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A Discussion on the Mechanism of Primary Water Stress Corrosion
Cracking of Alloy 600
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Advanced Nuclear Materials Development Program,
Korea Atomic Energy Research Institute,

P.0 Box 105 YUSUNG, TAEJON, KOREA, 305-600

Characteristics of Primary Water Stress Corrosion Cracking of Alloy 600 nuclear
steam generator tubing material were reviewed on the basis of literature data.
Thermodynamic characteristics and effect of hydrogen overpressure, behavior in
water and steam phase, and the effects of important variables, such as microstruc-
ture, temperature and stress and strain, were focused. The classical theory of Slip
Dissolution and Film Rupture model, and Hydrogen Embrittlement model were
found to be inadequate for the thorough explanation of PWSCC. Models proposed
recently to overcome the difficulties encountered by the classical models, included
Void-Linkage model, Internal Oxidation model, Corrosion Deformation Interaction
model, Creep model, and Selective Dissolution-Vacancy-Creep model. Theoretical
background and coincidence with experimental evidences of each model were dis-
cussed. Existance of grain boundary cavities near advancing crack tip is in contro-
versy among different researches. Dependence of chemistry and structure of Alloy
600 surface film on the corrosion potential, which has to be revealed by further
research efforts, may be helpful for understanding the mechanism of PWSCC.
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Table 1. Chemical Requirements of Alloy 800
(ASME PV & B Code Section I SB 163 UNS
N06600)

. 1 Manga- Chromi-

Element | Nickel | Copper | Iron B18% | carbon | O
nese um

Composi- | 720 |, o o 16.0-10.0|1.0max.p.15max 0
tion, % | mn. 17.0

Silicon | Sulfur

0.015
max

0.5max

Table 2. Mechanical Properties of Alloy 800 Tube
(ASME PV & B Code Sectionll SB 163 UNS
NO06600)

Mechanical Tensile Yield

Elongation
Property Strength Strength &

requirement {552 MPa min|241 MPa min| 30% min

+

Aol Aok 242 3L waas
(deaerated demineralized water) &1 w]g 2] N,
H, ¢ NH; =% morpholin 52| amineo] %%
go} Uk, 143 £23e W dASA FAS
T oy 23E £3e A5F AT egel
BT FE YT LAY Bl 2AHE B4
oM gole, Fole wi Pb 5o Begel ¥
B5o HRBol UT A4 EAVE F2T
7t Ut

Alloy 600¢] %7147 HE# HEz Hd
A olft 4Ads aFANE VIAYE of
Yeb 48 Wra S48 Uehyr) beelth
gurAel Z7|w47)e HAFHe] 40delER
FAES 7HEE7) AsME AT Tl
gAHojol @t 22y HAEE Alloy 600
A Boj] SCC(Stress Corrosion Cracking), pit-
ting, IGA(Inter Granular Attack), wastage%s
Ttk Aol fusHe FLAAVIAER
9] Bale sgAsE 4HY T &AL JHEH
g 2 949 8¢ HI Ao wEkA
2717 AG#H F4E 4AsH AT &
2] ¥4 (maintenance) 7] &2 /AE HEAA

Table 3. PWR Primary Water Chemistry

Boron. ppm 300(as required for re-
activity control)

Lithium, ppm 1.0(consistent with sta-
tion Lithium program)

Chloride, ppb <50

Fluoride, ppb <50

Hydrogen, cc(STP)/Kg H,0 25-50

Dissolved oxygen, ppb <5

Conductivity, S/cm at 25°C 11

pH at 25¢C 6.9

Sulfate, ppb <50

Suspended Solids, ppb <350

* Contents of born and lithium, pH, and conductiv-
ity are representitive values among different
plants.
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Fig. 12 Alloy 6002] PWSCCr} A3l =

potentials Lypical of
deneraled environments,

OXIDE FILM and IGSCC
arrows indicate an increasing
sensitivity to cracking

( PHE potential
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‘with dissoved hydrogen(10/30 bars)

