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A Discussion on Caustic IGA/SCC and Pb SCC of Alloys 600 and 690
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Effects of chemistry and material variables on intergranular attack and stress cor-
rosion cracking(IGA/SCC) of Alloys 600 and 690 in high temperature water con-
taminated by caustics or lead are reviewed. The effect of the most important
chemistry variables, pH and electrochemical potential, is clearly defined for caus-
tic IGA/SCC. Alloys 600 and 690 tubes fail by caustic IGA/SCC mechanism even
under low stress condition at nuclear steam generator operation temperature once
the pH and electrochemical potential conditions are met. It is understood from
electrochemical studies that caustic IGA occurs at active dissolution potential, and
IGSCC near active-passive transition potential. It is believed that chromium plays
an important role in the formation of passive film, and that higher chromium con-
tent of Alloy 690 leads to more stable passivation behavior than Alloy 600. Ther-
mal treatment at 700°C for 15 hours is very beneficial to improve IGA/SCC
resistance of Alloys 600 and 690. It is understood that the grain boundary chromi-
um carbide precipitated during thermal treatment is not the sole factor which gives
the beneficial effect of thermal treatment. Preliminary evidences indicating the
grain boundary orientation as one of dominant factors which govern the resistance
of Alloys 600 and 690 to caustic IGA/SCC were discussed. Alloy 600 is suscepti-
ble to IGA/SCC in high temperature water contaminated by lead in a wide range
of pH from acidic to caustic. Alloy 600 fails by Pb SCC even at very low concen-
tration of lead contamination and at low stress condition. Thermal treatment is
beneficial for resistance of Alloy 600 to Pb SCC. Alloy 690 TT shows better
resistance to Pb SCC than Alloy 600, but is still susceptible to SCC in acidic and
caustic environment contaminated by lead. It is believed that lead accelerates dis-
solution of nickel and iron and inhibits formation of passive film.
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oJits ECP ddo] dF4ai-F5d Mooy
I dHsn vt F, IGAE = &8 239
A, IGSCCe 4= 48-F58 Holxyd Hilq
A A sls ddolt. oo dF AT ol
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2 A dAstn, S5 FHool FAHA ¢A
U Ees Ed REH fge] A= 24
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O Mill Annealed
+ S.A.1050%C /10min
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A 8.A1100C/10min /O\\
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HT. AT621C/18 | 29
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Average Crack Growth Rate, zm/h
—

Specimen Potential (mV vs Ni)

Fig. 1. Relationship between electrochemical po-
tential and average crack propagation rate of C-
rings under three different metallurgical conditions
in 10% NaOH+0.1% Na,CO, solution at 300,
Numbers on figure refer to specimen nos.”!
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Fig. 2. Superimposition of the potential areas for
IGA and SCC on the polarization curves in 10 %
NaOH+0.1% Na,CO, solution at 300°C at a scan
rate of 20mV/min.”’
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IGSCC7t & Aldl= 53 Rol Bl g
tp ASTE  F 22 caustic IGSCC A] & o)
230] 7t AR R Ao A caustic £
Holl A F= Ao o2glo] IGSCCrL LA 3}
Ao FAHAED 100~200mV & B2L

‘OXIDE FILM and IGSCC
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Fig. 3. Effect of pH and potential on the sensitivi-
ty to IGSCC of Alloy 600.%

7HE BEel e B Ao AR IGSCCe 2
Aol A FAHY RAANANE e ¢
Feel M W AzbEer fx)5H IGSCCrd
Ve Aoz oldldr}. o4ozRy IGAS)
IGSCCe 2 YA dgo] 43 285n IGAV}
YA e dYdQME 28 5= &
IGSCC7 24 & + 9= =

Caustic #9719 A &4 g, FagE, L4
g IGA/SCC7} o

[~

e T BEEol #A

A dFE wE AU YHHE Be AF
7b AT 28y g R "B M Fa
%! &

¥ BEHA . WM. Connor Eof 'l
29 caustic Qo] gl= AdHIYME 129%
Na,COs& H7behd 40% NaOH+10% KOH &
def et FAdd Fxo IGA7 BEEHYY. o
Bl d7REe] A YdAEE Re Cr0,e 9
ol th.o 1D Cr,0, o] H7lEW o 91glo] IGA
7t 2A F7ske Asol #EEYY. Fe,0,9
G daides N2 de 2 gisgn o
th. R.Bandy 52"% IGA7I dAlgle Age,

