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ABSTRACT

A simplified fracture mechanics analysis was performed to determine the
potential unstable tearing in boiling water reactor (BWR) stainless steel
piping that have severe intergranular stress corrosion cracking (I1GSCC). The
fracture analysis was based on the tearing stability concept and associated
tearing modulus stability criterion.

The results from this study indicate that unstable crack extension would
probably not occur in BWR stainless steel piping systems designed in accord-
ance with the ASME Code even though severe IGSCC may be present. The analysis
indicated that stainless steel piping with severe IGSCC could experience
unstable fracture if the piping length to radius ratio (L/R) was very large
(approximately 200). Since the values of L/R for BWR stainless steel piping
systems are generally an order of magnitude less than this, large margins
against unstable fracture are assured for these systems.
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STABILITY ANALYSIS OF CIRCUMFERENTIAL
CRACKS IN REACTOR PIPING SYSTEMS

1.0 INTRODUCTION

In 1978, intergranular stress corrosion cracking (IGSCC) was found in
a large-diameter (>20 inch) stainless steel pipe in a single boiling water
reactor (BWR). This cracking incident and other considerations related to
IGSCC prompted the U. S. Nuclear Regulatory Commission (NRC) to form a
Pipe Crack Study Group to consider various aspects of IGSCC, including an
assessment of the significance of IGSCC in large-diameter stainless steel
BWR piping. The Study Group final report (Pef. 1) included a description of
a fracture mechanics analysis that was performed to determine the potential
for unstable crack extension in large-diameter stainless steel BWR piping
that had experienced severe IGSCC. Because the NRC Pipe Crack Study Group
report included only a brief summary of the fracture mechanics analysis,
this report has been prepared to provide the detailed analytical formulation
and calculational procedures used to support the Study Group's conclusions
concerning the potential for flaw-induced fracture in large-diameter stainless
steel piping.

The IGSCC in BWR piping is found in the heat-affected zone of pipe
welds and results from a critical combination of stress, environment, and
material sensitization occurring from the welding operation. The cracks
initiate at the pipe inner surface and grow radially and circumfereniia’ly
by the corrosion mechanism. Although many of the stress corrosion cracks
are detected during inservice inspection before propagating through the pipe
wall, some cracks may actually propagate through the pipe wall. However,
should cracks propagate through the pipe wail, leak detection systems are
capable of sensing the leaks. Furthermore, even though part-through or
through-wall IGSCC may be present, materials used for the piping system,
such as Type 304 stainless steel, exhibit such high ductility and toughness
that it is very unlikely they will suffer sudden fracture even when relatively
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la. ge flaws are present. In fact, all of the leaks resulting from stress
corrosion cracking have been observed in stainless steel piping that did
not fracture.

To provide additional assurance that piping subjected to stress corrosion
cracking will leak bzfare breaking, analyses were performed to show that
a leaking through-wall crack grows in a stable manner and that it does not
cause sudden pipe fracture. In the present study, a fracture mechanics
analysis is performed to assess the stability of crack extension in the
piping system. The analysis is based on the tearing stability concept and
the tearing modulus stability criterion (Ref. 2). The criterion is valid
for materials whose failure is characterized by gross yielding of the cross
section containing the crack and subsequent plastic stability.

The concept of tearing modulus, T, has been developed on the basis of
the J-integral resistance curve and the non-dimensional quantities Tmat

and Tappl' These quantities are defined as
dJ
_ E mat
Tnat = 5;? da (1)
and
. _E d
Tapp] ! 00? da (1b)

where E is Young's modulus, Ty is an appropriate flow stress, a is a character-
istic flaw size in the stability analysis, Jmat is the value of J following the
material resistance curve, and J is the applied value of J. The condition of

stability of crack growth is given by the following:

Tmat > Tappl stable (2a)
Toat © Tapp] unstable (2b)
585 270



When Equation 2a is satisfied with a substantial margin, stable crack growth is
assured. Rigorous accounts of the concept of T and its applicability are found
in References 2 and 3.

