www.kaeri.re.kr

Factors for IASCC initiation of reactor internal
materials of PWRs

2dA, T, 487, 2481
St EAH AT, ML 7| SH TS

ot {AIESHS| 2023FEA SH& 2
A= IcC
2023.05.18~19

(" ; Korea Atomic Energy
\ ‘/I(AEI!I Research Institute



-

c

Contents

Q)

Korea Atomic Energy
/KAERI Research Institute



100,000 EFPH . :
Reacto . ('84) Worldwide : *Fluence in K-1, K-2
- @ 00 T 7 B gessssssssssssssssssee, 21 2
internals : 31655 i > x0T TEl
: 195,000 EFPH ::
. (K-1,'07)
l'l'l'l'l'l'l'l'l'l'klél;lellallﬁouglﬁ---...........,...“K,,, .s
Alloy 600 [PWSCC]
PWSCC, BAC *Resistance
¥  D. Besse('02) Alloy 690 > 600
(~100 times)
Alloy 600 Alloy 600 + Alloy 690 =~ 600 in
CRDM PWSCC SG drain pipe Eold worked, non
(91) PWSCC condition
................................................... (07,°08,"10) |
Aeilnedbeade®
oy 0
SG Alloy 600 Alloy 600 . - Cracking rate
tubings S olede SG ODscc & i rupture Alloy 690 > 600
\ (‘'71) ('88) (‘'02) (2~8 times higher in
Caustic and Lead
Replacement with Alloy 690 ('89~) contaminated)
\ 1970 1980 1990 2000 2010 2020
(('h * - Korea AtomicEnergy  DMW: Dissimilar metal welds, IASCC : Irradiation assisted stress corrosion cracking(ZEAIR 7| SHEARY) 3

Degradation trend in NPPs

IASCC in Internals

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

Lab data

! [IASCC]

/KAERI Research Institute



Korean R & D activities

» To utilize capabilities of current operating plants by long term operation

world nuclear news

winn BUsINESS OREA

Energy & Environment | New Nuclear | Regulation & Safety | [N[ia[S1ggsilalss | Corporate | Uranium & Fuel | W

News - SME/Startups Events Insight Op/Ed Visuals -

Draft Korean energy policy reflects expansion of nuclear
01 September 2022 ¢ HOME News National
< Share

Construction of Shin Hanul Units 3 and 4 to Start in 2025

South Korea's Ministry of Trade, Industry and Energy (MOTIE) has released a draft long-term energy plan

looking 15 years ahead. Under the plan, the proportion of nuclear power will grow to almost one-third of N uCIear Power Plant Operations to Be Ex‘tended

the country's total energy mix by 2030 in a move aimed at boosting energy security and meeting climate
goals.

By Jung Suk-yee May 12,2022,1206

The start up of Shin Hanul units 1 and 2 will help South Korea expand its use of nuclear energy (Image: KHNP)
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Long term operation(License Renewal)

» Long Term Low Power Operation in Pressurized Water Reactors (Generic Letter No. 84-21)

UNITED STATES NUCLEAR REGULATORY COMMISSION WASHINGTON, D.C. 20555, October
16, 1984

TO ALL PRESSURIZED WATER REACTOR LICENSEES AND APPLICANTS FOR AN
OPERATING LICENSE

A
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Long term operation(License Renewal)

= Reactor License Renewal Overview

» The Atomic Energy Act and NRC regulations limit commercial power reactor licenses
to an initial 40 years but also permit such licenses to be renewed.

« This original 40-year term for reactor licenses was based on economic and antitrust
considerations -- not on limitations of nuclear technology. Due to this selected period,
however, some structures and components may have been engineered on the basis of
an expected 40-year service life.

« The NRC has established a timely license renewal process and clear requirements,
codified in 10 CFR Part 51 and 10 CFR Part 54, that are needed to assure safe plant
operation for extended plant life. The timely renewal of licenses for an additional 20
years, where appropriate to renew them, may be important to ensuring an adequate
energy supply for the United States during the first half of the 21st century.

» Nuclear power comprises approximately 20 percent of all the electric power produced
in the United States.

A
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License Renewal Processes

= Introduction to License Renewal Tutorial

* License renewal, whether initial or subsequent, rests on the determination that
operating plants continue to maintain adequate levels of safety and, over the plant's
life, this level has been enhanced through maintenance of the licensing bases, with
appropriate adjustments to address new information from industry operating
experience. Additionally, NRC activities have provided ongoing assurance that the
licensing bases will continue to provide an acceptable level of safety. The license
renewal review provides an independent examination, asking the following questions:

v Does the reactor operator understand the effects of aging on critical safety
components?

v' Has the operator taken appropriate actions to assure safe operation?

