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Abstract

The Iife of compornents made o alloy &Y due fo PWESCD can be expressad
by the swm of itlafion and crack propogafion fmea Since PWSOO itiafion
mechanism 1= not  fully  understood, the Hme oo be defermined
probabilistically with a Welbull model. Relattvely the crack propagation rafe Is
well dained as a fundion of the sfress mfensity factor

From thizs relafion the propagation time can be obfaimed. A [fe prediction
method has been developed with the modal on the cradk miflation fime. The
Weibull model s mtegrafed over the enfire swrface of a vozzle m order fo
defarmine the probability of crock mifiafion as furction of fme. To obfain
fmrger qumber of dafn, the Mbra—specimen method s shown fo be usgul The
slze  requirement for o Mfra-specimen s developed  fo  esinblish  the
statisfical equivalence befwean Mira—specimens A proof of princple fest has
bean conducted m a sodium fefrafionate solufion af 40 U loaded by the
fowr—poivt bending method Hesults show fthat the mefhod can be developed
through hHigh ftemperaiure fests for the application fo FPWH Control Hod
Driving Mechaism (CHIDM ).



[. Introduction

H Coriou revealed the first laboratory occurrence of “Primary (or Pure)
Water Stress Corrosion Cracking (PWSCC)” on alloy 600 sheets in 1958, [1]
Since 1980°s PW3SCC has been occurred in many alloy 600 parts, then PWISCC
has received world-wide interest from the view points of both basic research
and industrial remedy developtnent, In Korea, it was required in regulatory
process that the life time of the CEDM nozzles made of alloy B00 must ke
shown to exceed the plant design life. [2~3]

The prelude to a failure due to PWSCC can be divided into two steps, the
cracl initiation and the crack propagation, The correlation between the stress
intensity factor and the crack propagation rate is well established in contrast
to the poor understanding about the crack initiation mechanism, Because the
mechanism of a crack initiation is barely understood, it is wery difficult to
deterministically  obtain the crack initiation time, The crack initiation is
influenced by warious factors and the initiation time has large scatter even in
a nominally identical condition, Therefore a new procedure for the probabilistic

evaluation of crack initiation time is developed in this work,

II. Probabilistic Life Prediction for CRDM

21 The Infra-5Specimen

For the probabilistic approach, statistically significant amount of data is
necessary to bulld a guantitative model Many data points obtained from
periodical inspections of operating plants allow for fairly reliable prediction of
failures as function of time for PWS3CC in PWER steam sgenerator tubes, [4]
For CRDM nozzles, howewver, the number of PWSCC data is limited Due to
its size, laboratory test is usually insufficient for a probabilistic studsy,

=o the method of intra-specimen which can produce multiple failure time data
using single specitmen swas proposed to generate many data, It omust ke

designed to assure the statistical equivalence between  intra—specimens,



Eecausze the PWSCCT takes place at grain boundaries the normal stress at the
most favorably oriented grain boundary in an intra-specimens is dependent on
the area under macroscopically uniaxial stress condition, £ the uniaxial stress
applied for test is ¢, the angle between applied stress and grain boundary is
£, and the angle between a surface and a grain in a depth direction is @,
the grain opening stress iz equal to & apgled X cos& Xcos¥®, Because of the
random corientation of grains, the value of cos& and cos® can be taken for
random number from zero to one, It is also assumed that a shape of grain is
a hexagon and each side is shared by two grains, Therefore for a given grain
size, the difference of effective stress iz calculated as function of an
intra—specimen size, i, e, number of grains,

The grain size of sensitized alloy B00 used for the proof of principle test is
determined to be about 27 sm Figure 1 show the result of random number
generation [5] on difference in the maximum resolved normal stress at a grain
boundaries as function of a width of a sguare-shaped intra-specimen, If the
intra—specimen size is 2mm > 2mm, the stress difference iz expected to be
insignificant,

21.1. Area—Compensated Weibull Model
Weibull distribution has been successfully used to model crack initiation

probability as function of time, A three parameter Weibull distribution iz like

followring,
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wheve

t = fime

# = characterstic time or scale parameter (1)
b = slope or shape parameter

t, = time delay or initiation time parameter( generally zero)

= curmlative probability distribution function of failure

TS

A lot of crack initiation data can be obtained using the intra—specimen



method Since the full specimen with the greater number of grain boundaries
has the greater chance to crack initiation, the crack initiation time will ke
varied with the surface area of a specimen, The area effect is derived in the
present work from the weakest link theory of Weibull, [6~7]

