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Introduction -~
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= Stress Corrosion Cracking (SCC)

v One of the main materials-related issues in operating nuclear reactors.

« Can cause significant Loss of Coolant Accident (LOCA).

Hozzles

Safe ends /—‘R
/ ¥
Instrument J i

Alloy 182 “butter”. SCC front
Hozzles OD surface Leak Al]O} 182/82 weld
Inconel 182/82 weld
| ~.
RPV Head Hozzles NSNS T =
- CRDM | NN \ : /[ Ny
- Thermocouple | \ \ \ ‘ \
Instrument X )
Hozzles Hot Leg No i /
N ") | 5G Tubes -508 Class “ |
B ‘ AAXAY
) Surge line - l;';‘;is:;e‘ 4 NNNRNN
Saf:‘.]:.:lf AN
i\ 1

=

St snds Hotleg ” Nozzles (Stainless steel
o thading ID surface
=— ,: " vomia Bl il
\ ) Cold leg
Bottom head Hozzles
nozzles
SCC7} &A=l 182/82 X E K| 7= Oj= V.C. S ummer 122 XL 0jA YA E PWSCC
[EPRI MRP-220, 2007] "PWSCC/LPSCC in PWRs (+ Steam Generator Corrosion),”

USNRC, Adams No. ML11266A011
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= Initiation time of SCC
v To predict the accurate time of SCC is very difficult.
* The mechanism of SCC initiation is quite complex.
« Most of SCC experiment show non-negligible scatters in cracking time.
1000000 .
N < Couvant, 182
X
N y = 1E+14x3:5%8 [ Maeguchi, 132 Weld
’ RZ = 0.7947 - Joint
© 100000 Maeguchi, 132 SMAW
E y = 2E426x833 > Maeguchi, 82
c R?=0.7105 . Scott, 182, Capsules,
© Polished
T 10000 Vaillant, 182, Polished
E E + vaillant, 182, Lathed
« y = SE+16x485\ 4 .
Q RZ=0.7939 . — All Data
m -
= 1000 - 3 . . .
@) + f * Large scatters In CraCklng time
y= 3E+\2‘2x15-f'—3
R*=0.9471°Y y = SE+17x5155 Greg Troyer et al., Dissimilar metal weld
100 — PWSCC initiation model refinement for xLPR,
0 200 400 600 800 1000 17th International Conference on
True Stress, MPa Environmental Degradation of Materials in
Nuclear Power Systems — Water Reactors
) The results of several SCC initiation experiments August 9-13, 2015, Ottawa, Ontario, Canadg

3

B24rhgier iy (normalized to 325°C)
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Introduction 4
= Prediction model of SCC initiation
v' Deterministic model or Probabilistic model
* Probabilistic model can quantify the data scatters in SCC experiment.
Deterministic model Deterministic SCC initiation time
Tensile stress, (e.g., Amzallag model, Garud model...)
Strength,
Temperature,
Water chemistry...
Probabilistic model Probability of SCC initiation

at certain time

(e.g., Weibull distribution...)

>

ystems Lab.
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= The Weibull distribution

v Frequently used as a cracking probability function.

~ A
. \\
A/~
_'w

» Can consider the effect of time-dependent degradation of material.

» Shape parameter (B); scale parameter ()

Fepm =1 —exp|[- (2]

1.0

B =2

0.6

CDF

0.4

0.2

0.0 T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6

Time

Cumulative Distribution Function

=’ Materials in Nuclear Systems Lab.
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0.8 ﬁ:l

Hazard Function

ptft
At; B.m) = P
4
B=0.5
B=2
* Rayleigh Dist.
2
=1
Exponential Dist.
1
0 T T T T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Time

Hazard Function (Cracking rate)
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Introduction ~F

v

= Experimental factors for Weibull estimation

v It is possible to estimate the parameters of the Weibull distribution by SCC test.

* Many specimens

Accurate estimators

* Narrow censoring interval e
for the SCC initiation model

« Long test duration

What is the ‘reasonable’ level?

