadweight, thermal and
seismic moments. Because a fracture mechanics model for combined tension and bending
loading is not readily available, the critical flaw length under such loading condition was



determined using the tension and bending models separately. For the first case, the stress
combination is assumed to be all due to tension and the critical flaw length is determined using
the tension model. For the second case, the stress combination is assumed to be all due to
bending and the critical flaw length is determined as such. The half critical flaw sizes (lengths)
obtained with the tension model (a,) and the bending model (a,) are combined to determine the
actual half critical flaw size (a ) due to a combined tension and bending stress using linear
interpolation, as described by the following equation:
ag=a; —t 4a, b
Op + Oy Op + Oy (3-22)

where ¢, and G, are the piping tensile and bending stresses respectively. In determining the
critical flaw sizes, the following assumptions were made

For this preliminary study, two different safety factors were considered in performing this
analysis. In the first case, a safety factor of unity was considered which provides the critical flaw
size. Secondly, the ASME Section XI safety factor of 2.77 (for Service Level A/B) was applied
to determine the allowable flaw size. The upper and lower bound J-R curves shown in Figure 3-
4 were used to determine the allowable flaw size. The results of the evaluation are shown in
Figures 3-6 and 3-7 for stresses of 5 ksi (34.5 MPa) and 10 ksi (68.9 MPa), respectively. It can
be seen that with a safety factor of unity, the target flaw depths are relatively high. However,
when the Code safety margin is applied the target flaw size reduces.

Limit Load Analysis

Limit load analysis can be used only if it is demonstrated that the material has adequate
toughness as in the unaged condition. The net section collapse methodology described in
Reference 15 and implemented in ASME Code Section XI, Appendix C [16] is used in this
evaluation. The technical approach consists of determining the allowable flaw size
(circumferential extent and through-wall depth) in the pipe that will cause the flawed pipe
section to collapse. Based on equilibrium of longitudinal forces and moments about the pipe
axis, the relation between the applied loads and flaw size at incipient plastic collapse is given by:

Py = 2£[2sin B—isin OC\
T t ) (3-23)

where the angle, , defining the location of the neutral axis is:

5 Z%[,,_za_,,i]

Lo (3-24)
a = half flaw angle
t = pipe thickness

a = flaw depth



primary membrane stress

)
I

bending stresses corresponding to plastic collapse
= flow stress at net section plastic collapse (3S,).

For longer flaws penetrating the compressive bending region where (oc ) B) > T the relation
between the applied loads and the flaw depth at incipient plastic collapse is given by:

Py = 2&(2 —i\sinﬁ
n t, (3-25)

where:

(3-26)

An iterative process is used to calculate the allowable a/t for a given flaw length using Equations
3-23 through 3-26. The value of o, is taken as 3S  as recommended in Reference 15. The results
of the evaluation are presented in Figures 3-8 and 3-9 for the 5 ksi (34.5 MPa) and 10 ksi (68.9
MPa) case respectively. Two values of S_ were used for the evaluation. The first is that
determined by using the minimum ASME Section III Code value of 16.7 ksi (115 MPa) for S, .
The second approach is to use the S_ value of 26.1 ksi (180 MPa) corresponding to the actual
material properties. Using the actual material properties data resulted in much higher allowable
flaws depths as shown in Figure 3-8 and 3-9.
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EPFM Solution for Pb = 5 ksi (34.5 MPa)
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Figure 3-6
Critical and Allowable Flaw Sizes (EPFM — 5ksi Bending Stress)

EPFM Solution for Pb = 10 ksi (68.9 MPa)
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Limit Load Solutions for Pb = 5 ksi (34.5 MPa)

1.0 -
V ~

s \\\\ | \?57‘ (1)
= . > -
P \ \\'\\. ~<LZ[ o
£ > NN Stk ®
£
S N o &
= 06 ST g A W %
“6 . Ay
C
o
g
Lt 0.4 (1) 8,,=26.1ksi, 180 MPa (SF=1.00)
(;u' ) S, =16.7 ksi, 115 MPa (SF=1.00)
i (3) S, =26.1ksi, 180 MPa (SF=2.77)
o 0.2
< (4) S,,=16.7 ksi, 115 MPa (SF=2.77)
&
(]

0.0

0.000 0.125 0.250 0.375 0.500 0.625 0.750 0.875 1.000

Length of Flaw, Fraction of Circumference (I/2nr)

Figure 3-8
Critical and Allowable Flaw Sizes (Limit Load — 5 ksi Bending Stress)

Limit Load Solutions for Pb = 10 ksi (68.9 MPa)
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Crack Growth Considerations

