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An Electrochemical Study on Corrosion During the Chemical

Cleaning of the Secondary Side of Nuclear Power Plant Steam Generators

D. H. Hur, E. H. Lee, H. S. Chung, U. C. Kim

Materials Performance Evaluation, Korea Atomic Energy Research Institute

Electrochemical corrosion properties of carbon, low alloy steel and Alloy-600 were measu-
red in EPRI/SGOG chemical cleaning solvent developed for dissolving magnetite. 1£ tita-
nium autoclave was used as a test cell in the temperature range of 93 and 150T.

Cathodic reaction for the corrosion of carbon/low alloy steel was hydrogen evolution, the
Tafel constants of which indicated a slightly increasing trend with temperature, in the range
of 89~113 mV/decade. Anodic polarization curves for alloys tested were very sensitive to
scan rate. Metastable anodic Tafel lines which were shown at fast scan rates became domina-
ted by significant increses in current density found at slower scan rates. The Tafel constants
of the metastable anodic lines for SS-41 steel were measured to be 95, 131 and 151mV/decade
at 93, 125 and 1507 respectively. Cathodic polarization of Alloy-600 from the corrosion poten-
tial indicated a diffusion plateau followed by the hydrogen evolution reaction, the Tafel
constant of which was 42mV/decade irrespective of temperature.

Galvanic current between carbon/low alloy steel and Alloy-600 measured by zero resistance
ammeter coincided well with the weight loss data, and also with those calculated from the
polarization curves. Controlling the amount of corrosion within the allowable limit appears
to be feasible during the chemical cleaning of steam generators at temperatures not exceeding
150T.
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Table 12 £ A3l A18-5 Alloy-600, &A%},

SS-41, A7}, SA-508 Cl.3, 18]a £ ¥-H &
wabsty] 9% $HARS sezge welzch,

Table 1. Chemical Compositions(wt %) of Materials Tested

material Fe C Si Mn P S Ni Cr Mo A%
5S-41 bal. 0.052 0014 0.014
SA508C13 bal. 0.199 0.05 152 0.005 0.006 0.987 0.23 0.58
weld bal. 0.10 0.80 0.90 0.030 0.030 1.60 0.15 0.35 0.05
Alloy-600 7.95 0.062 0.28 0.26 - 0004 | 748 16.0 - -
Co Cu -
0.06 0.05
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24 AT E9018M 43 %& shielded metal arc
weldingdted €4 bead® A& 7}¥3tc}. Fig.
12 B Age A4 A5 32 298 AS A
AN E Hoelzdeh, I8 A7)+ 6.35mme X 30
mmel g3 et EAA PN S5 2EAHE A
ol & 25.4mmoX30mm HATell Zoliel &
Ay Apgsigdck. AFE #600 dvpAlefA du}
FE ofd £} ol wb-gol A A A5k AxAIR] Foll
FAE A2 Addd Ak Aol
o= =& Al A3} brushingsll 2 A A5 EH
AEEAL AAsE FAE AN,

Fig. 2 £321¢ ) AH8-8 3.2 3194 Ag/AgCl

s

2% o] A ¢] SHE(Standard Hydrogen Electrode) &
gastelch, AT L A7 0.57F 2ol Im8] HF

<«——— Hex cap

a——- Teflon tube

«—— Swagelok union

N

Stainless steel rod
Heat shrinkable teflon

<«——— Gtainless steel tube

«— Teflon gasket

«-——— Metal electrode

Fig. 1. Schematics of high temperature high pres-
sure electrode holder

—— Metal hex cap
L Metal disc
Type 316 SS back ferrule

~<———— Teflon Ag/AgCl wire holder
—<—-— Ag/AgCl wire

<——— Teflon front ferrule

e

[T J)~<———Swagelok reducing union

Teflon tube

/ Coiled copper tubing
for water cooling

of electrode

e Type 316 SS tube

= __— Swagelok connector w/1/4'
> NPT nipple

| J~——— Teflon tubing(1/4’ 1D.)
Oe—" Teflon holder for zirconia
plug

U\_ . .
Zirconia plug

Fig. 2. Ag/AgCl external reference electrode.
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Fig. 32 93ColH 7 9] #4491 % theh) 2
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728 Nernst2] o2 zagc) 1D

E(Fe** /Fe?t) =0.86+0.074Log{[Fe’t 1/
(Fe? " J}V(SHE) (4)