ON OXIDE FILM
NO 1GSCC

PEO RIS I IITIIIIIIY VY /T VY II

N
[_“NEUTRAL™ ENVIRONMENTS | : [ *CAUSTIC” ENVIRONMENTS ]
SiableCr oxides : Cr veru soluble
AN

~9/10
pH at 300/320°C

Fig. 1. Effect of pH and Potential on the Surface
Films and Sensitivity to IGSCC of Alloy 600"
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Fig. 2. Percentage of IGSCC on the Fracture Sur-

face as a Function of Applied Potential vs. SHE®
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Fig. 3. Effect of Hydrogen Partial Pressure on
PWSCC Susceptibilty (time to 30% IGSCC)?
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600 LTMAR T 938 PWSCC AL et
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Fig. 4. Ln (da/dt) vs. 1/T for PWSCC Crack
Growth Rate of Alloy 600 for Initial K; of 60 and
80 MPa ym 3V
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Fig. 5. PWSCC Failure Time vs. Stress. Constant
Load in Pure H,0, 365°C %"
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Fig. 6. Comparative Crack Depths During the Slow Propagation Stage in CERTs (5x 10 %sec™!) and Con-
stant-Load Tests (Primary water at 360°C, H2 . 700-800ml/kg)
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Table 4. Crack Tip Strain Rate Formulations,
Stainless Steel at 288°C%?

Constant Load

€, =6x107" K*(€ in sec™'4)
K =Stress intensity(Ksirm root in )

Slow Strain Rate Tests

éc‘=€'app(T/G cracking)
=5éapp(I/G cracking )

ot
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29 AER 7t Aol7t U ol {7l #EEY
ol A sulfide ¢F W&olzt B sulfide 29
E7)olA SSRT under controlled potential ®}
Hoz g i(t)3E ol B3] A} FEA
HEees 489 2 dXFgS ALt
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Fig. 8. Comparison of Experimental Crack Growth
Rate with Slip Dissolution and Film Rupture Model
Predictions"
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23 2 24

PWSCCol t}3} slip dissolution 2= 4
HAgrdo] FAGE 7Hdo HdIHM N2z B
dgol o AgEA. 71FAE(vod link-
age) 2, U 4t3) (internal oxidation) EW,
BAWY AS A2 (corrosion defomation inter-
action), A (creep) =W, MEigs]-71F-2Y
(selective dissolution-vacancy-creep;SDVC) &
g So] AgtH whrl ok £ FMe T E
Do o239 =g APFTAN A AN
waxogzg pAs BuA ot

2.3.1 7|12 992 24 (Void-Linkage Model)

Y. Shen # P. G. Shewmon%'h 332 3.2
1% FAEHVINAM Y FATAT B9
$48 A 27 wgto|ArIFE A AT
HAolzte AY2HE Ally 600dAME FAS
g7l AEE ¢ gl Aetste] Alloy
600 ZAP A ogk 71Fo]l YL o5 "
7)ol FAXE vhgol 2sir PWSCCr A

19

M,

#gale 71F3FAR 2d g ARt FALE
o dFeH S Wi Ax AAHAAN AFH
A 71Fel BH

o osia Mz FAAE WNEE FHFEA
PWSCC #E8xam£x g sjAstat. Alloy 600
PWSCCeoll ™i@ 7leddsde oex 2o
(Fig. )

— FEEDAA F AU A =
Hog fugacity’t & F47F HHHA F
v Foll =kt

— Alloy 600 71Xoll Hig g5 Y&
gaot $£470 Wgste] FEBTAAA TMAE
ARG A wWg A Fo] FHHH.