In this report, a simplified, conservative stability analysis is made
parametrically. In the analysis discussed in Sections 2 and 3, the pipe
is treated as a beam whose cracked cross section is subjected to a plastic
limit moment. Because segments of the crack on the compressive side may
close and carvy the compressive load, the analysis is made with and without
crack closure. The stability of cracks observed in actual reactor piping is
discussed in Section 4.

2.0 METHOD OF ANALYSIS

The tearing stability fracture mechanics analysis is based or the
concept of teairing modulus, T, as defined by Equation 1 and requires the
knowledge of the applied value of J (or its differential form dJ) in terms
of crack size and other geometric details as well as the loading system
configuration and stiffness.

To facilitate the analysis, the pipe is treated as a beam subjected
to bending and axial loads. To ensure a conservative analysis, the following
conditions are imposed:

1. The cross section containing a crack is fully yielded.
2. The material is assumed to be perfectly plastic (or elastic
perfectly plastic with large deformations).

That is, the cracked section of the pipe is subjected to the plastic limit
moment , Mp.

With the given conditions, it is convenient to use the following
definition of J (Ref. 4):



J = f (%'11')‘» do (3)

where A is the crack area, M is a bending moment applied on a cracked body,
and ¢ is the corresponding angle of rotation. When perfectly plastic
behavior is assumed and the 1imit moment is reached, Equation 3 is rewritten
(see Figure 1) as

aM

M
J=--3%¢ or dJ=-%d¢ (4)

Note that the axial force is normally a built-in load, such as internal
pressure, is independent of flaw size, and is rot usually expected to be large
enough to cause gross yielding of the net section. The influence of the axial
force on the J value is taken into account, in effect, by changing the loca-
tion of neutral axis and the limit moment, Mp. Thus, Equation 4 will provide
a reasonable approximation of J, including the effect of axial loads. If J
is known as a function of crack size and other variables, then the stability
analysis may be pertormed for each specified loading system,

The geometry of the cracked section of the pipe is assumed to be as
shown in Figure 2. That is, the section contains an internal circumferential
crack in addition to a through-wail crack. The following notation is used
in the present analysis (see Figure 2):

=)
"

radius of the pipe measured to the middle of the wall
thickness of the pipe wall

angle contained by the through-wall crack

depth of the circumferential crack

flow stress

axial force

Q ~n
© B @ e
" " n n n

In addition, it is convenient to introduce the following nondimensional
quantities:
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Figure 1. Limit moment, M, and angle of rotation, ¢.
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Figure 3. Location of neutral axis, o.



2.1 Location of the Neutral Axis

The location of the neutral axis is defined by an angle a as shown in
in Figure 3. In this case, a = a(8,a,P) is readily written as follows:

Without crack closure (see Figure 3a):
a = %-8 + %-—E: (8a)
1-a

With crack closure (see Figure 3b):

a=];°e+—1:(|5+%) (3b)

2.2 Plastic Limit Moment

Having located the neutral axis, the iimit moment, Mp, is also readily
calculated by geometric considerations. It is convenient to normalize Mp
in the form

~ 2 =
Hp =40, Rt ﬂp(ﬂ,a,P) (9)

Note that 400R2t is the 1imit of the gross section of the pipe (6 = a = o)

under pure bending (P = o). ﬂp is a nondimensional representation of the
1imi*. moment, which is given by the following:

Without crack closure:

ﬁp = (1-a) (cos a- %-sin 8) + %-P sin a (10a)
(9] 3 &1}
JJ IV

where o is given by Equation 8a.
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With crack closure:

Yow

1-%5a

ﬂp = (1-a) (—-—2———— cos a - %—sin e)+ g—P sin a (10b)
1-a

where a is given by Equation 8b.

The numerical values of ﬁp are plotted against 6 in Figures 4 and 5
for various values of each parameter and for both cases with and without
crack closure.

The Timit moment, Mp, increases slightly as the axial force, P, increases
with other variables unchanged. However, the magnitude of bending moment,
which can be externally applied on the cracked section, decreases due to the
axial force. To obtain the applied value of J, the total magnitude, Mp,
is used in Equation 4.