U-bend specimen

4 Censoring interval (150 h) Test duration (1200 h)
f : \ A
Specimen 100 hr 250 hr 500 hr 700 hr 900 hr 1200 hr

= #1 X X X X Crack -
# 2 X X Crack . - -

_ #3 X X X X X Crack
#Eé)fezgeCImenS 7 #4 X X X X Crack .

#5 X X X X X Crack

_ #6 X X X X X Crack

The example of SCC experiment result (interval censored)
() Rt g
Materials in Nuclear Systems Lab.
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WElbU“ EStimation ——> Median Rank Regression (MRR) <r§§?\

—> Maximum Likelihood Estimation (MLE) =

= Median rank

v" Median rank is used to estimate the cracking probability at the certain time.

« The number of total specimen : N
« The number of cracking specimen : j

« Cracking probability : 6

v' Assume that all the specimens are tested independently (i.e., j is binomially distributed),

« CDF,;, = {=0 (’;’) 6t(1— )Nt X Incomplete beta function

B(x;a,p) = jxt“—l(l —t)f1dt

(N —3j) (’;’) fol_g tN=I=1(1 —t)/ dt 0

= L_g(N—j,j+1)
0.5
I(ap) = =2~

Omedian = 1 — I(Ié(N —j,j+1) B(1; a,B)

Median Rank X Regularized incomplete beta function

.

ystems Lab.
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Welbull Estimation &~
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= Meaning of median rank X For the case of N = 10
sl s B

1/ CMF T
0.8 0.8
E 0.6 4 0.5 E\ 0.6

E E
S 0.4- S 0.4

o o
0.2 0.2 4
0.0 - . 0.0

3‘:
as j

1.0 q
08+ 0.8
5, 061 S 0.6

: 3
S 0.4 2 04+

o o
0.2 0.2
0.0 0.0 -

;{E'?‘/@\ J
Dﬁﬂ§;5?'15! i !Z!_]ﬂ
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Welbull Estimation fm

* U. Genschel, W.Q. Meeker, A comparison of
maximum likelihood and median-rank

* Median Rank Regression (MRR) sresion for Wkl stimaton. Qualy

v" Weibull parameters are determined by regression. Time  Cracking Cracking
(hr) fraction probability
. : o : : .
Linearization technique is not recommended*. 100 0/6 0
250 0/6 0
1 500 1/6 0.1091
In [ln [I—F(t)” = Bin(t) — Bin(n) 700 1/6 0.1091
900 3/6 04214
—> Not recommended for regression 1200 6/6 0.8909
1.0 1.0
jI'N j=6 o MR points
o MR I
0.8
g‘ 0.6
2
2 04
o)
0.2 4 .
- L=
0.0 T T T T T T T T T T T T 0.0 +—= T T T T T T T T T T T T T 1
0 1 2 3 4 5 6 0 200 400 600 800 1000 1200 1400 1600
j Time (h)
Median rank (for N=6) Cracking probability curve

5y
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W9|bU” EStimatiOn ——> Median Rank Regression (MRR) d{@/\’\’

——> Maximum Likelihood Estimation (MLE) ~

= Likelihood function

v" MLE method estimates the Weibull parameters directly by using the likelihood function.

. .
v For interval censored data ! * ReliaSoft Corporation, Life Data Analysis Reference Book,
Retrieved Jan. 1, 2014, available under a Creative Commons
¢« Likelihood function Attribution-NonCommercial-ShareAlike 4.0 International License
S C
LB, = \ \ [1—F(sz B,m]" \ \ [F(cjys B.1) = F(cjys )]
i=1 j=1

* Log-likelihood function

S C
B = ) W[L=Flsifml+ ) InlF(g,:8n) = Fei )l

=1 Jj=

« The condition of maximum likelihood point

(0
ﬁA(’B’n) =0 Solve these two simultaneous
< 0 non-linear equations
_A(ﬁ'n) =0

Lon
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Weibull Estimation i
= Maximum Likelihood Estimation (MLE) Time  Crackin
g . ore
(hr) fraction Unreliability
v Numerical (or graphical) approach is used for 100 0/6 0
finding the maximum likelihood point. 250 0/6 0
500 1/6 0.1091
v Itis interesting that ‘Oygrr(t) # Oprp(t)’. 700 1/6 01091
: : 900 3/6 04214
—> Which method is accurate? /
1200 6/6 0.8909