The crack initiation probability of a small area element & A at time t iz & &

(t), that can be expressed as follows:
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where g(t) is the probability of cracking in a unit surface area at time
between t and t+dt and Fit) is the cumulative probability distribution function
(CDF) at time t The probability of crack initiation, is assumed to increase
linearly with area A, Hence, £1(t), g(t) is reduced to be independent of area. [t
iz assumed that the area element & A iz wvery small wvalue, and the CDF

probability, Fit), for an area A can be derived using Eqs (1~2) as follows:
Fo =1—exp| — [,dA [ e(det] @
A |

If £(t) can be calculated from a phenomenclogical model obtained from

experimental data fitting function, then g(t) is directly attained from £t), If

A

F— i
the form of function £(t) is taken to be %(Tﬂ) the CDF becomes the

area compensated Weibull distribution, [8]

The area compensated Weibull distribution can be used to fit crack initiation
data of intra-specimens each with area of A, The CDF about a larger area
can be expressed in terms of g(t) as it is, From intra-specimens, it is possible

to obtain the CDF of anyv real size component with total area of A, as follows:



F(iy=1—exp

where

F = cumulati ve failure probability function{total surface area= A) (5
A, =surface area of an infra —specimen

tp., &, by = the values obtamned from inftra —specimens
R
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2.2 The Probabilistic Initiation Model

It iz widely accepted that the crack initiation time is gowverned by temperature
and stress at the surface, as follows: [97~10]

fpoc gt e:cp(ﬁ—)
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where
i; = crack inifiction tme 7
g = surface fensile stvess

n o= stress exponentld~5), supposed to be 4
& = PUSCC acivation energy for initiation sitage (8N keallwole)

As the temmperature and stress are varied in a CERDM nozzle, it is necessary
to tmodify the crack initiation distribution to take into account the effect of
temperature and stress, The shape parameter, b, representing the degres of a3
seatter of a crack initiation titme may be almost independent of environmental
variables, The characteristic time, &, corresponding to the time for 63254
crack initiation probability iz assumed to follow Egq. (7).

Therefore the characteristic titne may be corrected for local temperature and
stress, as a following,

Texe \' exp(Q/RT crmy) 8 (8)
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Since the Weibull distribution iz obtained from intra-specitmens, the area

correction is also necessary,
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Uszing Eqg. (9), the probability of crack initiation of a CRDM nozzle is
cbtained from area integration of a CRDM,

2.3 Crack propagation model

A crack is assumed to have been initiated where the stress and temperature
iz the highest according to the Eq. (7)., The propagation time from initiation to
ant allowable limit size can be deterministically calculated by emploving a
deterministic model, such as P, Scott's model [11~12]

% =2.8X10 " E K — D" Bmfsec  (at 330°C) (10)

Temperature dependence of the crack propagation rate is usually described by

an Arrhenius-tyvpe Eg. [13]:
an _ & _yl.18
o =2.56% exp( 5% < (K—9)

wheve K;= crack tid stress intensity factor [ MPaVm] can be
deterynined frowme Newwan— Rajuc s codoudatoin

& = 33[ kealf mol— K|

Then, the crack propagation time, tp, can be determine, as follows .

to= f: (%) da (12)

When the initiation crack size, ap, is determined by grain size of a material
and the allowable crack size, a2 can be specified from regulatory limits such
as ASME Section i,

(11)

III. Proof-of-Principle Experiment
31 Experiment
A commercial plate with a 16 mim thickness iz cbtained form WMetals

Technology (USA) in a mill annealed condition, The second material is
obtained from the EAC-] round robin test program, [14]



A SCC test with sensitized alloy 800 is accomplished to prove the walidity of
the intra—specimen method, The specimen was cut into 33 mm > 170 mm and
then sensitized by a treatment at 704 °C for 30 min in a air, [15] The SCC
test specimen is applied about 333 MPa with a four-point bending apparatus,
(Fig, 1) [168] The stress distribution of specimen is analvzed with both the
theoretical model given in ASTM G 39 and a FEM analysis by ANSYS
version 5.2 [17]

The size of an intra—specimen is determined by Monte Carle simulation to
contain the svariation in the maximum grain boundary stress within 01%5 as
shown in Fig, 2 The number of intra-specimens (2 mm * 2 mm) in a
four-point bending specimen iz 30 in a 56 rectangular array, as shown in
Fig, 1. A 01 M solution of sodium tetrathionate (WNas=iOp - 2H=O) iz used to
cause a oCC [17] The SCC test is conducted in a thermostat at a
temmperature of 40X02 C, Using a wvideo microscope with a magnification of
350> the surface is ihspected,

