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Overview of Westinghouse NSSS Internals (Figure 1)

Upper Support Plate r 4 ' '*ﬁVessel Head

Upper Support Column
PP PP Hold Down Spring

Control Rod Guide Tube

Inlet Nozzle Outlet Nozzle

Upper Core Plate

Core Barrel
Baffle Plate
Thermal Shield

Lower Core Plate <«—— Pressure Vessel

Former Plate

Lower Support Column Bod

Bottom-mounted

Instrumentation Lower Core Support Plate
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orRYU R 2

HECTE POWER
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% Barrel Former Bolt ZAA}&HH| A7 S 74<
(; )

- End Effector =74 ZX|CHZf : 28mm

- 4T Y RBE 4 Yt Fiberscope M

- Fiberscopel| &4 7| UT Probe 2|™

r

(Fiberscope®| Z&HtA ZHotst End Effector 0| A7)

- AR 0| HE 7hs¢ Resolver HE

berscope

28mm

UT Probe

o
< /xaeuBarrel Former Bolt ZA}%HH| < End-Effector>
CER XA
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* PWR 0| 5348 %

* RV head penetrations
- Upper head CRDM/CEDM
- Lower head BMI/BMN
- SG drain, ...

e RV LAS nozzle to RCS piping
- RPV hot and cold leg
- PRZ relief, safety, spray, surge
- SG to RCS, ...

* Materials
- Alloy 600, Ally 690
- Alloy 82/182/132, Alloy 52/152
- SS 308/309/316 g NN

Steel Mozzle

By E 55 Clad 82/182 Butter 82182 Weld 35 Weld

Nuclear Materials Safety Research Division 3
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< PWR %Xrg -CI)-'”E 'T'Ll'% i%gl PWSCC iﬁu(ﬁjm%mmg%a EEHRATE | |
(57)

» Field experiences of PWSCC in thick-wall Alloy 600

Bugey-3 (CRDM, France, 1991, 1999)
Oconee-2, D.C. Cook-2 (CRDM, USA, 1994)
Oconee-1, 2, 3, ANO-1 (USA, 2000~2001)
Davis-Besse (CRDM, USA, 2002)

i &

AN
(IF588)

N

Ohi-3 (2004)

‘\\-&
Y
\R/

R

A

W, |
SN
LN,

~
5,

|

|

=
F

4
z
&
3
3

-

fesd
1=}
~
2
3

- STP-1 (BMI, USA, 2003), N

RFFEBLBS N\
- Takahama-1 (BMI, Japan, 2003), =
- Ohi-3 (CRDM, Japan, 2004), = Cic Cracis
- HB-3 (CEDM, Korea, 2012), ...

¢ BMV Leaks
A NDE Cracks Repaired
A NDE Cracks Left In Service
® NDE Clean
® No Further Cracking Since Last Repair
O RV Closure Head Replaced
|

30

1™ Minor indication
Length: Approx 32mm
Depth: less than 1mm

N
o

83
Plant Susceptibility Ranking
5
o
[ J
&
® >
>
O ®
XA
ST s
% e

[EnY
o
@

E Thickness: Approx 11.4mm

L e T

S TT g ——————— prpp———— -

—"'r*— Takahama-1 B 450
(2003) 0.0 5.0 10.0 15.0 20.0 25.0 30.0
* Ref: IAEA TECDOC-1522 (2011); W. Bamford, KAERI-consulting (2013) EDY as of Inspection
— Nuclear Materials Safety Research Division 4
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o PWR UWZHA S 0|28 = =9°| PWSCC Main Loop Pipe Cracking History
(&l Indications are in Hot Leg DM Weld locations)
» Field experiences of PWSCC in thick-wall Alloy 600 )
- Ringhals-3, 4 (Hot-leg nozzle, Sweden, 2000) - gf;tmer Tem‘:'eg;”re ) EZF_:;
- V.C. Summer (Hot-leg nozzle, USA, 2000) Seabrook 621 16.3
- Tsuruga-2 (PRZ relief nozzle, Japan, 2003) O i i
] ] Ringhals 3 613 128
- Mihama-2 (SG inlet nozzle, Japan, 2007) Ringhals 4 513 173
- Ohi-3 (Hot-leg nozzle, Japan, 2008) Salem 1 608 197

Seabrook-1 (Hot-leg nozzle, USA, 2009), Tsuruga-2 (2003)

-

To Relief Valves
4

V.C. Summer (2000)
Alloy 182 “butter”

SCC front View of crack on OD surface
OD surface Leak
NN
NN Inconel 182/82 weld " e
$ Il i

NN \ TR
LRRNOARENNRRRARNAN
SN\ Reactor Coolant NN

\* System Hot Leg \\\\
\\ Nozzle \\\\\.

NRE -5 NNANY
N \S\A\ \QS\(EI?S\S\Z\ NN

5.84 cm
S SA-376 (2.33") min.
ype 304N pipe

-
-

Stainless steel k

cladding ID surface
73.7 em (29") nominal

Extent of circumferential
crack. Starts at carbon steel.

* Ref: NUREG/CR-6921 (2006); W. Bamford, KAERI-consulting (2013)
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% L|27 gi3o| PWSCC 9 QIx}
* Primary water chemistry
- DH, DO, pH, temperature, impurity, ...

e

* Material microstructure

- chemical composition, grain size and EWHLZE,
carbide distribution during heat glet x4,

treatment JIA™EEN
- dilution, lack of fusion, hot cracking

during welding, ...

 Stress and strain
- residual stress/strain by welding, cold-
machining, surface finishing during
construction
- additional stress/strain by welding,
cold-machining, surface finishing
during repair or replacement, ...

_ Nuclear Materials Safety Research Division 6
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28717 Task
Alloy 600 Task 5. Alloy 600 7|7| Zt=&82 51 PWSCC
S|E HE =0t |dlE =)

=aA =
O|F=5£E8E =2

Task 6. WA = AES|

- 12| 137| B8
o 7}

- 2HM0| o3t dr Bx gl
e QX2 B|E UE LS G

— U = ;tl Ol_'_:Lz'\_RI-l e ol
=

SR/STE DIMES MY 24
IR ASS =E EH M3 S Y

L o
Z 0| PWSCC A= m7} XFE A A (Task 5-2)

Sd 82 28 A 0M £8 dd 7F 7t
- Ol S xF AlHO| CHol PWSCC 49 Sl & AT Bt
. QX2 BT BE £ F HIHL ZAF XA RO FH G HAL 7| YL (Task 6)
- J-EI 127| M 48 S E 2tE =E0|AM DAE (o] AAF X[A| 22| ot HALE &
St 2I0l 7
- Thick-wall pipe2| 2%t M2t =24% & XAl
W
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SEERL
1 D2 137] 9 BE =, 015348 RS By L BA 29| 4T
- 12| 137| CROM/BMN/LXEAS 7|7| @12 = Z0f T3t 221 9l T2 o4, 2% 24 9l
N3 o S yme| WPSR B0 A 52 Seohol BIIChY &N X B8 Ho[E H2
- OIE D)4 BRSO i KRS SH(BY, SHEY, BHA SRS Eaid
22 HAh
O 1 —
- HITHD HALS S3 23 R 2ol
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Alloy 6000{| A Alloy 6902 Z LCHX||

- 12| 13 7| mKA| A2 =9l Alloy
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% Task 5-1 X2 S E BE =5 L 0|FFH8H 30|
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AZ I}
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- 12| 127 §F o E S =59 47 QY #5574 &y |7 & 400mm 0|2 =, 5
H0|2 LA S= /ol 27 HEFE ZRo0 BHEF L2 FFote|, Y8 400mm < L
H-Z4 200mm 37| 2 AT
- OfF 5| E2| T E BMN 88 F 27l 2= At d422 2= 2F
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VRIELIE (D oo Sarste Smaue Suppor Flangs
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@ Task 5-1 WXZ 5 E 25 =& A 0|FHELE =& URSH o4t ME=3

L
25 Bt
3. RPV =7 =1} PZR surge =& 0._|%
-1 AE V7| HE RE S A2F0RPVET E VK0 s 885 £ ©KX 1m ZO|

Ex-l;t

- 20094 PZR surge/spray/safety/relive nozzledj Cslf WOL M-t CHEXM QI surge =& 17|
| [H _g_x-l = io# I—|x-|| 1m 7Io|§ X~ ;tl

Nozzle
/ Nozzle Butter

Dissimilar Metal Weld

S§ Safe-end

S5 Safe-end to
’/ SS pipe weld
SS Piping

8§

CS Nozzle Pipe/Fitting
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1. 915 X% HE B4 A
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28 L Zo| PWSCC A= T
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Alloy 690
Alloy 600, Alloy 600, '
=R xfegyaq Al= 7(|.Egya;| A< Alloy 600, UT X|A| €Ol 1+,
I|E | Bwscc s WeeC A= | TR8Y AT | HFSY AT
CRDM £ & 27| RPV EF & _
5 o -dT = _752 C s
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i

L’:?h!‘ & SCC Tester

i

!iliing :
ine =

* LHMA : Laboratory for High and Medium level Activity

Reconstitution

2. L SMEXF ZAH Al A|M Szt
- KAERI ZAFHA|E AL (IMER) O A SAXE ZAK] % F 75 8tLt, T2 Lt 7| A X 4
NeAE 28 3
- A A|EH HE27ts AH| 2= (CNC milling, stud/spot welder &)
- I HAZ 0|20 MEQ/HEtAE 2 E A|E XM H||EF-Z240F =4S gl o
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- KAERI OJXrEﬂHEE;LToM 2015EHEE =Q AL 0| 2sto 2 RAFX| SCC ASA|S
:I'I':'-T _I_I_ 3
~20164 : ZAFK SCC AIZA|S AH| ALA| A A 2 hot cell 7 & HFOF 2l
20173~20204 : SCC ASA|E MH| = 9 A|- 27 (cold lab), hot cell 7§= Gl Q15{7}
2021H~20234 : hot cell Lff SCC AlZ A3 M| 0| A
- SCCA|EY| 20 =2 12| 137 Mz E& 7 E floie € A ER

spacimen

|_.'