4.770

0.8 [
4765 - T
> \
=2 07
s | OmLe(t) |
8 o
S 0 t
g 4760+ E os MRR( ) 1
; 2
= 04r —
§ ﬁMRR = 4.890
4.755 - 5 % Nurr = 1022 h
0.2 i
0.1
4.750 0 0 = L I L I L
928.0 928.5 929.0 9295 9300 0 200 400 600 800 1000 1200 1400 1600

eta .
Time (h)

G} G}
—Log(L(n, —Log(L(n, )
. on (L) & B 9(L. ) Comparison of MRR and MLE
" ‘g
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Monte Carlo Simulation S

(0 ~J

* John. 1. McCool, Using the Weibull distribution:

=  Motivation of the simulation geliabilli;cy, rrJ\odeIin%Oalr;d inference, John Wiley &
ons, New Jersey,

v' There is no MLE theory yet available to set the estimation confidence for interval

censored data*.

« Monte Carlo simulation could be used to evaluate uncertainties of each estimation

methods quantitatively.

= Simulation study range % Select 63 combinations of simulation cases
True Weibull parameter The number of Test duration Censoring interval
Ntrue Btrue SpeCimen [% of T‘|t1‘1le] [% of ntrue]

100 2 5 80 5
™~ 3 < > 10 100 10

4 15 <\> 120 15

20 140 \> 20

X Baseline case of

the simulation study 25 160 30
50 180 40
100 200 60

Ay

s Materials in Nuclear Systems Lab.
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Monte Carlo Simulation
= Method of the simulation
v" 10,000 times of random simulations for each combination cases.

0.9 - (1) 0.9 § (3) | ’
> 9MLE,1(t)/ forr Omre3(t) /
5 0.6 0.6 6 /,
] 0.5 - 0.5 4 amn
g 04 0.4 9MRR,3 (t) 1
O o3t 03 ] 10,000

1 simulations

:& z

time

time

time

Sim. 10,000

B BumLE1 BumLE?2 BumLE3 BMLE 10000
True D D D )
BuRrR 1 BMRR 2 BMRR 3 BMRR 10000
NMLEA NMLE?2 NMLE3 NMLE10000
ntrue o o o o
NMRR1 NMRR,2 NMRR,3 NMRR, 10000

63 cases

b g ATy e D

=’ Materials in Nuclear Systems Lab.
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Monte Carlo Simulation
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= Distribution of estimators
v For baseline simulation case,
True Weibull parameter The number of Test duration Censoring interval
Ntrue Btrue SpeCimen [% of T]‘crue] [% of r|true]
100 3 10 120 20
3000 2500
B beta_ MLE B cta_MLE
2s00.| | B beta_MRR Bmies0% = 3-240 20001 Lo Jera MRR NmLEs0% = 99-88
20009 Burrs0% = 3.236 Nmrr50% = 105.1
15001
£ 1500- €
o o
© © 1000
1000
500
500
0- 04 8t
0 : 6 60 70 80 90 *%0¢ 110 120 130 140 150 160

Say

/%

beta estimator

Distribution of B for baseline case

w0 5 A
Materials in Nuclear Systems Lab.

True “eta estimator

Distribution of 7 for baseline case




Monte Carlo Simulation

= Correlation between B and 7

\
A/~
v

v There is no correlation between £ and 7 for both MLE and MRR estimation.

* because, R? = 0.