==



Alloy 6003} 6902] Caustic IGA/SCC2} Pb SCCofl g & 395

W. M. Connor £&!V & dafo] gl Ao=
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G. P. Airey,? J. R. Cels %,* J. M. Sarver
T 2% Alloy 600 E#E 621~700C =4
9ol A 9] (thermal treatment) 3lodEo =2
A IGSCC A&@B4YE& zA FAANE F UALE&
olm] 1970 d] o A<t vzl Ao Fig 4=
Alloy 600 MAE 700CelA dxal& 3hdA
dxal A7t whE o 7l 8 (sensitization) T
9] W39} caustic IGSCCo| tf 3t Qlztxe] w3
g Bolm Yuht® of Azt Fol oizte] A
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ABANM 717te FE571A25H Cr 447 8
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W Alloy 6909 7 2ol &= MyCe(M ; Cr rich) 7},
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2" el 27l A g «Wisly JAFHE &
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duslyl Hog JAFHE FZHAdAME Alloy
6002] caustic IGSCC A g Aol =83 Frr}
#t}. Alloy 6002 <vl3 w82 I FEIE
Hqem FAd AYstez odE ¥wes A2
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\
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(c) IGA in the mixture of 40% NaOH
1200
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1] S z I

As 05 1 5 10 50100 500'1000
Heating time at 700T (min)
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Fig. 4. Effect of heating time at 700°C on the IGA
of mill annealed Alloy 600 immersed in the sludge
cup containing the mixture of 40% NaOH+Fe 0,
+Cu+CuQ at 3257T in comparison with ferrite
scope measurements and intergranular corrosion
rates.®
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33 g Fe oy BFHsch TT X
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d718 88 2Rl oA IGA/IGSCCE o
A F Jde od IAx I = gt
9] K. Yamanaka 52! Ni-Cr-Fe #3204
Cr =& 0~30%2 w3lA7]1WA 2807C, 4%
NaCOH &AM F&A03d5 o= AR s
H3l £5& F439ch Cr v=7 15% oy
M e AFFHI S271 FASIH oY 2 9
248 FEAdAE Cr =7 oiXd A F5H
3 &xvt Fglo] F7MgE UL ole
Alloy 6009 A] o 3}7} caustic IGSCCo] 1] %
= FEol FEEA BFHA ge @AY Cr
=7l & Alloy 6900 600E.t} 4% caus-
tic IGA/SCC ¥4 e Uel: @A 1 A
o] X%t 98 dFAHEL Alloy 6009
TT €4elFod 24844 B, P & ExdaE
o] #x7t F7de AEgE Zﬂ‘i’lﬁ}‘ﬂu}. 28
ZRYEA E-dardd w29 IGSCCee] Ato]d
od AoBAE vedE AEEFAY AAEnt
© e Aoz wuHd.

TT dAd oslA  Alloy 6007 6909
IGSCC A &gdol A F4E & UALol &4
ol FEg wIrIFe= REE A AAHA A
Eerg &o] Alloy 6003 6909 IGSCC A &4 &
gaAle AHAY 2 oz FHPHo
7bg ol gk ad ogd AAEe ury

T

o] e HAYA ZBEIEY HZo
caustic IGSCC A A& A7 FHAN
89L ofd AAE Jehle d+dart A
i glol 98 o

F. Vaillant &% Alloy 600 99% AMZ2H
A BAFRL 0.014~0.045% HYNA, MA
EEE 950~1150C HHAA WA oY
FHe A= g AEg Azl 300C
E7ZE& 125~300 MPag] g& X & ey
How AFERHE HEFz: 4% AFEA
Meie de FAYT dzxz ggdsig
thoolE AdH AHE TT €42 & A ¥
AAejdl Al 350°C, A 4tA 100g/ ¢ NaOH £ 9o
A 5,000 ANES He NEE FYToRA
IGSCCe #H7ist g, ol
IGSCC7} ¢4 ® = & oA 3 (omel A
79| 350C gEFPr et E}iﬂ 2 gaaA 7t
AEE ALsAch(Fig. 5 F=).