« The following topics will explain the entire license renewal process:
Orientation

Safety

Inspections

Environmental Impact

Hearing

Decision

Review

P N N

https://www.nrc.gov/reactors/operating/licensing/renewal/introduction.html
)
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License Renewal Processes

N

Over 150 Technical Reporis

[ Nuclear Plant Aging Research |

Addresses Aging Management
for Passive SSCs

L/
L
GALL 1996
> Generic Aging Lessons Learned
Active and Passive SSCs
Operating || I
Experience ¥
GALL 2001 Maintenance Rule
., Existing Programs Issued '91, Implemented '96

Addresses Aging Management

for Active SSCs

Lessons Learmned

Audits and Inspections

Review of LRAs

GALL 2005, GALL 2010
License Renewal Guidance Document Updates
More efficient, user friendly and universally applicable

Q)

https://inis.iaea.org/collection/NCLCollectionStore/_Public/43/130/43130440.pdf
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MRP 227

ELECTRIC POWER
RESEARCH INSTITUTE

=Pl

Materials Reliability Program: Pressurized Water
Reactor Infernals Inspection and Evaluation Guidelines

(MRP-22/ Revision 1-A)

2019 TECHNICAL REPORT

N
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Long term operation plan in Korea

Permanent shut down plants

Plant Document review Decided Permitted year Cont. operation
Kori-1 '06.6~'07.12(19 mo.) |'07.12.11 '07.06.19~'17.06.18 {'08.01.09~'17.06.18(9 yrs)
Wolsong-1 ['09.12~'15.2(51 mo.) |'15.02.27 '"12.11.20~'22.11.19 ['15.06.23~'18.06.20(3 yrs)

Design life of 10 units (to be considered for continued operation)
Plants Kori-2 |Kori-3|Kori-4|HB-1 |HB-2 [WS-2 |[WS-3 |HU-1 |HU-2 |WS-4
Design life|'23.04 ['24.09|'25.08|'25.12('26.09('26.11|'27.12|'27.12|'28.12{'29.02

KHNP, ‘Status of continued operation for Korean NPPs’, Long life operation symposium, June 15, 2022, Seoul
)
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Long term operation plan in Korea
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A== 28 S2EA

®USNRC =~ -~ § Safety Reports Series
RO O oo AEA TECDOC SERIES : No 10¢ (0.106
Generic Aging Lessons Approaches to Ageing
Learned (GALL) Report Management for
Nuclear Power Plants Regulatory Oversight Ageing Management and
Final Report International Generic Ageing Lessons of Agelng Management |.0|'lg Term Operation IJ'f

Learned (IGALL) Final Report .
and Long Term Operation Nuclear Power Plants:

Programme of Nuclear Data Management, Scope
Power Plants Setting, Plant Programmes
and Documentation

Intemations Atomic Intmratinal Atcemic Energy Agency

Office of Nuclear Reactor Regulation FAR
{(5)1AEA

2010 2014 2022 2022
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X2 LRRE

ontrol rod drive nozzle

Lifting lug

Upper support plate
Internals support ledge

Core barrel
Support column

Inlet nozzle

Upper core plate
Thermal shield—__ |

Reactor vessel —_|

Access port—__ |

Radial support

Bottom support casting

Secondary core support

A R
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/KAERI Research Institute
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== 59

(30~50 dpa max.)

Control rod
drive mechanism

Instrumentation ports
Closure head assembly

Thermal sleeve

Control rod shroud tube
Hold-down spring
Alignment pin

Control rod guide tube
Control rod drive shaft

Outlet nozzle

| _— |Lower core plat

Flow mixer plat
Core support ¢t

Instrumentatiol

EE

Control rod cluster (withdarawn)

& 18

e Upper core structure

e Core baffle/former/barrel

e Thermal shield

e Lower core support structure
& 23} =2tF

o UALM, 12, SH, WY
¢ ZNAE F=2 g3t 7|+

e |[rradiation embrittlement

e Void swelling
e Irradiation-assisted SCC*
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Reactor internals in Korean NPPs

® Korean baffle/former(Westinghouse type): Cod worked type 316 stainless steels
® Number of bolts : ~ 700 ~ 1000

