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Investigation of Steam Generator Tube Stress
Corrosion Cracking Induced by Lead

Dong-Jin Kim', Seong Sik Hwang*, Joung Soo Kim™ and Hong Pyo Kim’

ABSTRACT

Nuclear power plants (NPP) using Alloy 600 (N1 75wt%, Cr 15wt%, Fe 10wt%) as a heat exchanger tube
of the steam generator (SG) have experienced various corrosion problems by ageing such as pitting,
intergranular attack (IGA) and stress corrosion cracking (SCC). In spite of much effort to reduce the material
degradations, SCC is still one of important problems to overcome. Especially lead is known to be one of the
most deleterious species in the secondary system that cause SCC of the alloy. Even Alloy 690 (Ni 60wt%,
Cr 30wt%, Fe 10wt%) as an alternative of Alloy 600 because of outstanding superiority to SCC is also
susceptible to leaded environment. An oxide on SG tubing materials such as Alloy 600 and Alloy 690 is
formed and modified expanding to complex sludge throughout hideout return (HOR) of various impurities
including Pb. Oxide formation and breakdown is requisite for SCC initiation and propagation. Therefore it is
expected that an oxide property such as a passivity of an oxide formed on steam generator tubing materials
is deeply related to PbSCC and an inhibitor to hinder oxide modification by lead efficiently can be found.
In the present work, the SCC susceptibility obtained by using a slow strain rate test (SSRT) in aqueous
solutions with and without lead was discussed in view of the oxide property. The oxides formed on Alloy
600 and Alloy 690 in aqueous solutions with and without lead were examined by using a transmission
electron microscopy (TEM), an energy dispersive x-ray spectroscopy (EDXS), an x-ray photoelectron
spectroscopy (XPS) and an electrochemical impedance spectroscopy (EIS).
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Table 1 Various test conditions, elongation to rupture and SCC ratio for SSRT test of Alloy 600 HTMA

at 315°C.
. Elongation to| SCC |pH(315°C) b

Environment rup%ure ©) | ratio P 1\EIULTE) 0 Y Remark
-0.01M NaxSO4+0.01M NaHSO4 64 16 5.5 Acid
-10,000ppm PbO addition 40 57 8.7 pH increase
-H,O 56 0 5.8 Neutral
-10,000ppm PbO addition 30 83 7.9 pH increase
-0.01M NaySO4 49 0 7.5 Slight caustic
-10,000ppm PbO addition 26 81 8.6 pH increase
-0.1IM NaOH+10,000ppm PbO addition (Deaeration) 24 78 9.9 Caustic
-0.1IM NaOH+10,000ppm PbO addition (Non-deaeration) 35 48 9.9
-40wt% NaOH - - 10.9 Strong caustic
-10,000ppm PbO addition 63 25 10.9 Relatively less susceptible
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Table 2 Various test conditions, elongation to rupture and SCC ratio for SSRT test of Alloy 690 TT at

315°C.
. Elongation to| SCC |pH(315°C) b
Environment rup%ure ©) | ratio p 1\EIULTE) 0 Y Remark
-0.1IM NaOH+10,000ppm PbO addition (Deaeration) 55 1.4 9.9 Caustic
-0.1IM NaOH+10,000ppm PbO addition (Non-deaeration) 54 1.4 9.9
-10wt% NaOH+10,000ppm PbO addition (Deaeration) 6 99.9 10.4 Highly caustic Very
-10wt% NaOH+10,000ppm PbO addition (Non-deaeration) 8 99.9 10.4 susceptible to PbSCC

Transaction of the KPVP, Vol. 5, No. 2



SHRATEE AL 2=t s wA ¢
oEtth muA, Hih $HTAFIAPA0] e
AR e & o 2, oled AupAsE
o] & ol 23 Alloy 6909] 7% A 7]l A
=5 gARARY APo| ok UE 5 9
o

ol UE dFdrz AF7I6A Alloy 690°]
pbsceell FoFsiAl vehd gy Axrh oyt
o]# gk Alloy 600% 6909] TFHE AE-E NiCr
H&9] 5:17 2:19) & Apolol|A] HIEE o] Lhglu)
FAT F58 AsY Ao, F-2549] polg} A
7l #Ho] I Aolth old YaAE FH2Q