Fu

water infout [ |

< ZAHX SCC AF Al AH| 7HE & >
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<Steam generator tubing material status in Korea>

Tubing material Alloy 600(HT)MA Alloy 600TT Alloy 690TT

Plants -Hanbit 3-6 -Kori 2-4 -Kori 1 (since 1998)
(OPR 1000) -Hanbit 1,2 -Hanul 1,2, Hanul 3-6
-planning to replace (W/H-F) -Shin Kori 1,2

-Shin Wolsong 1,2

Degradation mode

-SCC (@TTS, TSP, Tube sheet end)

-SCC (@TTS, tube sheet end)

-Minor wear @AVB
-No SCC

-Various types of degradation for Alloy 600TT but no SCC for Alloy 690TT since 1989
(J. Benson, presented at ISG-TIP5 meeting, Sep. 23-25, 2014, IRSN, Paris)

(1) To consider recent research results on Alloy 690
(2) Degradation mode based on previous experiences for Alloy 600

(3) Possible issues to be emerged during long term operation

- / AEl;l‘
DI HA R

Korea Atomic Energy Research Institute
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ODSCC of SG materials (EPRI)

1400 . . ; ; -
Alloy 800/ Modified | ¥ = 32594 OD1Z7ESx R- 078724
i — Ly=sr1+bnoeresx Reosamse | % Special crevice environment
1000 _$'X-§-1=m+mnn=mm_ of secondary side
- . Alloy S00NG ) ; ® pH(T) range of 4 to 9
2 s S .1 (upto105)
:gi i Y 7 Crack Growth ° }06 ~.1O8 concentration of
= goo boAd Ao PH 95 impurity (Pb, ClI- and SO,%)
E ;o e Alloy 830TT ® Testing for SG materials under
400 | pPH(T) = 9.5, T = 330°C
*.. y 2 & __é”'“ SomaA (NaOH + 3m NaCl + 500ppm Pb)
200 -x/j__...- e ~~Alloy SOUTT ]
H o
o® '

31 Almost insensitive )2
Time (hrs)

® Alloy 690 is more sensitive to SCC than Alloy 600.
® Alloy 600TT is almost insensitive to SCC at 330°C.

;\ xaeri (R. Wolfe, presented at 16 int. symp. on environmental degradation of materials in
"*E‘?.Jiléleﬁlﬁbwer systems-water reactors, Asheville, North Carolina, Aug. 11-15 (2013))

Korea Atomic Energy Research I

_ Nuclear Materials Safety Research Division 5



TEM-EDS for Alloy 690 (0.1M NaOH + PbO (1,000ppm))

R R S AT 7‘\’%: —a—0

14 dayS —e— cation Fe

0~ —4&— cationCr

R s TN g 3 Gationpb 114 days O

a
o

N
o

- A >

Chemical Composition / wt%
8 8

=
o

0.5um

-Observation of very thick oxide
-Thickness increases with the time

)

SERAXIR AT
Korea Atomic Energy Research Institute



Thickness of oxygen affected layer (OAL) for Alloy 690

Jol / ® OAL thickness prediction
% 151 | Thickness(um) |Thickness(um)| time (year)
% - Parabolic? ' 233 21.7 10
£ / Linear? 1 465.9 30.7 20
= sl _' 698.8 37.6 30
Linear Parabolic

0 " 1 " " 1 " 1 " 1 "
0 5 10 15 20 25 30
Immersion Time / day

® Experimental results

® If OAL is increased continuously?
- Acceleration of brittle behavior and TGSCC

® Tube sheet, tube support plate, free span £2| ™

Thickness Day
m _— . —
= Thickness | o QT TIEME S5 BIIH 24THSA T} (1)
g 0 (um) 4
0.28 1 0.28 1
[aWiVil 2 A .

Similar to parabolic increase
by diffusion process
1.5 14 1.18 14

1.9 28 1.9 28

Similar to linear increase

Ve

/7

_ AAE;\(including not immersed
or= statedie: origin)

—_
Korea Atomic Energy Research Institute

(excluding not immersed
state, i.e. origin)
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® Crevice between SG tube and tube sheet (carbon steel)
® Molar volume of Fe;0, is 2 times greater than Fe

® Magnetite formation induces SG tube deformation, called “denting”

(Ol & AlLtE| )
1) Cathode: O, + 4e” + 2H,0 — 40H"

or 2H* + 2" — H,
2) Anode: Fe + 2CI- — FeCl, + 2e-
3) 3FeCl, +4H,0 — Fe;0, + 6HCI + H,

o HAo0|20f ofsl 7t53}
® Denting 2|4 ME# TCh 5> 0lE = EM (2)

)

SHR QX201 A8

Korea Atomic Energy Research Institute

7
PWSCC Tube-End
Cracking

Tubesheet

ey

U-Bend Cracks
(PWSCC)

Free Span
0ODSCC

Sludge
-
.
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Residual stress by plugging

—h

o| op7f 7t MEEIRAE. 7ISH
57 HE& 0, 2014 A =0f +=HE

HAA| HAE HEEO| U SHLA
OpR 2 e METo| Batols 7|4 WA (87) HERHO| AHBEIS.
o ILYQIo|M FHE MY AMERE AN HYS0| 2

Alloy 690 xj&Ee| £ F0f Cgt PWSCC Td 71580 7| =l AZ.
o 59| IO 7[AH LS| B¢ 28 HAE0| 50% +E2= 0| M =2
PWSCC 2IZt == Alloy 6001} GAIE A2 2 of 4HE. Alloy 690 X & 2| £tOf7HE 2l
E5l0] 78 49 75 A 2d HAES G715t AHHof| H43E HR7 AS. 3)
10 15 20 25 30 35 40 45

10-5 F H T H T ki T H T H T H T

A600 CW, 20%

CGR (mm/s)

[Eny
o
T

MRP-55 curve@340°C

AERI
DI QI X} 2104 5

Korea Atomic Energy Research Institute

4 10-10 L 1 L 1 L 1
. L 10 15 20 25

30

K (MPa m*?)

BEOmBMPOPEOPEOPEODPEO

AB90CW0%, 340°C, CF
AB9OCW0%, 340°C, SCC
AB90CW0%, 360°C, SCC
AB90CW10%, 340°C, CF
AB90CW10%, 340°C, SCC
AB90CW10%, 360°C, SCC
AB9OCW20%, 340°C, CF
AB90CW20%, 340°C, SCC
AB9OCW20%, 360°C, SCC
AB90CW40%, 340°C, CF
AB90CW40%, 340°C, SCC
AB9OCW40%, 360°C, SCC
AB90SR40%, 360°C, CF
AB90SR40%, 360°C, SCC
AB00CW0%, 340°C, SCC
ABOOCW20%, 340°C, CF
AB00CW20%, 340°C, SCC

CGR (mm/s)

[any
e,
&

[any
<,
4

©

[any
e,

10°

12

[ s-L, k=30 MPam

® Alloy 600
®  Alloy 690

A SR Alloy 690 |]

0 10

20

30 40

Thickness Reduction (%)
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SCC on “wear” SG tube

)

SHR QX201

20121 SONGS 30j|A G2t
12971 Al

¢x ne|l1zo| S71247|0= F go
HEH (87| HEEHO| EXH5HH, UfE7f AL LL, t*“l.*g E[X| °¢%
(871 MER

OfR 2 °|°._ =2 AlZhof et
T E0| Zd2ot0] LEA ZH0] X
L}™H O3 £&Ar2 ™ISk 38U}
H2H DM =XO|Lt S5 SEl7} H
¥ FH 7t SFokH UPEE Q15H
=g 9 HoflM, == F7{
M 0| T 71580] AS.
Qdl™ o2 AI2E|= bobbin
probel| F2 OIEQ} #2 HH &
st A=o0f|= ®3tsiLt, OfR ot 7
OE:I ago| H|xet -r|7C|01| 20| E

Mg s #E Aore Lalsiy
£X|5t7| Bh2 0f2i2

OhE 24 29 ST Hamo £
Mg S 2Y w4 9297k
Mg oy e U8 ()

L]

"
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Divider plate and channel head

Weld separation and cracking in SONGS 3 (2009) - X8 S7|ZMd7|
Brittle failure mode exhibited in separation region

Failure propagated within the channel head base metal along fusion boundary

-Higher carbon content and hardness in fusion zone = weak weld bonding
-Air carbon-arc gouging removed clad = higher carbon content

......................................................