H'g . Korean I
U-4 - —:
U-3 Framatome  pE—
U-2 - | I
U-1 | |
Y-6 ]
Y-5 - C.E. 1
s Y4 ]
Y-3 R
‘g Y-2 ] — ]
Y-1 - r—
o W4- L ]
W-3 - —
W-2 CANDU I
W-1 3 ]
K-4 ]
K-3 - 7
K23  WH.
K49

. I | | | | |
1975 1980 1985 1990 1995 2000 2005 2010
Operating year

Korea Atomic Energy 14
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IASCC

® |ASCC : Irradiation Assisted Stress Corrosion Cracking (Mostly IGSCC mode)

Stress Corrosion
Corrosion ‘ Tt

Cracking

*,_~Fracture Mechanics
: \ Radiation
Radiolysis 4/\‘/ s Radiation Creep
‘k ’&
Radiation C°”’°5i°“."'~-.. . ....-""‘ Radiation Induced
Materia
o T

Segregation

15



JASCC - Fluence

Start Start BWR Max PWR

of BWR of PWR End of End of

IASCC IASCC Life Dose Life Dose
> W (D

1020 1021 1022 1 023n/cm?2

Neutron/cm? (E= 1MeV)

S e O o= =4

Start of Start of Saturation Possible

Grain Boundary Ductility of Sensitization Start of

Sensitization Loss and Ductility Swelling
Loss

C~/ ;
e orea Atomic Energy 16
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JASCC initiation test facility at KAERI

S_-——!! I « Li 2 ppm, B 1200 ppm
T o= T .« 2% :325C
— T L . DO < 5 ppb

* DH : 25 cc/kg, 50 cc/kg

« DPA: 1, 3,5, 10
e Strain : 10%

« Strain rate : 3.4 x 10/

((\/' - Korea Atomic Energy
KAERI Research Institute



Specimens

Chemical compositions of the test alloy (Wt%) and proton dose levels

Table 1.
0.5 1,3,5,10

316 SS 0.001 0.047 Bal.

Ground (#400 ~ #2400), then electro polished (50-H;PO, + 25-H,SO, + 25-C3;H;(OH);)

45.00 T 1.5 mm

M4 X 0.70p — 23.00
20 mm -

6.00 = -J\
R 2.00

ww 9¢

—
—
—
—
—

TEM bars , , N
Electropolished before proton irradiation
18
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Ni/Si-rich Clusters in 5 dpa irradiated 316 SS

87 8 . 8
73 7 74 i7
© 64 i6 . g 6. -3e
= G © ] 3
~ 5 5 CR S el 3 E
c %{W = 5_ i
O 4] 14 (80 g 4i 14
J = £
c 37 13 T 3]
8 23 12 c 21 in
o Q i
O 14 ER o 13 A1
0 T T T T T T 0 0; - T ; T gO
A 0 10 20 _ 30 40 50 60 70 s : 0 10 20 30 40 50
b Distance (nm) 5 Distance (nm)
(@) (b) (a) (b)

APT results showing Ni/Si-rich clusters in proton irradiated (360°C:5dpa) in 316 SS.
(a) Si atom map, and (b) variations of concentration profile of Ni and Si across clusters

% Ni/Si-rich clusters were observed inside grains.
% Si clusters are clearly seen

% The heights of Ni and Si concentrations are periodically well matched
across the clusters - Ni/Si-rich clusters

a)

Korea Atomic Energy
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JASCC initiation evaluation

® 5 dpa

Tensile specimen surface SEM image -‘.

IGSCC in 20 um
deep

1B8pm B133 KAERI

(_" s / 5
~— - Korea Atomic Energy 20
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Effect of Dose on IASCC initiation

® Number of cracks vs. dpa
(counted over 5 um long)

[CJ1ASCC Number vs. dpa

® Total crack length on side surface

(counted over 5 um long)

[ IASCC Length vs. dpa

— 316 Stainless steel, Proton irradiated 6007 316 Stainless steel, Proton irradiated '
(cracks counted for > 5um) 1| (cracks counted for > 5um)

2000 - 500

» © 400+

j‘% 1500 § ]

o S 300+

© © ]
+. 1000+ <

3 2 200-

: 5

Z 500- 100 -

0 0 T T T
T T T 1
1 dpa 3 dpa dpa | .3 dpa 5 dpa
Irradiation level, dpa Irradiation level, dpa
(@) Number of cracks vs. Dose (b) Length of cracks vs. Dose
DPA 1 3 5 DPA 1 S 5
Crack Crack
1433 1957 2141 275 480 551
numbers length(um)