@. (3), WA0 2 Ho] 29| redox A S
¥ 4 sleh

E(Fel /FeL™2)=0.07+0.074Log{[FeL ™ 1/

(FeL? 1}V(SHE) (5)
".-"‘T‘g:
0
10% EDTA, 1% NgHy, pH 7 by NH4OH
‘5:-‘ 1% CCI-801, 15grFe/L Fe304
vl 93C in Ti autoclave
g =200
> —e T
E
T.P: —400
S -
g T
=%
— 600 g —r
1 #eses pt, no NpHy waaane 55-41
T wwwwn 1600, 10 NoHy  4ppis SA508  adtda 1600
h ssesesese 55-41, no NoHy  FeEpEy Weld 00080 Pt
— 800 T T T T

0 5 10 _ 15 20 25
Reaction time, hours

Fig. 3. Corrosion potentials of alloys in the chemical
clganing solution at 93C(No N,H. denotes that
hydrazine was not added.)
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h 10% EDTA, 1% NaNy, pH 7 by NH4OH

~ 300 1% CCI-801, 15gr Fe/L Fez04

93C in Ti autoclave 2
SS41 electrode - e
1mV/sec scan rate

Potential, mV vs. SHE

HHHEHXT hours, no CCI-801
#4447 hours, no Fe3O4
—900 T Ty —r T

1 10 10 10 10*
Log Id(micro-amp/sq. cm)

Fig. 4. Polarization curves of $SS-41 steel at 93T
(Hours in the legend indicate that the polarization
curves was measured at the given number of hours
after the reaction started.)

AAd e AHE pHE 701927 uhgo] 2133t
o} (1) Aol o8 pH7} S7Fsked 93Tl Al Hb-g-o]
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~566mV(SHE) ¢lc}. we}x Fig., 4¢ &34
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Aol by HAR Pade AEE Fleo
veb 3 glov Tafel 4T3t B.£ 91mV/decade
2A whgA| 7k #AIgle) dA3A A=,
CCI-801& H7lsAl kg AF $3EIHFE
of 104, G5 EFAFE o4 308 S8k e}, CCI-
8012 <3, 43 WS 25 JAAIE FES
¢ ¢ 4+ 2ok CCI-801°] $l& = B, #e ®
L A7 ol FAIGle] 140mV/decadeE A A 3}
A= 9ich,

Fig. 5& FASE 02 F3ET554& Holx
s}, Tafel 44 B, 95mVEA WH-§-A|7k3} F4}
Exo FasiA YAY g2 A=A

B A A el 717 Fol| A& Tafel lined] EAL

4

=

S

10% EDTA, 1% NpHy, pH 7 by NH40H
4 1% CCI-801, 15 gr Fe/L Fe30y
93C in Ti qutoclave
—500 S541 electrode

22 hours after reaction

m

=) R

2] started

¢ 1 __.zz

-

] p

F —700+

=

b i

=3

A i 1 mV/sec

****** 0.1mV/sec
4 HFOEFEO potentiostat
=900 +rrrr—rr T T

1 10 10 10° 10*

Log Id(micro-amp/sq. cm)

Fig. 5. Polarization curves of SS-41 steel measured
potentiodynamically or potentiostatically in the
chemical cleaning solution at 93T.
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10% EDTA, 1% NgHy pH 7 by NH4OH
1% CCI-801, 15gr Fe/L Fe30y4
1 125C in Ti autoclave
1mV/sec for cathode, 0.lmV/sec for anode
2 hours after reaction started
e e
P aalini -
Pt

w®erioe-
1 ___,r_‘-.r_.q—!':_.,- --..‘-u-'.;" e

oy -
—_ 3‘\*

Potential, mV vs. SHE

— - == weld
********* Sa-508 Ci. 3
4 X weld, without Fez0,

10 104 10 10

Log 1d{micro-amp/sq. cm)

Fig. 6. Polarization curves of carbon/low alloy
steels measured potentiodynamically in the chemi-
cal cleaning solution at 125%T,

10% EDTA, 1% NoHy, pH 7 by NH40H
4 1% CC1-801, 15¢r Fe/L Fes04

150C in Ti autoclave

1mV/sec for cathode. 0.1mV/sec for anode
4 1 hours after reaction started

E 00 e EEE T
S

P ]

-
= J

E -4
S —800-
: N
g ———— 85541 ..
A 4 ————=
{4 SA-508 CL 3

—1000 T T
1 1 10° 104 10°

Log 1d{micro-amp/sq. cm)

Fig. 7. Polarization curves of carbon/low alloy
steels measured potentiodynamically in the chemi-
cal cleaning solution at 150C.