2.3 [xpression of J

Because we are interested in the stability of the through-wall crack
extending in the circumferential direction, J should be ralculated along the
radial edqe of the crack. Referring to Figure 2, the increment of crack
area, dA, is given by

dA = 2Rt(1-a) ds (11)

Substituting this into Equation 4 and combining with Equation 9, J is
calculated as follows:

20, R R
3 % Bl + el ¥ 4 (12)
1-a 26
583 304



My =40,R°t M, (6,3,F)
NO TRACK CLOSURE
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0.00

0.125
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Figure 4. M p versus 1, without crack closure.
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Figure 5. My versus ¢, with crack closure.
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J is conveniently normalized in the form

J = (aoR) J = (ooR) Fy (8,a,P) . ¢ (13)
where J = FJ (8,a,P) - ¢ is a nondimensional representation of J and
3R
Fy (8,3,0) = - & (14)
1-a 35
Combining Equations 8, 10, and 14, F, (6,a,P) is written in the following
simple form.
Without crack closure:
Fy=sina+cos 6 -~ —E:-cos a (15a)
2 1l-a
With crack closure:
_ g n p
F, = sina+ cos 8 - —— CO0S o (15b)
J 2 2
-3

where o is given by Equations 8a and 8b respectively
The numerical values of FJ are shown in Figures 6 and 7 for various

values of the parameters.

The preceding analysis of J and the subsequent stability analysis are
readily generalized for a cracked beam with an arbitrary cross-section
subjected to the limit moment (Figure 8). Note that J is always given in the

'7!'\7

form
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Figure 8. Cracked beam with arbitrary cross section.
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J= (oo h-y E)e (16a)
ar

J =0, (n . ‘? ;E)¢ (16b)

where, referring to Figure 8,

h = vertical distance from the neutral axis to the crack edge
B = width of the beam at the location of neutral axis

P = axial force

A = area given by P/oo

Alternately, the exoressions of J giver by Equations 13 and 15 can also
be obtained from Equation 16.

3.0 SIMPLIFIED INSTABILITY ANALYSIS

The previously discussed data allows a conservatively simplified
instability analysis of crack extension in the piping system to be made. The
analysis uses the procedure similar to that discussed in Reference 2. That
is, by referring to Figure 9, when a rotation z is imposed at the fixed ends
of the beam, $ is written in the following form considering separately the

elastic part, be1° and the plastic part, °pl:

$ » ¢e] + ¢p] (17)

The total rotation 3 remains constant during the examination of stability.

07

&

) o 1 X
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Figure 9. Fixed beam under uniform bending, /= constant.

- dl -



- 19 -

d§ = dog) *+ dopy = 0 (18)
The elastic part of rotation, °el’ has the form

i~

M
Ye1 ET (19)

where M = Hp (1imit moment, Equation 9) and I = nR3t. The plastic part of

the rotation, °pl’ is from Equation 13:

J 1
¢pl = 6;“ . '73 (20)

wiere FJ is given by Equation 15.
Because we are interested in the through-wall crack as it extends in
the 6 direction, from Equation 19

3

M
- p L
doey = 38 T 9 (21)

By combining Equations 9 and 14, d°el is written in the form

dogy = - £ o—% (1-3) (%) Fy(8,3,P) do (22)
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Also, from Equation 20, notina that both J and FJ contain 6,

3¢] 3¢]

dog, = ﬂ- dJ + —ag— dF (23)

J J

For convenience, Equation 23 can also be written in the following form:

0 F

oy = —au 4 + S [- L ~3F—Jde (24)
“n1 OOﬁFJ oR|™ - 2] 38
J

By substituting Equations 22 and 24 into Equation 18 and noting that the
crack increment in the 6 direction is Rde, we have

Ri5 - oop = F(0,8,0) - k4 F, (6,3.0) - -155 (25)
o
0

]

where F] and F2 are related to FJ as follows:

: o & - 2
and
aF
1 "
F, = o (27)