The total crack length at the side surface is a good measure in
evaluating IASCC initiation susceptibility for proton-irradiated samples

A

Korea Atomic Energy
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Effect of DH on IASCC initiation

180

160

140 *

120

100

L 2 # 25cc/kg

80 @ 50cc/kg

60

40

20

Susceptible IASCC initiation at high DH (KAERI)

R Q
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Effect of DH on IASCC growth

@ 1E-06 ¢
g ;
E ; L
- ' X
o ® CEA (1000 ppmB -
< 1E-07 | - B 2ppm L)
g i
o " = m Arioka (500ppm B -
3 2ppm Li)
Q
g 1E-08 : Arioka (2300ppm B -
L 2ppm Li)
o)
=
> 1E-09

0 30 60 90 120

H, cc TPN/kg H,0

Susceptible IASCC growth at high DH (KAERI)

D. Feron, E. Herms, B. Tanguy, ‘Behavior of stainless steels in pressurized water reactor primary circuits’, Journal of Nuclear Materials 427 (2012) 364-377.

)
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Effect of chemical elements on IASCC

® Effect of C, S on IASCC

wt % Ni (€ Mo | Mn Si P C S
KAERI specimen
STS316 | 108 | 16.7 | 2.0 1.3 | 059 | 0.05 | 0.0470 | 0.0010

012 : sln‘sr"»s'fdrec';m‘ ]‘ ) P . ' 0’ ! ssAT, Fu J ] 0.12 I : T ? T : T : T : T i
o011 resistant (0 IASCC g $304 BWR, CGR, Jenssen 03 % 0.11 @® Cracked -
hpes ) b I O Non-cracked | -
01 2 S1.4541/316, BWR, tube expand, Garzarolli ‘87 a 0.10 } . . -
¢ ] I Predicted line from BWR data ]
X 000 § Dawpmempeny 4 BEPOOL X
2 oo 10 IARCC 1y AT, Kagama 1 2 o0} CAER| -
§ 0.07 ./F'ml“n : _\m.‘t 316, BWR, SSRT ‘_\.-;\'_._._—r 95 E g 007 _O |
£ s 1 € -8 | sample 1
O 006 o 4 L @ ] 8 0.06 |- o O o s ° =
=] [ ] - B T
_g 0.05 * L 3 = ] & &Q° @ Py e i

(] a 'e 0.04 ‘ .
O o004 [ ° L] s 8 . B ] T
= ) ssista SCC I 1
3 o CGR el symbols. susceptie lo Ascc | = 0.03 | i
m ) proton e ” i > - o b
oo Lo proton 3= 2 i Mo002}| /@0 ® 4
2, o4 ¥ . ° n . ] r 1
001 f Q proton CGR 304- or 316-type SSs ] 0.01 - O -
4 He ion / BWR-like water 1 3 )

. 1 ‘, 1 1 1 b 1 . bo 81-32 p.pm ] 0 + 1 + 1 + 1 + 1 - 1
% 0.002 0.004 0.006 0.008 0.01 0 0.005 0.010 0.015 0.020 0.025 0.030

a)

Source : H.M. Chung, NUREG-CR-6892 (2005)

Bulk Sulfur Content (wt.%)

Fig. Effect of C, S on IASCC of BWR water

Bulk Sulfur Content (wt.%)

Fig. Effect of C, S on IASCC of PWR water

c
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Effect of fluence on IASCC

100
q In PWR Primary water
> B ® CW316, 340 °C
(18]
?g - ® CW316, 325 °C
g 60r O  CW316,290 C o*
S ® 304 325C
S 40
E % Specimen broke at the pin hole
O
S 20 * O
3 " B 5
L L @ o

0 aiaal N S \ [ 4 g.gc.l.l
1E+20 1E+21 1E+22 1E+23

Fluence (n/cm@, E>0.1MeV)
. Suzuki, M. Koyama, H. Kanasaki, H. Mimaki, M. Akiyama, T. Okudo, YMishima, T.R. Mager, "Stress
corrosion cracking of irradiated stainless steels in simulated PWR primary water", Int. Conf. on

s Nuclear Eng., vol. SAD: 205I ASME,_1996,
R
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Thank You for Your Attention!