YAE 9 Nigde g
3

H e

— AxgAel ¥48 vAdslEel FHYA
2RYA Baee Bael Az AZE.
~ gdead QWS vAsIFe] A=

s A wdel AsEch

AN

Hz0
+
H,
b
c
H;0
+
H,
d

Fig. 8. Schematic Diagram of Void—Linkage
Model ; {a) nucleation of A bubbles by the slip im-
pingement on the grain boundary, (b) nucleation
of B bubbles between existing bubbles, (c) contin-
uation of the bubble nucleation processes, and (d)
bubbles linking up to form IGSCC fracture.?®

Qost A4l osd Fu MPa ol 4e] Fo
yretd & Tixe ot 13y A4 2 4L
V58 Reg /Ul £3F| slip lineo] HA
A e FelA 713 4ol £3E ¢
Q= 7tEAE k. PWSCC g &Y £
3k replica TEM el 93H #EEY 20
pm ZolAx AFPA 71Fe) BRIHYG®
TEM #3273 Type A, Type B ¥71x /9
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2.3.2 W5 4tE o gl (Internal Oxidation Model )
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233 24 HY AMSEE 2 (Corrosion De-
formation Interaction Model)
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oz AHoHErt JM. Brousiers& dAsE =
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g HygsrEe 399 5~8 A B
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of E G AZ 285kI/mold} FAHHA
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creep, grain boundary sliding, grain boundary
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Fig. 10. Schematization of the Corrosion Deformation Interaction Model'®

24/ AEHrIo DT $2UL EE BeE
3 AL Destel TFe] 44 A
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JE &4 AgAYTe] JNHE 2HYA
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gol zasie ABBAZL BAHUTH o] o
278 A¥Ad 2AR deW 2o ayEd
o] A<t ATH(Fig. 11).
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~ Neckingel ¥olg TdHol: BFBA 7)
Fol Az A= 43P
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dimplege 2HYA 7139 EHelth

J.M.Boursier53& PWSCCol|4] zgo] "%

Z293% WYL HAZ thermal treatment”}
Alloy 6008 Zgel mA = Y& At
Thermal treatment?’} PWSCC A 3gAL =2HA
A7 BE A”HEIE A AL
SRR ZIHEA U AFEFA= 29 A
2 Alloy 600TT o aHHY £=7F Alloy
600MA wo} =ZA BHHAC

AgEdL PWSCCo E& Eg8A4duvix 3
7 g¥ogE4d s 44 Fo Aoy FAAE
#1719 dFE dFs7o e v Fsith G.S.Was
7h At agede gAagwe] £4 ppm o
2 g ANFgeg2o ArE 97 IG cracking
ddE ddgsly] s A= olsfidch.

2.35 MEj83)-7|2-38 Zg(Selective Dis-
solution-Vacancy-Creep; SDVC Model)

T.Saario5%& PWSCC vl¢9 & 484
ol x gke PWSCC w2777} A48 AH(solid
state diffusion) WY& 2ujditi= HAjolzl
e #Fe e E At 12).

— PWSCCe &xxuictAl: ASlEsun S
& Fe oFo] 29 Melx gajyrgolty. PWSCC
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(a)

low strain

(away from necked region)

(b)

intermediate strain

(in necked region)

(©)

highest strain

(fracture surface)

Fig. 11. Evolution of Grain Boundary Damage Ac-
cumulation Resulting from Creep in a SSRT Experi-
ment at 360°C ; (a) The presence of grain bounda-
ry voids at low stress/strain, (b) void link up at
an intermediate strain in the necked region, and
(c) complete failure in the highest-strain region of
the fracture surface.*®
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Fig. 12. Schematization of the Selective Dissolution-Vacancy-Creep Model n
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. Alloy 600 MA
10°
T T T (‘
A
=] :
a
10°° Q.. ﬂ.’:I'S.
~ a i
A
é el :
10 + Rebak el al. 350
5 £ a Rebak et al. 330T
|5 O Jucko et uh. 330
10°M * Cassagne el al, 350°C
4 Cussagne et al, 330C
@ Cassagne et al. 360/400C
[ 4 : : % Lolt et al. 340C
1072 i i i
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Fig. 13. Collected Data of Crack Growth Rate vs.
K. Region 1 for K;<30 MPa /m/, Region II for K;
>30MPa /m, Overlapped Symbols(X & O)*®
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