NMLE
180 - o
R Q’OO Adj R"2=-3.26005E-5
160 - Yo, 00
S .
Lo e 2o, 90 % confidence bound
. ° ﬁgo . oo
e oo%og§ooooo%o .
< o5 ooo o °©
w 120 OOOOS (§§OO§)®OOO 0 ° 5 s © o ° o
e~ e @Q (DG% 000080888 8 OO o o0 ° ©
= 1 ° "080032 g 800802(% % _°0 ° °
0.0 0% 0% o° 9
SI 100 4 o 3 s S %90 "*éiog ° %o o)
() & 3 0% © ooo o . .
g Bows S, 8 ° , oLinear fit
80 § e o % o .
g(ogoogoé? OOOO 800% o ’
60 | ° °,
40 T T T T T T T T T T 1
0 2 4 6 8 10 12
beta MLE

BMLE

Scatter plot of MLE estimators

NMRR

180

160

=

N

o
1

i

N

o
1

I 100

eta. MRR

80

60

40

oo Adj R"2=0.00179

2 4 6 8 10 12

beta. MRR ﬁMRR

Scatter plot of MRR estimators
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Monte Carlo Simulation <>

= Evaluation of estimation uncertainty

v 5%, 50 % and 95 % percentiles of Weibull estimators were compared to the true

parameters.
X Standard Error (SE): X Standardized Confidence Interval (SCI)

A B_ﬂtrue N\ _ ) )

SE(B) = ———= SClogy,(B) = SE(Bosw) — SE(Bsy)

Btrue

~ =1 . o .

SE(f) = ———— SClogy, () = SE(figsy,) — SE(fise,)

true

The estimation method would be reliable
when SEzq,, and SCIq,, approached to ‘zero'.

e

~ bias ~ deviation

ystems Lab.
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Results and Discussion <>

= Effect of the number of specimen Std.Err(MLE_5%) - - - Std.Err(MRR_5%)

v Interval = 20 %, duration = 120 % —a— Std_Err(MLE_50%) —a— Std.Err(MRR_50%)
- ---Std.Err(MLE_95%) - - - Std.Err(MRR_95%)

Etruezz Etrue:3 ﬁtrue:':l“
1 2 ll T T T T T T T 12 il T T T T T T T 12 \'ll T T T T T
] ] i
! (a) \ 0 | (©
5 081 W Jos{ Josd v ]
g Y ] \ 1 % ]
E N 1 LY 1 Y 1
F 06 N ) 4 084 <y J 06 " 4
4 Sve SClogy, (B) f g f : f
g e ] Sea ] Overestimated
2 03l el 4 0.3 T H 0.3 I :
sE@) | pn [T T Ty e
:
ng.l 0.0 ‘an e g " " ] 0.0 ".- L " o ] 0.0 Po, Jo0=M—py g - -
k=] 4 4
;g | — R— PER——
£ 024 P - 4-0.3 P 4034 4',_,--“""" J
7] ,/ 1 e J 5 J
-Da T T T T T T T T T T T T T T T T T T -DE T T T T T T T T T T T T T T T T T T -UE T T T T T T T T T T T T T T T T T T
0 10 20 30 40 50 80 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 80 70 80 90 100

1.2 T T T T T T T T ‘ 1.2 | T T T T T T T T T 1.2 T T T T T T T

T T T T
—~ q q
g o ! SClogo,(B) > SClogo,(i1) ]
b= \ J J
2 1 90% 90%\1
T 064 w1 061 4 o6 1
w Ny ~ 1 1
< N G ] \ ]
g So. SClggy (1 \
~ e 0.3 e 4034 L0 4034 B
=] s o, - T PN Y
g 3 Ay * T e e H Tt s e B L | P
u‘: 0.0 ..., A._A__‘ 2 N 0.0 t'.:-,‘ -. d—d—a = —.--.-\..-_._.:. 0.0 be Avd- - = S——
b= — e Y mr . g LA LT L W R e T S e o e T A e M o T e T
8 | e e LR TS e ’,——-:'.--— -
E=1 ’.-:', - 4 - 4 - il
5 034 ", 40234 ~ 403 N
7] 4 J ]
0.6 ; —,——————1-086 ; -———————+1-086 ; —
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
The Number of Specimen The Number of Specimen The Number of Specimen

The Number of Specimen

q %

LR i
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Results and Discussion <>