fel 4 B #t{mV/decade) & 2F-3A] kel Al o]
A&7 Table 20 A A&k v}e} 7o) 2= gir},
Aledgh A g o] FacdAbgel o gt A e
 dAEa glen 2Rt FopAlel wheba of7k
F7hske 71EE Halrh

93Tl A FFAFHE dhgo] A g ghel wteta]
ashe o] Falo] RS W 150C9 2
Lol M= FHEAFHES) shebaba) 4 23] v
&o) Alg el upeby <kt Frtsle A%o] B
s, AAPe 2AYS FAG et PS5l

Table 2. Cathodic Tafel Constants(mV/decade) of
Alloys Obtained from the Polarization Curves Dete-
rmined Potentiodynamically(scan rate : 1mV/sec)
in the Chemical Cleaning Solution

Temperature  SS5-41 SA-508 weld
93T 9N 97 90
125T 104 102 89
150C 111 113 93

A/ A gEe BASEE AYESYYe R
& Hh-g- A ko] A stgtel wabA] 93T el 4
= FAEErt Faste Agel, 150THME Y
Serl dARZsAY £ G Frtste AEel
A=, WA A A g e pHe 70
Qo Hbg-stR ¥ 45 42 pH= 93, 125, 150
TollA 27 7.8, 8.5, 9.0°1%ch. ol & (6)4
gy AR w9 redox 3477 58,
119, 167mVHE4 stetghs o = sl Al a
$EENA pHIE 3HE v+ Jddong e
pH3t 2. & K-ef A 4bgt A ghol] ojv] & F A& =
W2} ub-go] AP ghol] e by kg2 re-
dox A$7F sl AFE FAscl. 150TH
Aol AR AA-S-9 redox A7} et
ET3t L ub-E A ol & ST AFHEY} S8k
7% G AFT AP ESubgel ogt FA 734
Azlelx odz)ghch, ol Aol A ub-g-Alzte] 3
kel mel £A]QA ke EAGA mast 4}
47 dFd Qe 25X,
FFEFFAL AAY xo FHI}A FALE
+ Za& 5 2ok Fig. 5904
gelslgl So] 93Tl 0.1mV/sec®] W& FARE
Zo A% SS-419) 4 Tafel linee]l FHEHAT}.
it oh 2 5 A Ao & Tafel lineo] & #257
¢kolth. 10mV/secd W& FAMS S o A= Tafel
line®] &Eo] #FE o} HHH B gk A,
HH’-*I Zhell wpet & HAE Veluiglen g A=Y
& dlolelz et ekotel. 125, 150C¢ o
%011 41 Tafel linee] 93C K.t} & A o] 5] %] ¢fglvi,
$S-41 A A 2] B,3k-2 10mV/sec FAb& 2ol A 125,

)
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150Cell 4 ztzt 132, 151mV/decade& HH-3-A] 7ol
ARl dAsH HAHAL. 28k 1~0. 1mV
fsec?] =& FAEZOAME Tafel 712718 7%
7} et & F A Ao d= 10mV/secd] wE
FAE R A E Tafel linee]l 3 A=A Wsicl.
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oA A28 BT FohGl ket £UA T
Tafel lineo] #2s7 sh Ao e Fig.
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29 $334& Fig. 4lA% A3l of2
velol 7} Artgo g A2ubgo] 3L H
alr},

FZAA vehle A2dbge] AS
Sautgglx] e g ofd g AAE Ht
5t7] $13te] FFTEFTAIY Fel 2 H3R(Q=
[i,d) & oh& (DAL o] &3] FAZGZFLR
Argh gt AN E A" AT FA G vagh
Az Ao A FAAseg o FAG S
7 duby Aol o g FA ke 3t AgsiA
Astelch. mebd A2uhee E FTEIIA
2 n% F&o LaueS veule AdE 4 T
sk,

AW(EZAFH34)) =Q/(M/nF) (D
M A=
n: EA7H=2)
0.1mV/secd] FAEEo A 2t Ao} FFES
ZAo 4 A2ubge] AaEE A$(mV. SHE)E
soFsty ohg 3

o2

L
l

o Hm

]
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ubed ghuh, 2 vhell o} & A WA= S AAEF
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nce)
= (E) ¢10)
Ai ECOrl’

2%l linear polarization W 2 F A &% &
F i dt2FE T FE A6 S (1)
R3lo] FAgEo g A g AA 4