sHE S

oty = 0.64Y S350 + 50 (1)

of A7 Ade AYYA ZEFVHE 429
Apgro] Alloy 6008 IGSCC H34¢ A 3:
#9% 79 957 ojde dFaT Ak

D. A. Mertz 52 Alloy 690 TTe] 2 & A

H 4 (continuous) AR YA, F4&
tinuous) Z A YA, £ A% (discontinuous) A A
FA SEET AVA MR & FER2 e
caustic IGSCC A 84 & Hrstuch d4&3A
BAESE-S 500u] wi&o] FHAwF BE
A 2REA B3E 2ol d4E g2 B
He A$2A ddrddd Alloy 690 TT7F o7
d #gEy , FASGHEL A 5000 FF
A ©3E HEYAEe d&dE w7t ol
=349 dAz #FEHE 524 Alloy 690 TT
€ 995T 6417t @Aelgte g o) e 27

& & Yo, A% BES HAAHY
AdAAM 2E3G3E HEEe] gle F89 2

(semicon-

al

2

tlo
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020,64

Stress threshold (MPa)
g

0 L
100 150 200 250 300 350 400
Yield stress at 350°C (MPa)

Fig. 5. Relationship between the stress threshold
and YS350°C in sodium hydroxide 100 g/ ¢, 350C
{capsule).”

o] 7} M&EBo] Al FEHT HAIA =2
A vehds 4224 Alloy 690 TT AlHe] W
o 9% ZAHA olF WHE HEFoEA
Huxoz olgige AL UE FUANATH
E A #®o thslA 307C, MAtA 25% NaOH
g4 RUB A|¥ez IGSCC Ay & %7t
d 27 B3E TFAd TAgle EF FLE
Axe IGSCC B &g et

P. Lin 5&% Alloy 6009 ZAYA +&7}
ARYA FAAGH TR FE & &+ A
22 Aosgrt. ol AR w2w A YA
220 o] & coincidence site lattice(CSL) Zd
& 71Foz AA HAAYAF % & TOSL(Z
<29) TEE ZEe AAHEAY vEE YR
A Alloy 6009 ZARARAE 3A AJAAE
4 9t} Fig. 6& ASTM G-282] ®]F ferric
sulfate-sulfuric acid Al 823 ARAFA HFAx
9% e ICSL(Z<29) A3 YA v &) 4u
#BAE Rolm ¢tk Fig. 69 Art & caustic
IGSCC A gAA}E ofyxut AAHA T=71
YA B HE gL 2A HHAH F U
&2 2 FuglyE FAeld. J. M. Sarver T
e Az g gy, MA &=, AE3 A
Z %A (pilgering & pilgering ¥ cold draw-
ing)ez AZAY Alloy 6909] caustic IGSCC &
g 315°C, AArA 10% NaOH 24744
7}A ¢ SSRT Wwoz v Hrado TT

A Sensitized
W Solution Treated

1 Conventional

(1)

(3)
GBE™
Materials

Corrosion Rate (mm/yr)
w
1

0 T T v L v T T M T

30 40 50 60 70 80 90 100
% Special Boundary (X < 29)

Fig. 6. Intergranular attack of Alloy 600 via G-28
test as a function of % special boundaries for so-
lution treated(lower curve) and sensitized (upper
curve) materials.?’

gz gd os) A IGSCC Agdel FHaA F
7hetol BRE YL Alloy 690 TT FollA& MA
257 B2 Ao £ IGSCC AFAEE Y
By e % ddch ®=2® o Axs EBSD
(electron back scattered diffraction pattern) %
Hoz 9 e YCSL(Z<29)E ZH3qv)
Fugds AL BE Alloy 690 AlHoA % 2
& YCSL(X<29)7t 60 ooz Alloy 600
ujglA @A3) A dEd Heolvh AAAA
Alloy 690 o] 6008t} dA A 43 IGSCC
APAe Yl E olfol diallA ZEF o H
7t BEegen, wetx Alloy 6003 6900] 7}
F 9 dxg ol"e @Aglol Nz FA Ao
71 Us % 2e FCSL(Z<29)E uJes ¥
Ao Fuigle Aot 28y AR FEATE
o] Qg g AFe ofd xEHPAER F
APA Fz2 SHFATFE MIggHe] AJod
A e 27 A7 B8 Aoz Aodd}

e

2.2 Pb SCC

Table 1-& Alloy 6003 6902] PbSCCol Wi & &
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Table 1. Summary of PbSCC data