= Effect of the censoring interval - Std.Err(MLE 5%) - - - Std.Err(MRR_5%)

v Specimen = 10, duration = 120 %  —%— Std.Err(MLE_50%) —a— Std.Em(MRR_50%)
- - - - Std.Err(MLE_95%) - --- Std.Err(MRR_95%)

ﬁtruezz ﬁh”ue=3 Et‘r“ue=4“
12 . — 12 ‘ 12 ™ T
_________ P " sy | fad
....—-_.._____'_..-—_'__‘___---" (a) . /..sﬁ"-’ ."-':--_.' H (b) “-’!‘ _________ - (C)
§ 084 --==—= -4 0.9 T ) ) - 0.9 _-‘___’,_,5_ te
5 - iy . -
& 064 1081 Critical points 1081
s ] ]
—~ 2 03 4034 4034
SE(B) : | , 7
5 e a . o J —n—n . e I ————" | n - n “_'/_:_,_,_/_-—ﬂ_
i 0.0 0.0 0.0
= - 4
& i i
=
E 0.3 e --034 e e . 104 e e e e
w _-m_'_‘"—:—_"—"-:.-‘,.____‘_‘_“ 1 _-F‘-"-""-‘—*--—\--: 1 =
08 T g — — s
0 10 20 30 40 50 &0 0 10 20 20 40 50 80 0 10 20 20 40 50 80

12 T T T T T T 1.2 T T T T T \‘12|

No critical points for 7

S
w
£ 1
s 064 e 0.6 -| - 0.6
W e T J
- —
& L e J
SE(®) : " 193] mommeom i s 03
(n) 5 sl iyl iyl Sl gl g i
= 2 " & A A A & N " A A " " —k ]
W 00 — = | 0.0 0.0 = = —"
E R T L B T R s
s | e e e L T T T T T T
b B e e s N el T
E,oaf ------------------------ 4-0.34 =~ =03
w o
0.6 T T T T T T T T T — -0.6 T T T T T T T T T — -0.6 T T T T T T T T T T
0 10 20 30 40 50 60 0 10 20 30 40 50 80 0 10 20 30 40 50 80
Censoring Interval (% of eta_true) Censcring Interval (% of eta_true) Censcring Interval (% of eta_true)

Censoring Interval (% of nyye)
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Results and Discussion v

[V N

" FEffect of the test duration - Std.Er(MLE 5%) - - - Std.Er(MRR_5%)
/' Specimen = 10, interval = 20 % —u— Std.Erm(MLE_50%) —4— Std.Er(MRR_50%)
- Std.Err(MLE_95%) - - - Std.Err(MRR_95%)

ﬁtruezz ﬁh”ue=3 Et‘r“ue=4“
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Results and Discussion

= Results of SCI evaluation

The Number of Specimen

The number of specimen

The number of specimen

100

80

60

40

20 H

100

SClogy,(BuLE)

e L S L=

P
o
)
o
Y
o
o
o
[a]
o

80

60

40

\,

20

S Atgjoty
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SClooo,(Bmrr)

\

20 30 40 50 60
Censoring interval (% of eta_true)

0.000
0.2000
0.4000
0.6000
0.8000
1.000
1.200

0.000
0.2000
0.4000
0.6000
0.8000
1.000
1.200
1.400
1.600
1.800
2000

The number of specimen

The number of specimen

100

X For the case of
’ﬁtrue =3

‘test duration = 120 % of Nyue’
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S§Clogy,(MMRR)

20 30 40 50 60
Censoring interval (% of eta_true)

Censoring Interval (% of n4e)
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0.05000
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0.000
0.05000
0.1000
0.1500
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Summary S

= Summary
v The goal of this work is

* to quantify the estimation uncertainty of Weibull estimation.

« to suggest reasonable experimental conditions for SCC test.

v fiye is reliable even if the number of specimen is relatively small (Esp. at high Birye)-

« Estimation of g from the test is not recommended.

v' There is a critical censoring interval and test duration.
« Beyond the critical condition is undesirable.

« Too short censoring interval (< 20 % of 1) is not effective for reducing the

estimation uncertainty.

* Too long test duration (> 160 % of 1) is also not effective.

B Aoy
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