Primary inlet

support skirt
e e nozzle |
: / KAERI"
DI QI X}2101 Gl
Korea Atomic Energy Research Institute

Divider Alloy 152
Plate weld joint (full

(Alloy 690) Penetration weld)

Alloy
152
butter

Channel head (low alloy steel)

Stainless steel
clad

Divider Plate

o ) Channel Head Clad Surface

RSG 3B Cold-Side Crack in Divider Plate-
to-Channel Head Weld

Step-1

Step-2

Step-3

Stainless Steel clad

Channel Head Base
‘// Metal (Low Alloy Steel)

Clad Removal

. Divider Plate to be welded to alloy

4:/ 152 butter
e e EA||oy152butter

o 12157|E HHFY YRIThY
MeH 4E. FxMoz 3o
2olojAo| FESY, AL, BA
ST BAS 2a A 2o
e 7Hsd Eelme (5)

Nuclear Materials Safety Research Division
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Corrosion on SG internal

Internals such as wrapper in steam generator are made of

carbon steel
® Carbon steel is weak to FAC (flow accelerated

corrosion)
o SHI/Hez S| R AT ES FE7I5H7| &
of Q1E Sl &M QR AUSZ (6)
wrapper
4
e

- /KAERD"
SERAXIR AT

Korea Atomic Energy Research Institute
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E QUXI=2

WRRERE Fstl

24E L E SCC

SEXNEMNR| WEE

*Davis Besse, 2002
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Control
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K a Atomic Energy Research Institute
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B HH 2

*FAC T
o 'M':::;
°Surry 2, 1986 (19722 3)
Generator *T=12.6mm - 1.5mm
- %E( 4 Al-%l-
- = ;} §
oy ; " ' =

-Mlhama 3 2004 (19762 H
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4 A 7 AL
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® Inputs to CODAP Event DB — Korea flow assisted degradation events (2013)
* 8 FAC events

EID Plant Name Et Fsﬂi%om W System Name Diameter Class [mm] %ilﬂ’;sg'ﬂ
2365 Kori-4 19959-03-11 CSD - Cold Shutdovm g’;g:;dEd Quiage Work Main Feedwater System DN > 250 mm 80
2364 Kori-4 1999-03-11 CSD - Cold Shutdovn ;’c‘g;:ded Outdge Wark Main Feedwater System DN > 250 mm 80
2363 Kori-4 1999-03-11 CSD - Cold Shutdovm Sc"g::de‘:' Outage Work Main Feedwater System DN > 250 mm 80
ggﬁ_;mgg‘”a"g’ 1599-04-22 CSD - Cold Shutdovn g’c‘o"::ded Outage Wark Main Feedwater System DN > 250 mm 80
2803 ;°"'99"‘a"'9' 1995-04-22 CSD - Cold Shutdovm g’c‘g::d“ Outage Work Main Feedwater System DN > 250 mm 80
w;mgg"‘a"g' 1599-04-22 CSD - Cold Shutdovm S’c‘g;:de‘j Outage Workc Main Feedwater System DN > 250 mm 80
2738 Kori-3 1999-06-08 CSD - Cold Shutdovn nga’;ded ENtage Mok Main Feedwater System DN > 250 mm 80
2797 Kori-3 1599-06-08 CSD - Cold Shutdovmn g’c‘g;:de‘ﬂ Outage Work Main Feedwater System DN > 250 mm 80
2362 Kori-3 1999-06-08 CSD - Cold Shutdovn g’c‘g:;‘“d Outage Work Main Feedwater System DN > 250 mm 80
&Imgg"‘a"g' 1593-06-12 CSD - Cold Shutdovn g’gg;:ded Outage Warke Main Feedwater System DN > 250 mm 80
2800 Zc’"gg"’a“g' 1999-06-12 CSD - Cold Shutdovm Es’c‘g::dec’ Outage Work Main Feedwater System DN > 250 mm 80
wl’“gg‘”a"g' 1999-06-12 CSD - Cold Shutdovn _E:g;;de‘ﬂ Outage Work Main:Feedwater System DN > 250 mm 80
4538 ;onggwang- 2001-06-14 Power Operation Power Reduction Moisture Separator Reheater System :norz pom. = O 80
4538 ;onggwang- 2001-06-14 Power Operation Power Reduction Moisture Separator Reheater System 3_"_‘0"2 soRLc DN 80
4528 ;Oﬁggwang_ 2001-06-14 Power Operation Power Reduction Moisture Separator Reheater System :nor?-n Farn:= DN 80
4536 Kori-1 2005-03-08 Refueling Zs;gded Putage Wark Main Steam System DN = 250 mm
ﬁ\2(onggwang- 2007-04-23 Refueling g:gpazded Outage Work glt::;r:w?nenerator (SG) incl. SG DN > 250 mm 80

Unplanned Outage Work

Steam Generator (SG) incl. SG

DN > 250 mm

~. Yonggwang- h .
Fﬁ“ 4535 7 2007-04-23 Refueling Steam Oe 80

UFS 4528 Kori-4 2011-05-21 Power Operation Moisture Separator Reheater System 50 mm <.DN <= 100 40
Korea

mm

Power Reduction

*CODAP : Component Operational Experience Degradation and Ageing Programme ion 16
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® Inputs to CODAP Event DB — Korea flow assisted degradation events (2013)
* 4 Erosion-Cavitation events

Event Plant Operational Impact on Plant : Pipe Schedule
EID Plant Name perati System Name Diameter Class Imm]
EID Plant Name Date State OEeahah System Name Diameter Class I[mm Nisnber
Yonggwang- : - =5
2806 > 1999-035-13 Power Operation N/A - None Chemical & Volume Control 15 mm < DN <= 25 mm 160
2805 ;""99"’3”9' 1999-09-13 Power Operation N/A - None Chemical & Volume Control 25 mm < DN <= 50 mm 160
2807 \2(°"99‘”a“9' 1599-09-24 Power Operation N/A - None Chemical & Volume Control 15 mm < DN <= 25 mm 40
2808 ;onggwang- 1959-10-03 Power Operation N/A - None Chemical & Volume Control 25 mm < DN <= 50 mm 160
4524 Wolsong-3  2009-10-29 Power Operation N/A - None Steam:Cmnecator (5} o 56 LOC R D c= 230 ) o
S Blowdovn mm
« 3 Jet impingement events
Event Plant Operational Impact on Plant : Pipe Schedule
EID Plant Name S—¢°= perati System Name Diameter Class [mm]
EID Plant Name Date State i oh System Name Diameter Class [mm P
4525 Kori-2 2009-06-16 Power Operation Power Reduction ggf;:‘r:e Sepamtor Behaater 50 mm < DN <= 100 mm 80
4526 Ulchin-2 2010-12-29 Power Operation N/A - None g‘;;f;‘r":e Sepacator Reheatar DN > 250 mm 20
4527 Yonggwang-2 2011-01-10 Power Operation Power Reduction Mojsiire Sepamior Behaater T00 mm = Diess =0 40
b System mm

® Flow accelerated corrosion is one of major degradation problems in NPP.

Q.
- /KAERI
DI HA R

Korea Atomic Energy Research Institute
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o MXIZEL MESAHS S8l XIX| FAC code H.G U HYjZH Z+g 2t

® X2 UE0|A T FALSET 7 =Xl = (Mihama At1 0| %, ¢ &gl

o =Tt 70| Eot= A Hje| AMES HSZ2OHL} 2fF ZALEUSZE &
Hopr|0f= dHel 7| 7t SHOM B2 S2280] X

Contemporary FAC software tools

NN Name Country
L CHECWORKS USA
2. COMSY Germany
3. BRT-CICERO France
4, RAMEK Russia

Nuclear Materials Safety Research Division 18
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Low Chrome High Chrome
Carbon Steel Carbon Steel

T YT e e AR
L AN SNANSE RN

Flow direction

; Diablo Canyon - Feedwater
é? - (H. Crockett and J. Horowitz, “Entrance effect”, presented at FAC 2008, March 18-20, 2008, Lyon, France.)

KAERI
SRR XIEA AR
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Entrance effect

2-inch Schedule 80 (OD = 60.3mm)

Flow Direction No trace of Cr 0.14% Cr 1.25% Cr

Note —the 0.218 inch (5.5 mm) wall went through in 40 months of operation.

