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ABSTRACT

The crilical sizes for defects located at the inner surface of the PWR reactor
vessel bellline are determined by LEFM with plasticily correction, during an inter-
mediale LOCA.

The influence of different parameters on critical size is examined : defect

shape and position, final RTNDT, residual stresses.

1 - FOREWORD

An evaluation of the fracture resistance of the PWR 900 MWe vessels was under-
taken furlher to a contract between EDF and FRAMATOME (cef. 1). The study of the
risk of fast fracture in a PWR vessel shell poses Llhe problem of the defect locali-
zation and shape.

We study here the effect of the shape of defects located at the inner surface
of the vessel belt line. Due to the presence of claddina, we can assume the various
following shapes :

- axisymmetrical cracks emeraing through cladding,

- longitudinal slrip cracks emerging through cladding,

- semi-elliptical cracks emerging through cladding,

- underclad strip-cracks (not emerging),

~ underclad elliptical cracks (nol emerging).

The calculations are performed for various RTNDT conditions and several resi-
dusl stresses assumptions.

The Lransient retained for the analysis is an intermediate LOCA.

The study is carried out using linear elastic fraclure mechanics.

2 - STUDY OF EMERGING DEFECTS

2.1 Determination of the stress intensity factor

This determination is based on Lhe use of influence functions (ref. 2 and 3).
Due to the discontinuous stress at Lhe clad to base metal interface, we have
resolved the stress into the superposition of a through-structure continuous func-

tion and a conslant value function through the clad thickness.
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Influence functions relevant to Lhis stress distribution were determined in or-
der to comply wilh Lhe discontinuity.

2.2 Determination of the residual stresses in cladding

The residual manufacturing stresses are added Lo the thermal and pressure
stresses due to the transients.

For determining these residual stresses, we have performed an elasloplastic nu-
merical simulation of the coolina process after stress relief heal treatment, follo-
wed by Lhe hydrotest, by assuming a stress level equal to zero at 600°C.

The varialion of longitudinal and circumferential stresses in cladding is shown
fig. 1. The slress level after hydrotest is then g, = 156 MPa and ¢, = 199 MPa.

2.3 Criterion of instability

For the longitudinal strip-defect and Lhe axisymmetrical defect, the criterion

of inslability retained is :

Kep = KL
where :
Kep @ stress intensity factor after plasticity correction at the crack tip.
KL = ch of Lhe base metal for a defecl size greater than or equal to the clad
thickness. The Kip value is that of the ASME section XI reaching its maximum at
195 MPa /m.
Ky = Kyco limit cladding toughness, for a defect size lower than the clad
thickness : K¢ = (530/1-v2)1/2.

The clad limit Kyp at the end of Llife not being precisely known, we bhave
retained the value of 150 MPa ¥Ym as a safe lower bound of Lhe initiation toughness
accounting for some stable tearing crack qrowth.

A value of 200 MPa v/m is retained for the parametric analysis in order to
obtain a more representative value.

For the semi-elliptical defect, we retain three criteria of instabilily :

a) at the bollom point : ch = K st Lhe smallest axis of the semi-elliptical

crack (K defined as above) .

b) at the edge point : K = Ky (cladding toughness) at the greatest axis of

cp

the semi-elliptical crack. K 4

c) probabilistic criterion (ref. 4) %ﬁ (-EL )dl <1 with LR = 100 mm
1C

The integralion is carried on along the part of the crack front in the base me-
tal. This criterion slates thal the fracture probabilily in the analyzed crack
slructure is lower or equal Lo the probability of gelting a toughness value lower
than the reference curve limil Kjo = f(RTNDT), when tests are made with specimens
of width B = Lg-

2.4 Boundary conditions

- The shell under study is 207.5 mm thick, including a clad thickness of 7.5 mm.

_ The transient studied is a small primary break whose temperature, pressure and
heal transfer coefficient variations are shown fig. 2.

- The base metal RINDT at the claddina interface is 85 °C. It decreases through the
wall depth down to 31, C at the outside surface.
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For the semi-elliptical crack, Llhe ratio of lenqth over deplh is chosen equal
Lo six.
2.5 Results

The Lemperalure and longiludinal slress varialions through Lhe wall are shown
fig. 3 and 4.