80

T T T T T T T
o B600HTMA, PbO
70| & 600HTMA, PbO+NiB 4
e 690TT, PbO

o S0FL 4 690TT, PbO+NiB A ]
[0
§ 50 |- -
o
=] AN
X 40} _
e Tg
c
S 3t O T 4
=8 O
5 20| i
m

0L 690TT

0 1 1 1 1 1 1 1

0 2 4 6 8 10 12 14 16
pH(315°C)

Fig. 4 FElongation to rupture as a function of the
pH obtained from SSRT test in various
solutions at 315°C.

©
S

T \\ T T T T T T
80 - 4
70 4
-—
6o L oxide | Alloy 600
2 —-—0Oxygen
= 50 | —o— Cation Cr B
S —0— Cation Fe
B OF Cation Ni 1
Q —— il
gl Cation Pb ]
o
o
20 |- B
p-0-0-0-0-0-0-0-0
L & __oOa ©0-0-0-0-0-0-0-0 ; o B
10 g:f‘\fg—\ o\//,‘ o- & 0-0-0-0
of MRS ARSI ey~ SENEUIRE
1 1 1

1 1 1
0.00 0.02 0.04 0.06 0.08 0.10 0.12
Distance / um

Fig. 5 TEM-EDXS analysis for the in-depth chemical
compositions for the surface oxide layer
formed on the TT Alloy 600 specimens in
ammonia solution with PbO+ NiB at 315°C.

A77F asich

Fig. 4= go] #71E Sdd F2 442
NiBEY S W SSRT A¥E Fdl fojx 4
& Z439E pHell W} 218 Aolth Alloy 600
7 Alloy 690 5 NiB7F 719, dalgo] b
Z F7HsE Alloy 6009 7%, 9F 12~20% 71
Ho, Alloy 6909] 7% 59014 20%= Sl T4
=k

Fig. 5% PbOS} NiBE FAlo ¥ gxuo}
Bool|x F9E kst tigk 2Adatolth PbO
ok AH7bE A9k @], Nidl d¥e] wol JiE
AL, Pbe <Fo] Bo] 7hAEIHTh

Fig. 62 do] Hr/ld dxrjo} £Hd NiB7}
gt 9 w YAH Akslo] il xXpS

T T T T T
[ 10 sec sputterin: o— PbO 7

éj&/&é —&— PbO+NiB

7000

6000 |

PbO

§
5000 ¢5
;

4000

Intensity / CPS

> i
éﬁ)%\ Metallic
3000 |- © & i Pb

8 @ oy

2000 &
1000 %

Alloy 600(PbO + NiB)
! .

o
141 140 139 138 137 136 135
Binding Energy / eV

Fig. 6 X-ray photoelectron spectra of the surface
oxide layer formed in the leaded ammonia
solution without/with the NiB inhibitor

70 T T T T T T T
60 | —a—PbO+NB]

50 -

2

40 | 4

T *“/e”e“ 1
PO o

20 A .

-Imaginary Impedance / @ cm'

0 10 20 30 40 50 60 70

Real Impedance / Q cm’
Fig. 7 Nyquist plot obtained from the -electro-
chemical impedance measurement for the
TT Alloy 600 immersed in the 0.1 M NaOH

solution with PbO + NiB at 315°C.