Alloy Environment Loading . Results Reference
- deoxigenated high purity water,|C-ring;0.5% total strain|only¢0.1M  NaOH+0.1M  Pb0O)
323¢C 4,000 hours caused TG/IG SCC of Alloy 690 TT
Alloy 630 TT -pH 1.7~13.0;13 different solu- ' (35)
tions
- 3,000 and 300ppm Pb as PObCl,, | C-ring AB00MA ; IGSCC
Alloy 600 MA |pH 4.5 340C (20, 90, 150% RTYS) |A690TT;general corrosion with (12)
Alloy 600 TT TGSCC little strss effect at high Pb
conentration
PhCl,+PbO pHy 4.5 C-ring(20, 93% RTYS [IGA/IGSCC in both liquid and
360°C 2,000 hours) vapor phase
Alloy 800 MA IGSCC at stresses as low as 20% (36)
RTYS
- 350°C molten Pb SSRT AB00MA ; TGSCC+side IGA(aq.)
f\:;x ggg I%’[,? -1% Pb0 or PbS in|RUB IGSCC(molten Pb) )
deoxtgentaed 320 and 360TC A690 & 800’almost immune to
Alloy 800
water SCC
0~2% PbO C-ring A600 MA & TT;SCC in caustic
pH 3.99~13.82 ’ and AVT water with lead
Alloy 600 5 : .
320, 350°C AB00MA in caustic shows more
Alloy 600 TT (38)
IGA than SCC
Alloy 600 A690TT showes TGSCC in caustic
: +PbO
10,000ppm PbO SSRT mixed TG/IG SCC
Alloy 600 uniforn SCC propagation front (39)
Aoly 690 TT ;2[ 31;1020;%% PbCl, SSRT AB90TT is susceptible to SCD (40)
10%NaOH+1%Ph0 C-ring AB0OMA;IGSCC
350°C capsule AB00TT; TG/IG SCC
izggw&w RUB AB00T; TGSCC o
#A-00 shows significant increase
of IGA
- lead oxide, lead powder, Pby U bend A600 1s susceptible to PbSCC in a
Alloy 600 (PO,),, PbCl, PbSO, C-ring wide range of environment N (2) / re
Ni-Cr-Fe - 288~343TC . Thermally treated or .sensmzed view
alloys - deaerated water, air saturated A600 shows better resistance to| (23)
water PbSCC than A600MA, and showed| (44)
' from acid to alkaline atmosphere | tendancy of more TGSCC mode

HAARE 893 AeEld AHE BHoln .
543 Alloy 600 Agd HfdE Ml dH
2] =4, adlx7 54 wets PWSCC, caus
tic IGA/SCC & &#5¥HdE A%e aA o&
Aok =3 T Bz SSRT, C-
ring, U-bend, & A8 ¥ 87 slzds

of Wty Mz ge 2¥E ved + Ao o
24 Table 19 gk A|Ald o2 FrdHEo]
FEHo2E AR dAsA ¥& 5 dn 29
t Table 19] A8 & F@Hoz 43 o
42 AFe A 7 A

Alloy 600& @ FAzAAA Fegd 9
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ey EH7dA B
ok aela
Bppm)dl M= Fogel osfld &HE
e AgAs Qg aln &5 g 2
o, PbO, PbCl,, Pby(PO,);, PbSO, & t}}d &
3380 oMz SRR AFEe) FHES ¢
%7t gith PbCls ALd A < 10,000ppme] £
A= 71x Y PbO= 320CoA oF 50ppme] @
& g =g 7HRGY 2@ PbCl, ®ake] ofy
2 PO EE & e Mz gHRAFE
o] w3 ole "¢ R FEe Pb*? ol
FEAME wo o3 gHFAFA] WY F
Aeg ddudnh mea 71247 2234 o
Ag zeAe ¢ FE7} 02~002%9% e
e Y fox FHHoZE SERAFEE &
W £ Qe Ph ol2EE7 fAE F USE
& 4¢lch BP. Miglin 541°*® w29 pHy 4.59]
PbCL+PbO 9 g &4 A 20% RTYSY w& §
2P e SFHRAFHo] HFEHUeH, o
Aol A muto] ohel Fr1dell A= Alley 6009
IGA/IGSCC7} @359t M.Helie=* 350C &
§ 2 B97lolM = SSRT Algel osjAl Alloy
6002] IGSCC7} #A4 ¥ + U&L FIJ3Arh
o] ALdE F W AA Aol N2 F Ao
2 Yehle Aoz v L4¥e BEUYSF
(wetting)o] IGSCCE #23dl= Fad AA=A
?__l 2= o_'l_Q__Q_ x“o]-gl.cdx;}