3.2 Hesulft of Proof of FPrinciple Test

Seven sets of intra—specimens including two type of specimen (a cornmercial
plate: Figure 4, the EAC-] round robin materiali Figure 5) have been tested
For up to 400 min, the data show a tread that follows Weibull statistics well,
After 400 minutes the fitted Weibull distribution overestimates the measured
failure probakility, As an initiated crack grows, the increasing crack opening
displacement will reduce local the tensile stress on the surface, This is
kelisved to be the main reason why the failure rate i=s decreased compared
with an early stage, The time shift of a specimen to specimen is rather large,
[t iz attributed to the wariation in the material susceptikbility among specitmens
due to relatively short sensitization time,

[n order to examine the area effect on the crack initiation time within a
specimen, the adiacent 2 mm = 2 mm intra-specimens are coalesced into large

intra—specimens with 2 times or 3 times the individual area, Crack initiation



data up to 400 minutes are taken to avoid the stress relaxation effect,
Supposing a two parameter Weibull distribution, the Eg. (9) can be altered
into the linear form of Weibull distribution,

N e A
an(l_F)—anz bIn 6+ In - (13)

In a case of an extension to larger specitnen, the linear form of a
cumulative failure probability has the same slope and shifts in direction of v
axis according to the area ratio, Weibull distribution parameters are obtained
b the least-sguare fitting of three intra—specimen data sets, 1 e 2X2 mm, 4
X2 mm and 6XZ2 mm respectively, Their slopes on Weibull plot are found to
ke almost egqual, howewver, the amount of shift in the characteristic time due to
an area alteration iz smaller than the prediction by Eag, (13) The amount of
graphs is plotted and fitted according to the area ratio so as to find the exact
amount of shift of graph. Using this result, we can modify Eq (2 to correct
of the area compensated Weibull distribution according to the area dependence,

as follows (Figure 6.

N A 088 ¢ &
Fo=1—exp —(Ai) X(as) ]
where
F(O = Cunudative failuve probability density function for A
A, = Avea of the intra— specimen
b, = Shape pavawmetey from intra— specimens
&, = Scale pavameter frow inira— speciinens

As the empirical exponent can be obtained from experiment data, we mav

(14)

improve the crack initiation model Eq. (9) can be modified as Eq, (15),

J‘Amudlﬁr 15 i }
Fap ) = 1—exp) = =4, J(Emf)J 1s)
wheve 5 is empivical exponent for the avea—compensation

The proof-of-principle experiment showed that the intra-specimen method

combined with Eq, (15) can lead to the development of a probabilistic model



for CRDM life prediction, by repeating the experiment in the PWER primary
water,
V. Conclusion

To identify an appropriate probabilistic model, crack initiation time has been
measured for a sensitized alloy B00 plate leaded by a four point bending
technique in a sodium tetrathionate solution at 40°C, Statistically significant
number of data has been acquired using the intra—specimen method that
allows for multiple data production using single specimen, The experiment is
designed to assure the statistical equivalence between intra—specimens, To
make an equivalent condition among intra-specitmens, within a2 specimen, an
intra—specimenn has a minimum area to include at least a grain boundary
aligned normal to the applied stress, It is shown that a two parameter Weibull
model can describe the scatter of SCC initiation time that is defined as the
titme to initiate an intergranular crack With the walidation of intra—specimen
method, it can be applied to high temperature test in order to acguire a large
number of data, Finally CRDM life is predicted by the sum of crack initiation

time and crack propagation time,
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Fig, 3 SCC test in the
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Fig. 2 The Maximum resolved
stress(MRS) difference as function
of the size of intra—specitmen for
SNU material (Grain size : ASTM

G =75

Fig, 4 Test result for sensitized
alloy B00 plate tested in 010
sodium  tetrathionate solution at
40°C
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Fig, 5 Test result of EAC-] i
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(b) after modification
Determination of statistical medel with Fig, 6 Weibull distribution
infra-specimens for wariable area
v considering modified area

Stress distribution in CEDIM effect
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Crack initiation probakility of a CRDM

Crack initiation probability of total CRDM MNozzles =
1 - a”gm_kil — ok tilidaon trodaldine of ecck CRIM

Determinaticn of crack initiation fime

Crack propagation time
4— obtained from P, Scott
rodel

Life time of CRDI = crack initiation time +
crack propagation time

Fig, 7. The Frediction Scheme of Life Time of
CRDM Nozzles
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