Thus, Tappl in the instability condition (see Equation 2b) is aiven by

e ——)
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Figure 11, F1 versus ¢/, with crack closure.
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Figure 12. Fo versus 0, without crack closure.
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Considering that the first term on the right-hand side of Equation 28,
F]-(L/R), results from relaxation of the elastic deformation of the beam
(or pipe) during the crack increment, we may reasonably expect that the
uniform bending condition imposed in the present analysis is more severe
than other loading conditions or pipe geometry provided the length of pipe,
L, between the supports is equal. For example, consider a simply supported
pipe subjected to a concentrate load that causes the maximum bending moment
equal to Mp at the cracked section as shown in Figure 14. When we impose
the condition that total vertical displacement at the load point remains

constant (dA = 0) during the instability analysis, Tapp] is given by

Tapp1 = 5 F1(8:8.P) | + Fp(8,3,P) :’-55 (33)

0

where F] and F2 are the same functions as in Equation 28. Note that the
change in loading condition results in the change in the coefficient of
the first term and does not change the second term. Thus, Tappl given by
Equation 28 is expected to provide the upper bound of the T
real structuvral situations.

app] value in

4.0 APPL.CATION

Consider a 28-inch BWR stainless steel recirculation outlet line that
might contain a large intergranular stress corrosion crack in its wall. This
line was selected because it can have the largest possible coolant loss should
a pipe rupture occur. The geometry of the cracked section is as follows
(refer to Figure 2):

583 320
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14 in.

t=1.51n.
26 = 100 degree (for example)
a/t = 0.75 (for example)

R

2
"

The app’ied pipe loading is assumed to be 'he BWR design pressure and a bending
moment sufficient to produce a fully plastic bending moment in the remaining
lTigament of the cracked pipe section. The zssumed bending load necessary to
produce a fully plastic moment in the cracked section corresponds to conser-
vative pipe deflections and is significantly larger than the ASME Code

design allowable for normal operation and anticipated transients. The flow
stress, g is assumed to be 50 ksi accounting for hardening. Then, from
Equation 5, the value of P is approximately 0.1.

For these values of variables, the functions F] and F2 in Equations 29 through
32 are read from Figures 10 thrcugh 13. That is,

Without crack closure (Figures 10 and 12):
F] = 0,24

F2 = -0,28
With crack closure (Figures 11 and 13):
F] = 0.4

F, = -0.44

Therefore, the T is conservatively given by

app!

T, = 0.4 (5)+ (-0.28) -ﬁgg (34)
g

0
283 322

appl
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Using an experimental crack resistance curve for stainless steel (Ref. 5)
and assuming a significant crack extension, it is seen that the J value is
approximately 4000 1n.-1b/1n.2. Taking J = 4000 in.-lb/in.2 for conservativeness,

= L -

Taopl 0.4 (55) - 1.0

The value of Tmat for stainless steel is normally larger than 200 (Ref. 5).

Assuming that Tmat = 200, Equation 2 requires L = 600 ft for instability,
It should be noted from Figures 10 through 13 that, for the range of

variables considered in the present study,

L JE

Tapp] < ].3§- + 0,50—'2;
0

Thus, the instability criterion, Equation 2b, always requires a very large
value of L/R for instahility.

Because values of L/R for BWR piping systems are generally relatively
small compared to the calculated values for instability, unstable crack
extension will probably not occur in BWR stainless steel piping sys ems
designed in accordance with the ASME Code, even though severe IGSSC may be
present.

5.0 SUMMARY

The high ductility and toughness of the stainless steal reactor system
piping have made it virtually certain not to experience unstable crack
cxtension. The present study has attempted to provide theoretical assurance
that the piping system will not experience unstable crack extension, even if
severe intergranular stress corrosion cracking should occur.

The analysis is based o~ the tearing instability concept and the
associated tearing medulus stability criterion. A conservative analysis
successfully demonstrated that sudden fracture would probably not occur

-
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from circumferential IGSCC in stainless steel piping systems designed in
accordance with the ASME Code, provided that values of L/R are less than
approximately 200. Because values of L/R in BWR stainless steel piping
systems range between 20 and 30, unstabie crack extension will probably not
occur, even though severe IGSCC may exist. Should stainless steel piping
have values of L/R beyond 200, a more detailed analysis would be necessary
to demonstrate crack stability.
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