Calvert Cliffs — Moisture Separator Drain

%Q (H. Crockett and J. Horowitz, “Entrance effect”, presented at FAC 2008, March 18-20, 2008, Lyon, France.)
- /KAERI"

PSRRI AR
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Concentration profiles

Susceptible Material Resistant Material

1
T

y Fully developed

_ , Ay / Ac = 1/grad (c)
concentration profile

Flow direction

Tttt
AAANAAALY
AAAAAALALAS

T
T

A

Note the length of arrow represents the concentration of iron species

(H. Crockett and J. Horowitz, “Entrance effect”, presented at FAC 2008, March 18-20, 2008, Lyon, France.)
FAC rate = 2K (Ceq - CS) = 2KAC = k (CS - Cbulk) = kA,

® For high Cr alloy, C., is low, concentration gradient is low and hence FAC rate is low

® For carbon steel, C., is high, concentration gradient is high and FAC rate is high

® At boundary of dissimilar materials, abrupt concentration gradient is introduced.
(amount of flowed ferrous ion is small, vigorous dissolution occurs to fully developed

concentration profile and in order to reduce concentration gradient (A’))

®Acceleration by galvanic effect and weld bead(step) induced turbulence

. /KAERI
DI QI X} 2104 5
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CHA 22 Material HEALR
No. Sys. ST Size (in) —
From To =5
1 BD DMZR CD 3 A-312TP304L FAC/E gs M |o|Z22 8F
rosion ggk 2 =g 8
SA106B © °n =
2 CD COoP GSC 20 A53 B FAC/Erosion @&k BA1  |}storzZ =0l
3 FW MFWPp SG A 16 SA106 B FAC/Erosion Q&t B |s}stotZ =0
4 ES HP TBN HTR 6A 12 A53 B FAC/Erosion 9t 2 |FACQ} Erosion X}0| 7 )
FAC2} Erosion X}O =
5 o 9 HTR-6A D/A - - FAC/Erosion @&t 24 f ol T
AL 2 2)
6 BD VBD-2A VBD-3A 25 SA106 B FAC/Erosion Q&F 241 | TR|QRFAIAl 0f
7 MS VMS-20A & | VMS-20A & 30 SA106 B FAC/Erosion Q&t M |==7| FAC ¥
8 CD CEP B VCD-10B 18 A53 B FAC/Erosion Q&k 2 |K2 FAC ¥t
9 FW IFV-3503 ™ | IFV-3503 & 4 SA106 B LEZA A} E2 Control Valve &
10 DRN | ILV-3605B A |ILV-3605B & 8 SA106 B LEZ A} 29| Control Valve &
11 DRN | ILV-3605A & |ILV-3605A & 8 SA106 B LEZ A} 29| Control Valve &
12 FW VFE-32A ® | VFE-32A & 4 SA106 B Lt A} 9 Check Valve Z3t Ct
13 FW HTR 6A - - SA106 B AL 29 F2t87] X =&,
14 CcD HTR 2A - - A53 B A 29 HT7r°“'7I SH &,
15 BD DMZR-1 DMZR-2 2 SA106 B LA 29 A7 2FE BO| LAl
16 FW FE-3503 M | FE-3503 & 4 SA106 B LEZ A} 29 QE|IA ZMX| ZEt
r 17 VT HTR-1A D 4 SA106 B AL 22 Q| mA S

Nuclear Materials Safety Research Division

23



o

N

N

< ur

N

LS

o ~

1|

Rl o

mo IH

"

q =

R o zl

= .._Ano ==

nl | ~N

N <
.__Ano_u__=_ = .A___= —

ar N = xr
sl & A____ N IH
mR ~Hnup ok ER—
ofr ru - i —TIH T
|r_”_0._ X0 *__. n ad = —

s aTE ATm M RE R,
TR Z@o gOlkgrm  Wor B
WEW olpmWgemnTm  NE Na
S m xom YRS NRygy W WA

S I 160 Hn <™ AaKo X

R 10 — O T = Mg Mo
— IOkl I Bl K %0 1 fol o R0 |*7_u oy
_u.xm KO < I OTlJuh._lor___.mEcﬂmoMo o ml_.lllluﬁ_
=~ 2 I K ol 551701 0 3 ofn B o _A_o_Lu_umiu___E
RO~ oFao X rouo M0y TR R0 RIT L RUTI
Ok ofr & ol == | I g o 30 = =
A0 20 O = o M5 551 T g g - KU R0 g XN
Immon_oy Mom.uﬂw___:s_ouoﬂnwmeA i%ﬂm K
P Ik B F e g 080
T oy WO T Sy PR 5 B er T M
o E g WSS ST RE Ty
CHTIKOR NN X N TN X 5 x T HNE

1ol T S oF NINIRIMH ofr T RONIND + " goiE & Holr &

! I aD T

[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ) [ ) [ ) OL

S D g

N ~ N =

.‘_w\lﬂ

Vi

]

Atomic Energy Research Institute

S

g

Koi

24

c
2
i)
=
o
-
O
_
©
Q
3
(4
L
©
wn
1%]
.©
p—
(7]
s
©
=
—
©
Q
O
=
=2




® FAC 20} &% A4

o
EL
on
= —
v o
()
K Ell
o -
@) ofl
< ~
LL.
15 ﬂ.
o 9
N A
o u g
KIr ™ s
S or <
ol oA
or D
RO =T p
1 <
____o._m___ﬁ“m_o
= <"
S O ol
-~ O o
N ©
a2 o
H &
TH
o__.cx
- 0
N & m.
Al W ofd
= O 4
ol & R
oOF x 1l
H S S
N

= 1.9 FAC B 7t

<

g~

- /KAERI

SHR QX201 A8

Korea Atomic Energy Research Institute

25

c
o
0
=
(&)
=

O

_

©

Q

%
4
L

©
N
u
©

p—

]
s

©
=

—

©
ko]

(]

=)
=




Background of FAC

A FAC rate=K(C,y -C
(Ceq ~Co) 2-(Ceq -Co0)
D FAC rate =
Co FAC rate =2— (C, - Cs) {3 +£+1}
I - & K D k
Co_ Direct dissolution FAC rate = 2k(CS - Coo)

3Fe + 6H* = 3Fe?* + 3H,

N deolut ® When oxide is passive, Co, D and Cs decreases = concentration gradient in diffuse
ndirect dissolution

<UuUol1elluaduod Uuol snodlo{>

-Fe;0, formation layer (AC/y) decreases - FAC rate decrease
veta | o fzﬁgjfm gHz ® \When oxide is porous, Co, D and Cs increases = concentration gradient in diffuse
* ’ layer (AC/y) increases > FAC rate increase
~+&s ® When flow rate increases, diffuse layer length () decreases > concentration gradient
< in diffuse layer (AC/y) increases - FAC rate increase
3
i?:cli: BU”( Water Coq = [Fe(ID)6t = pH? (Ky[H FIGIH ]+ Ky + Ky /[HY) )
ess) COO 1
0 % : diffuse layer FAC_pase = - 8- (Ceq - C°1°) _ St RAl
> gt a=0-(f+p) 775 i

<Distance from pipe wall> | .

*Total dissolution = direct dissolution + indirect dissolution = 2 x direct dissolution | # =z 100 e 70

E=F,(T)*F,(AC)*F (MT)*F (0,)*F (pH)*F,(G)*F(a)*F,(NH) ) e [ B

® FAC Of Cfiet FekelAet 7HE M el ko Lol A= Ol3iot1
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o AH|Fd : 7I¥7|, == (271), =t=t*d 3, 5|H
(271), G gt7| (271), =rE=(274), D ¥H
=, 2% HIA|(DO, CT, pH, DH), 0| B §H4:X],
-.?-%*HI, gfstE T LHZEEL chiller, test section

o OMHN|A : e CCTV 2™ HMAEK] 7|

xt gl xa o} L4 391 o1
_,_" a1 x 2& (20161 32 &3) Test section
(/I(AERIT

PR XA

Korea Atomic Energy Research Institute
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B piagram

R e i)

Vent On

T (Yo @ wt1 level

] 35.29%|

sv I

HH 75.0%
H 70.0%

-
. mm Water tank

Ja =

2, nol

@ PUMPFROMWT1| @fiow from wtt to wt2

<Monitoring and control display>

w2 level

2 pressure J

w2 gas temp
ad___26.0C |

w2 wter lempl

» EEEXTY | v I

L] rovas
%
rovou

P = EEEIT D

s
@ ionexBresingiffp| @ ionexAresinditfp| @ ionex A fiter siffp
ey KTV | v TN

.- mm Feed water
m v
& INT 0.00000E+0j

Chemical tank {—QEH:

=

Alarm List... - N
@l
ALL Alarm
Clear
.
z o e
3 162.2¢C | M2DE

<o 31 R

- Ion exchanger

< KAERI
SHR QX201 A8

Korea Atomic Energy Research Institute

A

@ maxnhea(evk':l Heater
SPY PUWP @T | I I
= HOLD
|____2.0A]
== D
o STOP
Pressurizer ..
ey
=<¢—== 0o TEST SFCTION 1
e
o
e o . Test section
L 2 T
. o
Injection pump » .- o
e @___o.0ma]
— | sv I
EETTT @ injection pump flow |njzstion pressure @ fuiinket temp hx1 outiet temp
= I Py —1
rv IIEEINEY T
S s Let down
_ Level Control | o = |
L || [—— | Water
ey TR -
@ ooolingtowerin temp (@2 coning cut e 1 neal S/ Statie
@ 2s.s¢] PV
v IS,
: Heat exchanger
over
T— o
2
v
wi |2 vmele  wnole cile  wrzcow
o v_jpv_ 2 00| 25us/cm |
E ION EXCHANGER| @ _ FHTOIONEX| @ DOTOIONEX| @  TC1| @ CONTOIONEX
s INET | py B 1.1us/cm |
S HeCiNex| I paeis Gt 0 il ionex ION EXCHANGER| @ PH FROMIONEX| @ DOFROMIONEX| @ 4B FROM ION EXn ex
pv IETRE | ov IO PV_ OUTLET | o, YT - G F’.;D;l' S99 0. 1=/ cm |
cwir 1 @ TC! @ T @ TC1
o HH BPERUNAL | RO TAK] o ey - IO - I
i 23.4L/m
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-~ Waveguide™ -
_Transducet