=t 7 7)1 28ke] =5 A5d A2E 20093 1249



A Axoltth kA TEM EDXS Z2#3$} frAKs}
Al NiB7} 7=, Pbe} PbO2] o] A Zk
gt

Fig. 7& PbOQJr NiB7} 7‘<47}Q 0.1M NaOH -
0“01]7\1 HAAAEE sPHA A& Nyquist ploto]th

SHd Fig. 39 Ao} wash, wut Hrhe 39
Eﬂ- Ao ke Bol S7IsktE E3 inductive
loope WERIA] @i=t) o]2RE kalule) g
g 5/do] $HFAWE WA v dyg #
AE 2k

[e]
[€
D Tl Y 5 i

4. 4 B

L Alloy 6009 3. o] 3719 4T 4
Z

oA FHEHFAE Lol WAsHA vehdth 1Eu
- 7:]61: H 78 Qalo s 7hasis 7
F= ES&E} Alloy 6909] 2%, JtjAo=
ofgh °L%]ﬁﬂ°ﬂ % SEFATE WS AY
VERAl AR, g gl A= v Wz
g g R] SEFARE 5SS YEth

2. PoO7} H7FEW, 4kl passivity 7} o

=
st om, Ay o] FxAch Eatk Ni
"3%4 Ao F=HA

NiB7} A7HE W, §7] SR ARz
o] AFE AAFEGE dFEAS 5 BEE)
9] AAAL reference > PbO + NiB 7} > PbO

7 NG ol $HRATY AFY AT
Qg
£ 7|
B Qe Aepleist Feske A48

1. J. M. Sarver: EPRI Workshop on Intergranular
Corrosion and Primary Water Stress Corrosion
Cracking Mechanisms, NP-5971, EPRI, Palo

Alto, 1987, p. C11/1.

Transaction of the KPVP, Vol. 5, No. 2

10.

11.

12.

13.

14.

15.

M. L. Castano-Marin, D. Gomez-Briceno and
F. Hermandez-Arroyo: Proc. of 6th Int. Symp.
on Environmental Degradation of Materials in
Nuclear Power Systems-Water Reactors,
Diego, CA, Aug. 1-5, p. 189(1993).

M. D. Wright and M. Mirzai: Proc. of 9thint.
Symp. on Environmental Degradation of Materials
in Nuclear Power Systems-Water Reactors, Newport
Beach, CA, Aug. 1-5, p. 657(1999).

R. W. Staehle: Proc. of 11th Int. Symp. on
Environmental Degradation of Materials in Nuclear
Power Systems-Water Reactors, Stevenson, WA,
Aug. 10-14, p. 381(2003).

F. Vaillant, D. Buisine, B. Prieux, D. Gomez
Briceno and L. Castano: Eurocorr 96, Nice, 1996,
p. 13/1.

U. C. Kim, K. M. Kim and E. H. Lee: I
Nuclear Materials, Vol. 341 (2005), p. 169-174.
M. Pourbaix: Atlas of Electrochemical Equilibria
in Aqueous Solutions, Pergamon press Ltd,
1966.

HSC Chemistry, 6.0.

T. Sakai, S. Okabayashi, K. Aocki, K. Matsumoto
and Y. Kishi: CORROSION/90, paper No. 520,
NACE, Houston, 1990.

M. Garcia, AM. Lanch and C. Maffiotte:
Contribution of Materials Investigation to the
Resolution of Problems Encountered in PWRs,
Fontevraud III, Sept. 12-16, SFEN, 1994.
AM. Lancha, M. Garcia and M. Hemandez:
Proc. Int. Conf. on Chemistry in Water Reactor,
Nice, France, Apr. 24-27, 1994(SFEN, 1994).
S. S. Hwang, U. C. Kim and Y. S. Kim: I.
Nuclear Materials, Vol. 246 (1997), p. 77-83.
J. R. Macdonald: Impedance Spectroscopy, John
Wiley & Sons, 1987.

F. Vaillant, E. M. Pavageau, L. Legras, F.
Delabrouille, J.-L. Bretelle and D. Gomez-Briceno:
Workshop on Effects of Pb and S on the
Performance of Secondary Side Tubing of Steam
Generators in PWRs, ANL, USA, May 24-27,
2005.

http://www.lasurface.com

San