Alloy 6009} PWSCC %= caustic SCCo] # %
de A dslgle]l #de] ZAYAE Edl=
IGSCC #He & uveis 9wH dol 2L9=AE
ALdE= IGA/IGSCC = TG ®&= TG/IG
SCC Y& Jehdiches 2slde] vk AR =2A

A4A ARG 7 AFA AAH=A N daA

24ty & FuEA (2523)9 HAE
BusE ofusEd AL TT Hzlg Alloy 600
o] MA A% ETHE Fogd 9% R4
o g Aol Eow FAol TGSCCE et

@ SCC7F ¢4 g + Ak
_Cr_

S EAE L

i
¢

i

frorir

ZI_:‘

W Age] Z3 ez wudd.

Alloy 690TT+= Alloy 600 MA =& TTo H &
A #9535 243 PWSCC X caustic IGSCC
A gd e veidoh gegel Alloy 600 dE#
°] SCCE Hwite 8 ddgdes o

3
7k gt Alloy 6902] PbSCCol tidt #ug
(5,12,35,37,38,40)2] A& sofsid H44Y £
A719 BEA71AM Alloy 690 TTE 2o 9
A gAFAFL] B ol FILAF
B TGSCCE uerdt. 28y 4e 549
ol PbSCCrt w&HA #e ez #dd
c}.

Pb 9ol Rd waes AYe 1Y 9
7bg 9A BAE 5 s Heol Pl 2@ Alloy
60034 6909 FFEH FH % FF& 549
Astojth. PbitslEe Fostgon ool Wg
ol ¢)dted Cr, Ni, Feg 2spAd & alvh!”

PO+ Ni— Pb+ NiO
(4 Gooe = —25.1 KJ/mol ()

3P0+ 2Cr— 3Pb+ Cry(Os
(A4 Gagoe=—4974 KJ/mol (2)

4PbO + 3Fe— 4Pb + Fes0,
(4 Gapoe=—275 KJ/mol (4)

D. Costa 2% A2 0.1 M HCIO,, 0.05 M H,
SO, 84 0.01~01 M E= 10°~5x105 M
Pbt? o]0 S 9=2le w Ni, Cr, Alloy 600,
6902) A7 R AEL S Hotstdeh 2 23
E g3t Nig gol& 2dd o84 43§
;M7 3A FAEL Cr, Alloy 600, Alloy 6909
HE golee 2gd o dFEae FAEY
o] A=A gttt TS XPS £4E F
Ni #38]H=(Ni-Pb)-§0)2 B3 7} &A=l
Niel &87} A=Y Cr W Ae oozt e
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o] dojupa] &g Agtsidul Ally 600
690 FHL Y Ee %*394 T8 AN A Cr
=7t 57}ﬂ o 2t 22 Nig 343
7} Z718HA) €88 A ¢ }MC} T. Sakai ‘3—943)
A& pH7} 3, 4.5, 7¢1 280°C PbCl, =& =
23 Alloy 6009] EHIZg AES, XPSE o &
sl EA3stgdoh ﬁm‘—‘:r A7t g gl osiA
1/2~1/32 =24 #A239eL 4 & AWz
2] glg OTollE #a=E Cr 370N 24
Hetgy Aol ¢ 2dd oA d% FHs
A BAEAch ol D. Costa To*® At g
oo o8 Ni £8]37 47 430 =3
T. Sakai & Alloy 6009 oj? &add & &
A A2 F 2Fo osi A Nizt Feo] &aj7t
225 #olslgu. AM. Lanch &' 4%
NaOH+0.002 M PbO #3#3 0.75M Na,S0,+0.
25M FeS0,+0.1 M PbO &84 A 49 Alloy
6002] Ewuute £48 dr Pb 2 g9 o
A ghue 247 24 Z4as #&edsich
Alloy 600& Yo go] glox drgis T29
A, B4, B G714 £V 28T
‘o whetA g 9ol Alloy
o WA &

lo

4

HEhe 297100 A
e d8g e Ao o3d
23739 10,000ppme] PbOo| olsiA o E8 A4
] 280~360°C Eo|A Alloy 6002 283274
SSRT A&eoz 17189} 5x10°¢, 2.5x107
1x10°%/sece] Azl A He 43 ‘E‘f‘éﬁE
o g #HAY F gdod, § g 23
1 gdAALEEY A F7EE #@dsdd