® SHAY (ME2E: 150k F: 107|2) 3Kt 43X =
1) 10 m/sec 50 days test (1200 A|Z})
2) 12 m/sec 50 days test (1200 A|ZH)
2) 7 m/sec 50 days test (1200 A|ZH)
° 22 test section HA|, HZE U HASAES Soll FAC 7|, I =T M= 0™

i

IR RXAEEARN
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L K J H G F E D C B A
CH3 CH2 CH1
= e e el l-l<_ Flo
50 126 126 50 50 | 47 50 50
100 440 'I |‘ 250 d 100
Thickness
5.7
FAC 1*" 5.65
#dS5FH ~80 pm | _ *°
E 5.55
‘E‘ 5.5 Ww_d‘
£sas | e it A bl
g 5.4
5.35
5.3
5.25
200 400 600 800 1000 1200
Time [hr]
FAC 2%} waveguide
o — 5.6
Z8EM ~130 um 7
712 Al
Q2 20% Z7} ° u2 UT 3 o=
e 60% S7} UT 2315 dA
@ 2N F
et BreY
/') 5.2
KAE:; e 2I;)0 400 600 800 1000 1200
[ o ==Y} 23091Q )
Eeiol‘ffEir!y?e‘se‘;h?sti:ﬁ: Tlme [hr]
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o1 7| 2

ALY YXIE 21X X 2o B B
= =X AHQIZ|AZL(CASS)I} AHQIE|I AL 2™ E(ASSW)
> SQUF 1k} A|E Lj C}2=9| CASS T ASSW =X

CASS : FH|2H(WdH, Framatomed)
ASSW : 22 Z(WHA, Framatomed, OPR/APR), & 7|Hjj &t

AFX Zl - austenite matrix + 0-HIEIC|E

T ZEOIA Y| M0 2 o1l 2359}

CF8M - heat A (119% ferrite)

> 0

° UAAF HEFAH -

2 B8 => 1IN E78 ™M

Austenite phase (y) +

Ferrite phase (u)
Phase decomposition in

/J\ ferrite phase

o' phase (Cr rich phase)

10.9 * 0.4% ferrite fraction

o phase (Fe rich phase)

Unaged

Aged

o
¥

Z

)

¥

g
ZD

o o

[+]

)

&

(]

55

hase (70~80Cr)

25Cr

;

TR

Cr
at%

« phase (Width of o’ phase : 1~10nm)

KAIST
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% CASS & ASSW in NPP

= Widely used in Westinghouse-type plant
= Centrifugal casting = Static casting
» RCS main piping (W) > Pipe fittings (W)
»PZR surge line » RCP body
= SS Welds > Pumps and Valves bodies

» Operating temperature : 280~330 °C

LWR CAST STAINLESS STEEL COMPONENTS

Type of Number of
c:_:mponems__ ) Casting Grade Plants Comments
Reactor coolant pump Static CF-8 . Type F in 61 plants
body CF-8M Type E in 15 plants
CF-8A Type C in all BWRs
i W Coolant piping Centrifugal CF-8A 20 44% of Westinghouse plants
CF-8M 7
Coolant piping fittings Static CF-8A 27 All Westinghouse plants
Surge lines Centrifugal CF-8M . Some combustion
engineering plants
Pressurizer spray head Static o S Westinghouse plants
Check valves Static CF-8M . Some Westinghouse plants
Recirculation piping Static CF-8 . BWR plants
2 @ ’:‘:'!1.. fittings CF-8M
=
\% Control rod drive Static CF-8 . Some Westinghouse plants
Surge Line g 5 Stainless mechanism housing
v— Steel Weld , )
- Core internals Static CF-8, CF-3 . PWR and BWR plants

"% i o|j{ et KAIST

KYUNG HEL UNIVERSITY 4




|

% CASS / ASSWOJ|AM{2| AL

Analysis by field-ion atom probe shows
segregation of Fe, Cr, and Ni.

50 —
G
¥
©
'O‘ [l } 1 _l i ! L | i
25 —
= i
#
©
100 —
2 e TN, M
F
_t_; -
- KRB, 280°C-12 yr
1 | i | Il I 1 l 1 ,,J
o 6 12 8 24 30

DISTANCE (nm)

Spinodal Decomposition in Ferrite in
KRB BWR Pump Casing
7y 7 0|t

KYUNG HEL UNIVERSITY

CF - -6-“
=

70 @

U d 8 Chromium a

60 nage o Nickel
2 50
o
S 40 Co
,g} ) . 1
e 330mFk N5er T 1 -L
g M.’" -._-IJ_'IL TR : ' .‘T'I ._.1”'. l-. IF X
O 20 T11 4 ] J-'LTI_- | L | &

= a el . A -.‘ | o
10 [ o 1 be
vl I R s el ke \CTERI IR
0 ] ,ﬂ. ! % B d® U PReW Y Y
0 20 40 60 80 100 120 140 160 180 200
Distance - 50 lon Blocks
70 )
a Chromium
60 Aged 7 o Nickel

Composition %

40 60 80 100 120 140 160 180
Distance - 50 lon Blocks

Atom probe chromium composition profiles of the

12% ferrite weld using a 50-ion block size, through the

(a) unaged ferrite and the (b) ferrite aged at 343°C for

20,000 h. Phase separation into iron-rich and

chromium-enriched regions is evident in (b), showing
larger chromium deviations.

200
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< Decrease in Charpy impact energy for CASS

Estimated RT Charpy-Impact Energy, Cy,,, (J/cm?)

&
£
o
S
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w
T
@
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=
I
a
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£
5
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o
b=
5
m©
=
Z
i

I T l T '| T l T I T l T ] T T 'l T
i ¢ CF-3 Steel A
& : O  ANL i
i >  EPRI
: A GF
: v NP
100} “h N ™I -]
B i : <o FRA E
; v b
i C, = 870Fc098 P
- Lower-bound Curve -
10F : + e s e
Eon sy e fovge 0] ree L oage o Yo e ] i I S|
0 10 20 30 40 50
Ferrite Content, Fc (%)
T T ! T I T T '[ T I T I T .i T I T
i i CF-8M Steel (Ni <10%) A
I i i O ANL |
[ Westinghouse
i A GF
H v EdF
L6 e e < o ey e S e NOMHL e ~
- - o FRA E
B = JNES ]
C, = 1650Fc'35 |
Lower-bound Curve i !
10-_.............." ‘ _1___‘_“ =
. bt 4 1 4 3 i § A
0 10 20 30 40 50

Ferrite Content, Fc (%)

Estimated RT Charpy-Impact Energy, Cy;.,, (Jlem?)

Estimated RT Charpy-Impact Energy, Cy/.. (Jlem?)

100

10

) T e S S . i S B ) O (L (T
- i i ! i CF-8M Steel (Ni 210%) A
i O ANL .
: (> Westinghouse i
A Ringhals :
H v EdF
100— - NOMHL deeee —
[ H < FRA ]
H _ ' 4 25:
10~ C,, = 820Fc¢ ]
[ Lower-bound Curve ]
i L i 1 i ' i L i L i 1 i L i L i Ll ' 5
0 10 20 30 40

v = 385Fc 081
Lower-bound Curve

L i L ] I i L i i i Il

T I T T I T T T 1 T I T I T |

i i ; i CF-8 Steel:
o ANL
> Shippin
A GF
v EdF
B MHI
< FRA

gport

I S e U o0 ¥ |

i

| 'l
30
Ferrite Content, Fc (%)

Ferrite Content, Fc (%)
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+» Decrease in J-R curves for ASSW

.1200 rrrrrrrrrrrrnrrTroerrrrnrnrrd i LI I |
 Austeniic SSGTATIG Welds 1 o] 2 [ RS SMAWaGe 1T 1 F ]
| Tested in Air £ - 1N

111 T — v O

8001

J (kJ/m?)
[#)]
o
o

400

200

5 P J=40+83.54a0643
: : : . . : - 0.45 :
0||||Il|||Il||ll|||||||l||||||||l|| ) - i I J_11?aa . 1 ' =
1 1l 11 1 1 ||I||||||I||||I||||I||||

D
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
Crack Extension (mm) Crack Extension (mm)
Mills GTA weld 427°C MHI Japan 325°C

Argonne 288°C o :
4 308 Unaged A 308L 6.8% ferrite Una © 308L 9.0% ferrite Unaged
. . ged o

4 308 10,000 h at 400°C ) A 7.7k at 400°C : ;8E :} iggog

MHI Japan TIG weld 325°C ) 308 6.1% ferrite Unaged e 40k at 400°C
©  316L 8.0% ferrite Unaged o 19k at 400°C X 316L 8.0% ferrite Unaged
© 316L 40,000 h at 300°C A 308 5.2% ferrite 10k at 400°C 40k at SOODC
° 316L 60,000 h at 300:0 Mills 427°C _ A 60k at 300°C
o 316L 40,000 h at 350°C 4 308 6.8% ffarrlte Unaged v 40k at 350°C
¢  316L 60,000 h at 350°C 4 10k at 400°C - 60k at 350°C
o~ 316L 10,000 h at 400°C Hale & Garwood 300°C b 10k at 400°C
a  316L 20,000 h at 400°C o 19.9L 5-9% ferrite Unaged : igt a} igg:g

Y. Open Symbols: Unaged o 1k at 400°C a
y Sol0itin m

i . 10k at 400°C
Closed or semi-closed Symbols: Aged
KYUNG HEE UNIVERSITY y g 7 KAI ST




<+ CASS / ASSW E F| 2}

T8 ofe| ¢

5%

CASS & | o}

=

F8 Zut

ASSW & F 3}

P.H. Pumphrey and K.N. Akhurst

(1990)

.