To determine the target flaw size for inspection, the expected crack growth at the time of next
inspection has to be estimated and subtracted from the allowable flaw size. The transients for the
cold leg consist of the normal transients defined in the original plant design. In general, the
transients are dominated by the normal heat-up and cool-down transients and all other
intermediate transients contribute little to fatigue crack growth. For other piping systems such
the surge line, stratification related transients need to be also addressed as well in the evaluation.
Weld residual stresses, even though they are not cyclic, are also included in the crack growth
evaluation since they affect the R ratio. The crack growth law from ASME Section XI,
Appendix C for stainless steel in air environment is used with an additional factor of two applied
to account for the PWR environment [15]. For the cold leg piping, the crack growth for a 10
year period is relatively small (on the order of 0.1 inch or 2.5 mm). This is consistent with the
findings in Reference 9. Hence, in determining the acceptable flaw sizes for inspections, these
crack growth results should be subtracted from the allowable flaw sizes presented in Figures 3-6
through 3-8.
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SUMMARY, CONCLUSIONS AND
RECOMMENDATIONS

The flaw evaluation standards for austenitic piping in ASME Section XI, IWB-3514-2, and the
flaw evaluation procedures given in IWB-3640, define the limiting acceptable flaw sizes for
flaws that are detected inservice. Austenitic piping materials including CASS materials are
known to have significantly high toughness properties even in the aged condition, and
evaluations of flaws requires the use of EPFM or limit load analyses to accurately characterize
the critical and allowable flaw sizes to maintain these Code margins. The EPFM and limit load
results shown in Section 3.4 for the typical cold leg piping in a PWR show that the critical flaw
sizes for normal operating stresses are on the order of 80% through wall and 75% of the pipe
circumference. The allowable through-wall flaw size with a safety factor of 2.77 is about 40 —
50% of the pipe thickness for the operating stresses. The difference between these values
demonstrates the safety margin that is inherent in the Code. For those materials and components
that experience active crack growth (e.g., PWSCC), these margins are normally maintained by
performing regular inspections to demonstrate that flaws of this size are not present.

The CASS piping materials do not experience a known active crack growth mechanism;
however, there is a reduction in the toughness due to thermal aging of the material. It is possible
to manage the change in toughness of these materials through a fracture mechanics analyses to
demonstrate the structural integrity of the piping throughout the intended service life assuming
flaws do not exceed the critical flaw size of some length and depth (to be determined). The
analyses presented in this report provide an indication of the critical and allowable flaw sizes to
assist in the determination of acceptable flaw sizes. Since crack growth is not a major concern,
as discussed in Section 3.5, the flaws of interest are primarily fabrication flaws that were not
detected during preservice inspections. Since crack growth is minimal, the acceptable flaw size
(i.e., maximum allowable flaw size minus the provision for crack growth) is very close to that
calculated allowable flaw size.

This preliminary report has presented a flaw tolerance approach based on fracture mechanics
considerations that can be used for management of CASS piping inspection. The following are
conclusions from the study:

e Target flaw sizes for the cold leg piping considered are very much dependent on the loads
and safety factor used in the analysis. For the case where the safety margin is unity (i.e., for
critical flaw size), relatively large flaw sizes are obtained even with relatively high loads.
When the ASME Code safety margin is applied, the target flaw sizes are smaller.

e Crack growth for non surge line locations is very minimal and therefore, the acceptable flaw
size (allowable flaw size minus provision for crack growth) is very close to the allowable
flaw size.

e For the management of CASS components, a few conservatisms inherent in the flaw
evaluation procedure, if addressed, can improve the results appreciably. First of all, the full
ASME Section XI safety factor reduced the targetflaw size considerably. If this safety factor
was reduced, the allowable flaw size would increase. It was also shown that in the case of



limit load analysis, if the actual material properties rather than the Code values are use, the
targetflaw sizes would increase. These considerations should be taken into account in
developing a comprehensive management program for CASS piping in nuclear power plants.

The study contained in this report used the cold leg piping as an example to develop the flaw
tolerance methodology for CASS piping. Future potential studies to build on the initial study in
this report include the following:

In this study, both elastic-plastic fracture mechanics techniques and limit load analysis
was used to determine the critical and allowable flaw sizes. It was shown that significant
benefit can be obtained in limit load analysis is used to determine these parameters.
Criteria similar to that in ASME Section XI, Appendix C for ferritic steels should be
considered for CASS materials in order to determine the analysis regime to be used for
the evaluation.

Only a limited number of Stress Reports were reviewed to determine the bounding
stresses that were used for the evaluation. An expanded search should be made to
establish loads for the full range of affected CASS piping components in the industry.

Only one component (cold leg piping) was used in this initial study. Flaw acceptance
diagrams should also be developed for other CASS components.

Although circumferential flaws are believed to be limiting, the study should be expanded
to axial flaws for all critical CASS components.

Interaction with the industry (e.g. ASME Code and Owners Groups) to define
appropriate parameters ( such as loadings and safety factors) that can be used to
effectively manage the structural integrity of CASS piping considering the NDE
capabilities and other factors such as the resistance of CASS components to various
degradation mechanisms documented in the industry.

In the longer term, probabilistic approaches should be considered due to the variability of
many of the important parameters.
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