320°C 713: 1.8x10'Y%, 1.1x10" m/sec). 1¥
L} AR Ezd e 2R Edseial g
2 125KJ/mol 24 23l ol& ®¥&7 T
o] Wziglol #EAAEEWLE VAU E 7}
g sierE

to o

1

>
b8

F. Vaillant 2% 3507C 10% NaOH+1%
PbO &dd| 4 Alloy 6009 ¢8R agde o
74e Ao doded oA IGAYE A Fohg
& Aerslgdt. M.L. Castano &% C-ring 4
AL of&3led PbOol sy 29" oo
pHe| £Hd A Alloy 6003 630 FHFAF
2¢ H7ig A Alloy 600 MA9 ZAfde
caustic #9| 7| A Fegel EAsH IGA7}
aA Frvistd €3 4749 Bux IGAV o
Fag &£471F7 €& Atsdd. IGAs
IGSCColl ®vlaiA FEeigeto] HARA ¢
=gyt DSt Ao wAIGT e
P. Combrade S#%® B, Sala £9% A&
Zerstvid Pb 2ol o3 Nizh Feo] &%
ol gode] A g T g Ao

e dogd 9% Ally 6003 690
HAdd wer7E g st
U A dAxdns EFEsAE g
% ol &t Alloy 6003 6909 &#&x Zv}
o} FEd AT 549 ¥Wart FH LU
o dedd 9% gFFAHTY
778 T A= HArsEhd Y 9
3 2 &8iA%e] W3 ¢ 59 7

pos

=

S R SR
ol
2
=
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N
2
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N
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Alloy 6003 6902 caustic IGA/SCCe}
PbSCColl M M= #sHol olxie} AAEA <
#te] QL 7)E UyH FIAEE 2A=2
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o @

Caustic IGA/SCCe 718 ZF a3 3s3iy
wgol gool pHe A9 ECPY 43 o
o] A@aA getsel gl ¥} 2EE 9
A FaE dgoy dd FEAY] AEH B
d IFeEHR MELE FHAAE  caustic
IGA/SCCE #¥3tes #eatd xxo] EAF
A IGA/SCCrt 2AE 4 St "Arssyd
& odFd  IGAE  FFE&IMEAAA,
IGSCCe #FH FAZANAM LTS & +
At Alloy 6008 HEejzet HAdd e Cro
Z8% 9% &= Aoz @A"Y, o= Cr
¥%27t & Alloy 6900] 6008 T ¥ F43
B4 Yehle Aldatz YA 700C 15
Al 7} @A ) (thermal treatment)”} Alloy 6003
6902] caustic IGA/SCC AL AA FAA
2 5 Ak TT Ao g FAAFAe ZFdf
EHo g o)fE AR EA Cr &stE M
o2y 4H¥E £ gdods EA7 AANHAL
ARYATZE(% B2 JCSL(XZ<29)7t Alloy
6003} 6909 HA AT & gL F
Aol Felsed o) f Frt A+7 I
83 Aoz #odHh

Alloy 6008 44, $4, 281z 9714 4
7] REAA Pb 2gdleld FHRAFE] 2
Ag 4 glrh. PbSCCE F&4¥uto] ojye
S5 BHY7), B U 8MAME el 7tE
slct. TT A2z Alloy 6002] Pb SCCell il
Agd g ZF7HAAH oA Sd TGSCC FUE
UehlE Agto] A3l FFAHTEd HE
Aol $43 Alloy 690 TT= FAEH 7
= Pb 299 2% LARHFE Aol
ZE% Aoz wd="ay, MY == U4 £
719 M & PbSCCrt LA & = slvh. Pbe &
FLd29 YA & E 2479 3R 35

TAE ZaAE FEe §E #AF £
. a8y &§Hel ¥ gol Ally 600
6904 AH &4& 7t3te 7= wiA
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