300, 350, 400 °C & =|3}
AT L B 25

M.K. Miller and J. Bentley (1990)

300, 350, 400 °C & %[}
A0SR e ME

K.B. Alexander et al. (1990)

F2 21
343 °C/20,000h & |}
AT S 2817t 0

G 44Tt EHSI2 & O SHH g 08 4
ol
A O

rio
ro

H.M. Chung (1992)

400 °C €3}

*JlIh:':F =0, BrAl/6 o

tele 4=

D.J. Gavenda et al. (1995)

400 °C/10,000h & F 2}
AT G BT FQ Ol
Eto}2o| MA/ME: dak O] &l

S. Bonnet et al. (1990)

300<T<325 °C: Q=250 kJ/mol
325<T<350 °C: Q=150 kJ/mol
350<T<400 °C: Q=100 kJ/mol

T.R. Leax et al. (1992)

300-400 °C ¥ |3}

- S =~
2O ol Sled H=

B.T. Timofeev and Y.K.

Nikolaev (1999)

250-425 °C S| 3}
Weld: Q=341 kJ/mol, CASS: Q=235 kJ/mol
(cf. Cr diffusion Q=240 kJ/mol)

F. Danoix et al. (2004)

300-400 °C ¥ %|3}
AT 2o UG HE

D.J. Alexander et al. (2000)

343 °C/50,000h & | 2}

Amjg R 96 4 AE B

Zhao-Xi Want et al. (2011)

400 °C/3,000h %3}
Au_l_LEEF —|—O

H. Abe and Y. Watanabe

(2008)

335 °C/8,000h & F| 3}
AL LB 2840 2|8t mottled contrast

C. Pareige et al. (2011)

350 °C/72,000h & %S}
GMME

B.S. Dutt et al. (2011)

350, 475, 550 °C & F| 2}
S22 A9 (350,475 °C)0f| A ALl =
2 2ol Fa 3307

K. Chandra et al. (2012)

335, 365, 400 °C/20,000h & |3}

DE 2D HROM AT 2l 2ol
Cr-rich EFQ}':' 2 oADK 0*%

G &f 2 400 °C EF2}0j| M T
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< CASS €F 2} HAF/d "W7IH (NUREG/CR-4513 Rev.1, 1994)

* ANLO|M SA0|H X[, eI

Input
Composition| &
Casting Process

CMTR

FE M
O /| Oy

o eld o= E HMA

Ferrite Lower- Bound J-R Curve

Estimate Ferrite

Content

Lower-Bound J-R curve
for Ferrite Range

: Estimate for unknown composition
Input Service
Temp: & Time
y
Y Input Service

Y

Service Time

Y

Initial Impact

Input Initial
nerg

Impact Energy.

Estimate Initial |

J-R Curve
Sat. J-R > Sat. J-R Curve &
Impact Energy.

njtial J-R Unag

Initial J-R Curve
Unaged

\&\Telyl\;/

N

Min. J-R Curve
Unaged

'

Sat. J-R >
—nitial J-R Unag

Min. J-R Curve
Unaged

y
I Estint1aEte Sat.& Initial Impact Energy |[N _ nitial 1mpact
mpact Energy = 160J )
J-R Curve l nerg Temp:.&Ilime
1 Min. J-R Curve Estimate Initial J-R
Unaged Curve
Estimate Service

Time Impact Energy

Estd. J-R >
Jin. J-R Unaged— > Curve & Impact
Energy

Initial J-R Curve
Unaged

N Initial Flow:
Stress,

Y

Estimate Service Time Flow Stress,
Yield Stress & Ramberg-Osgood

Min. J-R Curve
Unaged

Parameters

Estimate for known composition and service history
1

Estimate Service
Time Impact Energy
& J-R Curve & J-R Curve
N  Service Time J-R | N Estd. J-R >
~nijtial J-R Unagedr—

Z |t
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» CASS &F 3} AXM ™71 X (EPRI TR-107521, 1998)
= EPRIO|| A Generic LR Technical IssueZ F| &

Does the CASS

Component Require Aging No >
anagement Review 2
High-Mo Material Low-Mo Material
(CF-8M) (CF-3)
v v
Was the Was the Yes
Component Cast Component Cast —
Centrifugally ? Yes l No Centrifugally ?
Can the
No Calculated or measured
) No delta ferrite content Yes ,
be shown to be less
than or equal
! to 20%0 ?
Inspect component location in
accordance with plant 1SI and Do the detected
evaluate detected and sized . and sized flaws satisfy Yes
flaws in accordance with 3640 g he flaw acceptance Criteri |
flaw acceptance criteria of IWB-3640 ?
SAW/SMAW weld defects
Repair/replace No
component
Continue to operate 1
component within the current of
licensing basis
y 2 8| jj 8yl KAIST

KYUNG HEL UNIVERSITY
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EPRIZE SAHC 2
) Beyond 60 =

Table 3-1 R&D Gap Priority Results (Continued)

| O

| High Priority R&D 2502 E&

| M=2HAQ A=A ZE| = =X =2 ZH(MRP)

Priority
Gap ID Description Status
No. Gap Descrip R R2 R3
(2008) | (2010) | (2013)

Assessment Gaps (Table 3-3)

P-AS-13a | Thermal & Irradiation Embrittliernent Synergistic LTO High High High
Effects on GASS

P-A5-13b | Thermal & Irradiation Embrittlement Synergistic LTO High High High
Effects on 35 Welds

Z |t

KYUNG HEL UNIVERSITY
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Materials Reliability Program:

Pressurized Water Reactor Issue Management Tables -

Revision 3 (MRP205)

2013 TECHNICAL REPORT
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< CASS 8! ASSW XH7| e
= O/ DOEQ| LWRS ZZ 17

Attachment A

Long-Term Operations Issues Tracking Table

DOE-NE Light Water Reactor Sustainability
Program and EPRI Long-Term Operations
Program - Joint Research and Development

Plan

Issue ID Issue Primary Issue Sub-issue Detailed Description EPRI LTO EPRI DOE-
(New) D Description Description Status Program LWRS
[old) (Other)
7 New Primary Thermal aging of | Investigate fundamental mechanisms of
Item Systern Metals | CASS and thermal aging on ferritic-austenitic
added | Aging Stainless Steel stainless welds and CASS materials at LWR
in Welds temperatures and the effects of thermal
2013

aging on mechanical properties and
corrosion resistance.

These are R&D projects to support the technical

management programs.

Z |t

KYUNG HEL UNIVERSITY

Sufficient

basis for the aging
information exists to submit a SLR
application, but continued R&D projects are needed to provide informed

insights for aging management, inspection intervals and repair/replacement
decisions.

12

April 2014
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PI:

SEES

Dr. T.S. Byun (PNNL)

< ok=t= PI: Prof. C. Jang (KAIST) e KAIST
Task Description Lead
Aging of CASS | Collection of CASS materials, aging treatment
specimens preparation & scheduling, long term aging T.S. Byun (PNNL)

Aging of ASSW
specimens

Procurement of austenitic stainless steel welds,
aging treatment preparation & scheduling, long
term aging

C. Jang (KAIST)

Mechanical
characterization

Mechanical testing of aged specimens: tensile tests,
Charpy impact tests, small punch tests, fracture tests

T.S. Byun (PNNL)
C. Jang (KAIST)

Microstructure
Analysis

Analysis of second phase precipitates using high
resolution TEM; segregation analysis using SEM/EDX

T.S. Byun (PNNL)
C. Jang (KAIST)

Phase stability
simulation

Thermodynamic calculation for phase stability and
precipitation behavior during aging treatment, and
other long term behavior predictions

C. Jang (KAIST)

Mechanism studies

Correlation between operation temperature aging and
accelerated temperature aging, deformation and
fracture mechanisms of aged materials

T.S Byun (PNNL)
C. Jang (KAIST)

KYUNG HEL UNIVERSITY
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AP EE - 2

2 E7| @A 30| 2|3 CASS W ASSW| 04| X 3} £

= FF 0] ofot O|MF= Hat HIt .
> TEM. FIB e Grain structure, fracture surface
> SEM/EDS analysis (size and orientation

> APT (PNNL 28) distribution, elemental partitioning)

o
« o3} 7|0 ChSH O3] U 2A X2 « Precipitation examination (a’, o, G-
Aoisl/Saet A LALO] CH3H B Xt= phase...)