A5 F-A o] dAstelof ke =7 2

2%E Beta &% 7% 5+ 3t} Betagt& 73hH

B, @t dm gleBnR (DA ZRE B, 3E T2

4= 9le}, ojep A 4be] 7H53H7l 8l A= Beta

gho] uk-g-A1zbel] FA glo} U A steiok Frbe 7 4

z70) "@asich Betar (947 2ol B, B.A

P4z A patel YA L o] FalE L

B, AT SS-41 A9 Aol AT A FPo] HAE

ul7b ik, ] So], (9) A& B,. B, Btol oba H

slei gl = Beta 3h9] W& 53 a5 veh o

glch.
150Cel A Al AT hgh £10mV HHe A

5 AlEE sl
0.1~10mV/sec FAHE W ol X R 3k 74

o TAglo]l dAsA SA Ut A% Beta

2 B,at(mV/decade) & Table 3l AlA3tsict. o]

o) by (9) Aol A Betaﬂﬂ zhe 9 Aol g

sx p,gtel =A Hetdl ¢ glemw A

B, 32 A UL WL otk 53] 93Ceh

125Col M= HA6 2t FAFEFe] zteng 7

Azrek A4k W Fukel si® AU

q}.
=g
& ol
o

ofL.



266 LR

A4z 7 1993, 12

Table 3. Beta and B, Values of Alloys Estimated
at 150C(mV/decade)

SS-41 SA-508 Cls weld
Beta 317 26.2 23.2
B. 213 129 125

o e} 5 & Ut gl el FAlEe] ¥ 150
Col e A2 A dielehE 25 F Ak He
AAE B,k 10mV/secd) whE FALE Tofl A} -3
B,3t¥ TAH o Axgf, oY EH FUAT
k= Tafel lineo] &A43E& 21¥ 4 lrt.

oFF R Aol 4 A2ukel sl AFUEI]}
ZA Z7pste AEL A % $) (critical potential)

& 23 of FH Y (localized corrosion)e] 2

(b

Photo 1. Surface morphology of $SS-41 steel corro-
ded during the chemical cleaning at 93T

(a)> corroded freely for 6 hours

(b) polarized potentiostatically for one hour at 100
mV above the corrosion potential

gt FFHFHUEY Frtske A A
oh 1 B Ao A2uk-ge] AaAlsE Ao A
Habz] of= A AT Blo) ¥4 FAS SEMO®
#&skelc). Photo. 1& SS-41 Aol 93C A=A
Aol A HAH F Fwyahg Boli glrk. FAA
Sle A #AE A5 FH-e s RAEHA TS
o dgden o] As &g AT AW F
&3geo] whg A FTAEA A

AR R 100mVHE =2 A9 o A (Figs.
4, 5 #3) 1A 75 AAAETE 7 Aol
ATz HFEd 23t e Abshgate] &al
22 #35v] SEM AHxl& o] BadstA ¥
4 =¢g]e-S Heltd, Photo. 2& $HATe] vp

(b)
Photo 2. Surface morphology of weld metal corro-
ded in the chemical cleaning solvent without mag-
netite at 125C

(a) corroded freely for three hours
(b) polarized potentiostatically for 30minutes at
60mV above the corrosion potential
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Wetol 27} HrbElR] oF-& 125C Al H ol A F-A)
Fo Ry AgS Rolx vk, A2ukg-e] A sH]
de FAANdA BAY XA BHe JdF I
Aol RS A Yslne FUF 4] AEE Bl
e 3AAYgE 60mVEEE F& A
(Fig. 6 =) 307 #2150 A|$ ¥4 Photo.
19] A-$9 Zo] A3 F3& Halvh Photo. 32
Al Ao 150Tel M S As F FHFPA4S B
Ak, SS41 AFE AAYA ) A (etching) &
A3 FEAHew dq ol BAPct. SA-508 A
I weld A5 &3 27U FAlo] BAY
o}, ojabe] FAANE goFsld oS5 A}, A2
g9 A fPslA b A HAE AFEHL
A3 A Ee WEdE Fo AN Fd
Al F&Feo] Tl A2ukgo] AP
Edel PLA site] ub-g Foll & AHEFY Ele]
SrFdatA FAE A e 150TAAME o
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Fig. 8. Cathodic polarization curves of Alloy-600
measured potentiodynamically in the chemical
cleaning solution at 93C.
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Fig. 9. Cathodic polarization curves of Alloy-600
measured potentiodynamically in the chemical
cleaning solution at 93T.
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Fig. 11. Corrosion rate vs. temperature for various
alloys in the chemical cleaning solution.(f denotes
free corrosion ; g denotes galvanic corrosion mea-
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