The variations of K{/Kjp at Lhe crack bottom for the longiludinal strip de-
fects and semi-elliplical defects are depicled fig. 5 as a function of time for a
depth of 20 mm.

The fig., 6 shows the variation of K{/K{c along the crack front in the base
metal for a semi-elliplical defect of 20 mm and a time of 3900 s.

The values of the critical crack depth for each of the above criteria are given
in the line A of table 1.

We observe that :

- the emerging axisymmetrical and longitudinal strip cracks are stable when Lhe
boltom points are in the cladding, but become unstable as soon as it reaches the
base metal,

- the semi-elliptical circumferenlial crack presents the same behaviour al the
boltom point, with ch > Kigy» as soon as it reaches the interface, but the semi-
elliptical longitudinal crack gives a critical crack size of 134 mm for the botlom
point criterion. These differences in behaviour come from the larger value of lonqi-
Ludinal residual stresses acting on the circumferenlial crack,

- the probabilistic criterion gives similar crilical sizes for the circumferen-
Lial and longitudinal semi-elliptical cracks, 19.8 and 18.8 mm despite significant
differences in the KI/KIC distributions, we consider Lhis criterion as the most
relevant one,

- even with the low toughness Kjyc = 150 MPa ym, Lhe cracking resistance of
the cladding does not constitule the weakest point.

2.6 Parametrical analysis

On the basis of the case defined in para. 2.4, we perform a series of parame-
tric studies whose changes, compared to the base case, are the following :
case B : RINDT = 10(PC
case C : RINDT = 64°C
case D : residual stresses in cladding : o = 250 MPa and o, = 200 MPa
case : residual stresses 150 MPa and 120 MPa
: no clad for K calculation
: K of cladding = 200 MPa ym

D
E
case F : zero residual stresses
case G
case H
This paramelric study is made easier by the performance of all calculations
(temperature, stress, stress intensity Factor, determinalion of the limit defect)
using the CALORI software.
The table 1 shows a significant effecl of all parameters. Particularly, Lhe ca-
se G shows Lhal the old practice ignoring the clad presence, leads to optimistic

unreliable critical crack sizes.
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This conclusion has already been reached in ref. 6 on an infinite longitudinal

defect configuration.

3 - STUDY OF UNDERCLAD DEFECTS

The defecls studied are either very long strip defects, or ellipses tangent to
cladding, the length of the elliptical defect is considered equal Lo 60 mm.
3.1 Determination of the stress intensity Factor

We assume the following :
Ky = Kig x Fg x Fg
where : Kjg = stress intensity factor for a strip crack in infinite medium under
the stress distribulion.
Fg = factor due to the edge effect.
Fg = factor due to the elliptical shape (FE = 1 for the strip or axi-
symmelrical defecls).

These factors are available in various documents.

The problem of near-edge defects is thal of plaslicity corrections Lo be
applied to the elastic calculation.

In case of mechanical loading, it was demonstrated that a single correction of
the IRWIN type was not sufficient Lo give a ch value near the value Ky =
[53/1—v2)]1/2 oblained by an elastoplastic calculation, as scon as the plaslic
wing al the crack tip reaches a notable proportion of the ligament (ref. 7).

For Kep calculation, we have retained 3 hypotheses :
Kep = a K 2a + rc + rb
RIS 1 2a
with rc : plasticity correction - clad side and b : plasticity correction - base
metal side.

a) a =1 the edge effect on the plasticily correction is then ignored.

b) a=f (cc, ligament value) : this correction proposed by appendice G of
RCCM-B (cef. 5) is exlrapolated beyond its limit of validity, but is
limited to the value of 1.6. The limitalion « < 1.6 has been observed in
an elastoplastic study carried oul on a near-edge defecl configuration.

c) for the calculation of K in the base metal, the Lwo firslL assumplions were

cp
supplemented by a strip yield model analysis, which uses an emerqging
semi-elliptical crack, closed up at the clad level by a closing pressure of 350
MPa (representative value of the plastic flow stress of cladding).