—

TEm=TT ekn ferrite ASe ™ s .
Ferrite fegriusphasc (e

211- 200 D
. 2 Avktentin
011 | h ( Austenite

B=Z=[011] .‘. Austenite

220509
020-</

B=7=[001] [PLIT 0
Z) g3t

Ferfite

e *101 .
1 101 « |

g d
. B=2=(111]




+» Test materials

= Austenitic stainless steel welds
» ER316L and ER347 welding rods (ASME SFA 5.9)
» GTAW (gas tungsten arc welding) with build-up welding process

= Thermally aged at 400 °C for 10,000h in air environment

316L weld(11 vol.% ferrite) 347 weld(10 vol.% ferrlte) éEMHna’q‘éJ 316L weld

OMimage', . % .~ 1 . "OMimage g 2
' d-ferrite'phase . |-O-ferrite’phase |

GETS ey

Matrix :y-phase | |2OHM| Matrix : y-phasé 20&“\ EBSD image

Table : Chemical composition and ferrite contents of ASSWs

. . Ferrite contents (vol. %)
0
W% Fe cr NI c Si Mn Mo Nb Schaeffler diag. Phase fraction
ER316L Bal. 18.4 11.0 .008 A4 1.7 2.6 - 11 12.3+1.2
ER347 Bal. 19.0 9.0 .045 4 1.5 2 7 10 10.0+0.4
&y BuHiot KAIST

KYUNG HEL UNIVERSITY 16




0
0

AL EF 2]
= ER316L weld (In ferrite phase)

100
In ferrite phase
80
------» &k Z_
_|ne scanning § 0
g
E, ~ Cr
As-welded 20+ Ni Si M
condition i
[ A A AR
00 1l0 2'0 3I0 4|0 50
l:)istzmn::eI nm
100 1 1 1
1
In ferrite p.hase: .
80 I 1 1 1
2 e e ol
S s0d 1 I I I I
e 1 1 1 1 1
£ 40 4 Slze:§~12nr11 | | s
] 1 A I/A A \ LA L
R
at 400 °C for I I | NisjmMn |
10,000h o bameml e e T
0 10 20 30 40 50
Distance, nm
8y Bt KAIST
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AP EE - 2

< Effect of thermal aging on tensile properties
= ER316L weld : inc. strength (~100 MPa 1), dec. elongation (~7% |)
= ER347 weld : inc. strength (~95 MPa 1), larger dec. elongation (~16% 1)

o o o
Y.S. at 25 °C U.T.S. at 25 °C Elong. at 25 °C
900 900 - 60 -
1 Test condition : air, 25°C 1 Test condition : air, 25°C Test condition : air, 25'C
] Ageing at 400°C for M Ok h,[__ 15k h,[__110k h Ageing at 400°C for B Ok h,[__ 15k h,[___ 110k h Ageing at 400°C for I Ok h,[ 5k h,[___110k h
750 - o 7504 (E - . 50 -
[ o e e |
= 1 = v " i
600 £ 600 s W
£ " - £ %7
g g g A7 }
2 1 & ] 2 30 : : '
® 450 - o 450 5 :
3 : g ) 7
> ] 3 ] 20 - | : |
300 = 300 -
‘: : ' 1 ’ : ' 10 NI
ER316L ER347 ER316L ER347 ER316L ER347
") o o
| Y-S.at 320 °C U.T.S. at 320 °C Elong. at 320 °C
900
Test condition : air, 320 C I Test condition : air, 320°C s air, 320°C
1 Ageing at 400°C for @ Ok h,[ 15k h,[___110kh ] Ageing at 400°C for @ Ok h,[ 15k h,[___ |10k h 1 Ageing at 400°C for @ 0k h,[ 15k h,[_ 110k h
750 - 750 50
© | g 1 |
s s . ]
£ 600 £ 600 S 40
D > 4 = 1
= H I = -‘2-
] % 1 . > 30 -
L 450 - ; 450 - ! : s ]
i i . . —
_ % o
ER31 GL ER347 ER316L ER347 ER316L ER347

ol oyl
) KYUNG H[E!J.I'\I IIIIIII 18 KAI ST




AP EE - 2

o

» Effect of thermal aging on fracture resistance
= ER316L weld

> After thermal aging, significant decrease in fracture toughness
» Saturated after 5000h ageing at 400 °C

Fracture toughness at 25 °C Fracture toughness at 320 °C
1000 1000
F “ [ Test material : ER316L
i As-welded condition L Test condition : air, 320°C
800 [ Jic = 453£21 kJ/m? 800 | Ageing at400°C for 00 Ok h, A 5kh, [> 10kh
I O L
“g - Aging for 5,000h “c - I As-welded conditiozn
2 Jc=253+8kim? | 3 ) Jic = 275£23 kJ/im
- O
: 2P NE n
> BN 2 — Aging for 5,000h
g 4 : g o J = 15446 kJ/m?2
£ i Aging for 10,000h e - c= i m
- e =227+15kIm?| = A % @AA
200 | 200 | :
I Test condition : air, room temperature [ Aglgg for 10,000h 5
r Ageing at 400°C for 00 Okh, A 5kh, [> 10kh : Jic = 147£27 kI/im
0 il b i 4 s b i 4 4 4 1 4 4 3 i 1 4 & 4 s 1 i 4 4 4 0 U R T TR Y S TN Y SN TR Wt
0.0 0.5 1.0 15 2.0 2.5 3.0 0. 2.0 2.5 3.0
Aa

2y 70| ot

KYUNG HEL UNIVERSITY
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\/

< Effect of thermal aging on fracture resistance
= ER347 weld

> After thermal aging, little change in fracture toughness
= Despite similar ferrite contents, resulted in difference thermal
ageing behavior

— Tensile ductility change E& J-R resistance change

Fracture toughness at 25 °C Fracture toughness at 320 °C

1000 1000

- [ Test material : ER347
> A . Test condition : air, 320°C

soo B& [% 800 | Ageing at400°C for O Ok h, A 5kh, [> 10kh
" ! >
--.E.. [ > Y e NE 60 [ -
3 600 : As-welded condition 5 600 >k P
= Jic = 455493 kJ/m? A - ; w

. © \ g

2 400l Aging for 5,000h B 400l : As-welded condition
- - Jic = 369+1 ki/m2 = » a Jic = 329465 kJ/m?
= W, Aging for 10,000h > i Aging for 5,000h

200 - 6§ Test material : ER347 Jic = 42272 k/m? 200 | Jic = 275+27 kJ/m?

Test condition : air, room temperature .
_ . Aging for 10,000h
R - ESsesenbeilatataabatdulatd; ol Jc5288FLKm?
0.0 0.5 1.0 1.5 2.0 25 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Aa Aa
28y 28| or

KYUNG HEL UNIVERSITY
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7

< Fracture surface after J-R tests for as-welded and aged specimens

As-welded ER347

o

Thermal
aging

7 \

Ductile dimple fracture

Yy Bt KAIST

KYUNG HEL UNIVERSITY 2 1




« CASS PH3f0l M2 AFEY H} oS

m O|AIE M
L O /| O

> Flow-stress ratio, R¢ (Rf = (Gf,aged/ Gf,unaged))
> Yield-stress ratio, R, (R, = (0ysagea/Oysunaged))

» 0| =4 (e.g. flow-stress ratio, CF-3 steel)

R =090+ 0.05(P — 0 +2.9) atRoom Temp. 0 = 3.3 for Ts < 280 °C
Ry = 0.87 4+ 0.06(P —6 +2.9) at290°C 6 = 2.9 for 280°C < T < 330 °C
P = log;o(t) — To1 s (T — 6%) 8 = 2.5 for 330°C < Ty < 360 °C

Q = 10[74.52 — 7.200 — 3.46Si — 1.78Cr — 4.35Mn + 148N — 61(]

= O|=Al (e.g. flow-stress ratio, CF-8M steel)

Rf =0.77+ 0.10(P — 6 + 2.9) at Room Temp. where, P: Aging parameter
Rf =0.69 +0.14(P—6 +2.9) at290°C t: Service or aging time (h)

— _00Q 1 T : Activation energy (kJ/mole
P = logy,(t) 19.143 (TS+273 673) Q 9 ( )

, T, : Service or aging temperature (°C)
Q =10[74.52 — 7.2060 — 3.46Si — 1.78Cr — 4.35Mn + 23N]

[U.S. NRC, “Estimation of Fracture Toughness of Cast Stainless Steels During Thermal Aging in LWR systems,” NUREG/CR-4513, Rev.1, 1994]

3y B KAIST
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= Flow-stress ratio (CF-3 steel)

=y

B

-y
w

=y =y
=y (%]

—
o

o

Flow Stress Ratio (aged/unaged)
©

[=]

| | | | | | | |

Tt [ttt [ttt ] Tt T L ] T ]
I CF-3 Steel . - CF-3 Steel .
— Room Temp. ] -— 290°C N
F o ANL 1 F oo ANL ]
T =2 FRA 7 I 7
C o B ] C o ]
r o Q - — = |
T L2 o8 g;ﬁ; & o8 T+ T ° g ° 9% = =
., Sl o8 BI~E ° ] - ° Bo ° 1
r o b~ o, b T 8 o 950 Ro o b
I & & 8 ] r o © 8 i
L ) o - t o s] -
L Ratio = 0.90 + 0.05(P—©+2.9) . Ratio = 0.87 + 0.06(P-8+2.9) J
L 1.00 = Ratio = 1.10 i C 1.00 < Ratio < 1.08 i
< 3 I L1 I L1l I L1l I [ C 110 } [ } L1 I [ I [ R
0 1 2 3 4 5 0 1 2 3 4 5

Normalized Aging Parameter (P — © + 2.9)

= Flow-stress ratio (CF-8M steel)

Normalized Aging Parameter (P - 0 + 2.9)

- — - -
F-9

-

=

[ CF-8M Steel ]
I 200°c ¢ ]
o ANL IO ]

Rafic = 0,69 + 0.14(P-8+2.0)
1.00 = Ratio = 1.24

Flow Stress Ratio (aged/unaged)

=

Z |t

KYUNG HEL UNIVERSITY

L I T T T T I T T T T I LI I LI B B
- CF-8M Steel ]
— Room Temp. o .
F o aNL P o ]
oA FRA a ]
r o 3‘6‘:0 s _* ]
r n & § 4, a7 @ ]
d 2% % L Sl ]
E 1 & ;ﬁ-‘g"&o @ E
r _ attaa, o \ J
L A L AALE pR - i
B & " B
r Ratio = 0.77 + 0.10{P-8+2.9]]
N 1.0 = Ratio = 1.19 ]
F 10 I L1 I L1 I L1 I L]
0 1 2 3 4 &

Normalized Aging Parameter (P — 8 + 2.9)

23

0 1 2 3 4
Normalized Aging Parameter (P — 8 4 2.9)




X ¥ 2o wE AT EE Hel o|sH (IES)
2 X 4 — — —
» ASSW EF|210f [}E QUXEL H3l o|SUH VIES
A — = H
= ASSW 7t 3ot QI A1 24M (e.g. SS 316L weld)
Test temperature Material Condition YS (MPa) UTS (MPa) Elong. (%)
60LGa As-welded 416+4.24 555.5+7.77 50.35 +0.91
(SS 316L, GTAW) 343 °C / 5,000h 452.5+14.14 591+1.41 40.842.12
25 °C
c0LGd As-welded 428.75+10.96 592.3+0.56 403+1.83
(SS 316L, GTAW) 400 °C / 5,000h 512+28.28 669.5+6.36 33.35+8.83
60LGa As-welded 331+1.41 423+5.6 27.24+2.54
(SS 316L, GTAW) 343 °C / 5,000h 344.02+0.76 449.83+3.64 24244112
320 °C
coLGd As-welded 326.3+2.26 437.75+13.36 2454212
(SS 316L, GTAW) 400 °C / 5,000h 376+5.4 500.74+9.63 19.64+0.41
>
= 0|4 (e.g. SS 316L weld)
Test "
€s ang 55 316L Weld O Flow Stress Ratio
temperature Comelider . Rf Ry 1a (kaisT) ¢ Yield Stress Ratio
G‘ - ——— Curve fit for Flow Stress Ratio
343 °C / 5,000h 2.837083 1.0735975 1.086538 < R IO Curve fit for Vield Stress Ratio
25°C g1 s
400 °C / 5,000h 3.698970 1.1566525 1.194169 3 B
&1 100 £ Ry <1235
320 °C 343 °C / 5,000h 2837083 | 10528515 | 1153846 : -
400 °C / 5,000h 3.698970 1.1481448 1.235300 i
M @ = X+ 0.
> Flow stress ratio $ .
g 100 = Ry <1193
Rr = 0.8268 + 0.0916(P — 6 + 2.9) o
) ) 9 =29 for 330°C < T, < 360 °C
> Yield stress ratio =23 for Ty > 360°C

NG HLE UNIVERSITY Normalized Aging Parameter (P- 0 +2.9)

Ry = 07337 +0.1254(P =0 +29) Do 2as s as s as s




Q3taAH
. HjE 8
> i

Axisymmetric model

Total number of nodes : 3,480
Total number of elemets : 3,332
Elements Type: DCAX4

(A 4-node linear axisymmetric heat transfer
quadrilateral)

Elements Type: CAX4R

(A 4-node bilinear axisymmetric quadrilateral,

reduced integration, hourglass control)

LT
{11777
{7
{11778

Y F oISt

KYUNG HEL UNIVERSITY
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-1 O
1ol EE0HE A

3D % model

Total number of nodes : 25,662
Total number of elemets : 22,660
Element Type : DC3D8

(A 8-node linear heat transfer brick)

Element Type : C3D8R

(A 8-node linear brick, reduced integration,

hourglass control)

25

KAIST



26

e | —e
. *le—E I2=d #Hat 1
20 L= AMz=s38 B2 4o
Sx(et0f [ME Y5 Hets 1Aoiot7| 2[ot0] ArZANEe| Ex T2 1 H
=TI [ I EY H cior/| o ArEA Exo=z
(user subroutine program for thermal aging embrittlement) t/d
USP-TE REV3for + X USP-TEREV3 for + X
% (Global Scope) “t% (Global Scope)
===========c===c=c==c=c=-----------=-m--m-m-m--m----m--—-m---ooooooe
G USER-SUBROUTINE PROGRAM FOR THERMAL AGING EMBRITTLEMENT (USP-TE) S ——
= SUBROUT IME UMAT(STRESS, STATEY,DDSOODE, SSE, SPOD, SCO0, RPL, DDSDOT, SUBROUTINE UHARD(SYIELD,HARD, EQOPLAS, EQPLASRT, TIME, DT IME, TEMP,
fl DRPLDE, DRPLDT, STRAN, DSTRAN, TIME, DTIME, TENP, DTEMP, PREDEF, OTEMP, NOEL, NPT, LAYER,, KSPT, KSTEP, KINC, CHNANE , NSTATY, STATEY,
B DPRED, CHNAME, ND |, NSHR, NTENS, NSTATY, PROPS, NPROPS,, CODRDS, B NUMFELDY, PREDEF , DPRED, NYALUE, TABLE )
El DROT.PNEWDT,CELENT,DFGRDO, DFGRO1, NOEL, NPT, LAYER, KSPT,
KSTEP, KING, TABLE ) INGLUDE " ABA_PARAH. INC’
C
IMCLUDE " ABA_PARAM, IMC* CHARACTER+B20 CMMAME
C DIMENS|ON HARD(3), STATEV(NSTATY ), TIME( +}, PREDEF( NUNF IELDY),
250 —a—\WRS 350 ——WRS
O WRS+NOP, w/o TE. - -E—-WRS+NOP, w/o TE.
200 3l 300 || WRSHNOP, w/ TE. (14.03yr)
—&~ WRSHNOP, w/ TE. (14.03y1)
S WRSHNOP, w/ TE. (28.07yr)
150 [ -e—wrstNoP, w/TE 2807y | /e e | | -
—_ O-WRSINOP, w/TE QBOTVIY e Ty | e —_ - WRSHNOP, w/ TE._ [400yr]
g s WRSHNOP, w/ T.E. (40.0yr) @ 230
100 | — EEEg TR | | =
S =
200
50 W
: 2
= o =
el w 150
= =
R S Y 1 T . G - S
100
< =
-100
50
-150
=
200 . . . \ 0 . . . .
02 04 06 08 10 0.0 02 04 06 08
Normalized Distance from ID to OD (x/t) Normalized Distance from ID to OD (x/t)
» 2M9 A
L
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=

HITC Holder —)-\

W-panel

Guide Structure
Suppert System
Holddown —-
Ring
alignment Key
Tie Rod 1 delflel efiiet |2 CEA Shroud
ol = lal[l1e] 2 lolfilel : to
| N e e assembly
D H¥ Upper Guide
Structure
Barrel
Upper Cuide —|||}4 M

Structure
Assembly Outlet Nozzle

j < Shroud plate = < Rib =
Control Element — | )
G?l?d;uTuLb; © = ™ Guide Lug
\ Fuel Alignment
/[ I Plate
Core Support
Barrel [ ‘!
[ 3\ Core Shroud
1 b < Top plate =
Snubber Lug [ :l
\]Eﬁ { T D

Lower Support
Structure

—

< Bottom plate »

A Core support/internal structure assembly

Y 70|00t
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< CASS in Korean NPPs (YS Chang, 2002)

Identification Plant A Plant B Plant C—1,2 Plant D—1,2
RCL Piping SA351 CF8M SA351 CF8A SA351 CF8A SA351 CF8A
RCP Casing SA351 CF8 SA351 CF8 SA351 CF8 SA351 CF8
CRDM Housing SA351 CF8 N/A N/A N/A
SA351 SA351
Internals CF8/SA CFS/SA N/A N/A
Valve Body / SA351 SA351 SA351 SA351
Bonnet CF8/8M CF8/8M CE8/8M CF8/8M
oty

KYUNG HEL UNIVERSITY
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