3.2 Crileria of instability

A) small axis, clad side (point A), Lhe limit dimension is oblLained when Kep = Kj¢
(see para. 2.3).
B) small axis, opposite side (point B) Kep = Kip-
C) on the larger axis of the ellipse (point C), we have compared Kcp Lo the Kie
value at the clad to base metal inlerface so as to be pessimistic.
3.3 Results

They are shown in the table 2. The boundary condilions in each case are the
same as Lhose of para. 2.4. The four cases A, B, C, H of the parametric analysis of

para. 2.6 are considered.
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The indices a, b, c enable to identify the assumption Ffor the plasticity
correction, as defined in para. 3.1.

The symbol » (tables 1 and 2) means that for the case considered, the stability
criterion is mel wilh Lhe deepest cracks analysed.

We can observe :

- that, on the clad side, the most sensitive parameters are the defect shape,
Lhe plasticity correction and Lhe cladding Loughness,

- that, on the base metal side, the RTNDT value has a significant effect on the

limit size value.

4 - GENERAL CONCLUSION

The results point out the large effect of several of the factors in the parame-

tric analysis. In particular, they emphasize Lhe following :

- the analysis without taking into account the presence of cladding in the case
of emerging defects is not mechanically relevant,

- the configuration of non-emerging underclad cracks, which is more in relation
with possible manufacturing defecls, leads to critical crack sizes much larger than
for the configuration of cracks emerging through cladding,

~ the elliptical underclad cracks are wholly stable for Lhe base metal crite-
rion with RTNDT equal or lower than 8%°C, and these critical crack sizes then depend
on the cladding toughness,

- the analysis presented here, based on linear elastic fracture mechanics, does
ignore Lhe attenuation that plastic strains may impose to the residual and thermal
stresses in the cladding. This attenuation could significantly enlarge Lhe critical
crack size for the cracks emerging through cladding for the most severe case of the

parametric analysis.
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TABLE 1 - CRITICAL CRACK SIZES FOR EMERGING CRACKS (mm)

LONGITUDINAL CRACK CIRCUMFERENTIAL CRACK
Factors of
Lase| parametric STRIP SENI-ELLIPTICAL AXTSYMMETRIC SEMI-ELLIPTICAL
analysis - % ]
Sotton bottom (a) edge (b} xrno?z;lisuc e bottom (a) edge (b) prohﬁg;hst\c
A | RTNDT = 85°C {705) 134 86 18.8 7.5 1.5 85 19.8
B: | RTNDT = 100°¢ 7.5 7.5 86 13.5 7.5 7.5 85 14.1
L | RTNDT = 64°C 37 134 a6 50.4 7.5 - a5 2.2
0 | larger o 7.5 7.5 78 16.2 7.5 7.5 75 16.6
E | lower or 9.3 134 92.5 22.3 7.5 - 95 27.5
F olor=0 28.4 136 m 39.5 134 - 119 67.7
fi |no cladding 45.2 123 44 53.8 134 174 53% 84.6
W | Kyc= ZOOMPaf 7.5 134 102 18.8 tlo 7. 102 19.8
% base material toughness
TABLE 2 - CRITICAL CRACK SIZES FOR UNDERCLAD CRACKS {mm)
Factors of analysis LONGITUDINAL CRACK CIRCUMFERENTIAL CRACK
R(;I'BNSDET Plasticity STRIP ELLIPTIC STRIP ELLIPTIC
(°c) correction A B A B [ A B A B [
cladding | base M, |cladding | base M, |Base M, |cladding | base . |cladding |Base M, | fase 11
A= 8 b 32.8 124 74.4 - @ 36.3 - - @ @
A~ 8 © 79 - - =
B - 100 2 63.1 - = - © 68.5 - - ® @
B = 100 b 32.8 22.8 7.4 = 45.9 36.3 - - @ L
B - 100 c 24,6 = - =
C- 64 b 32.8 124 74.4 © = 36.3 - - - -
H=- 85 b 49.3 124 « - = 54.4 - - @ -
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