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Immersion tests of Alloy 600 were conducted in simulated primary water environments of a pressurized
water reactor at 325 °C for 10, 100, and 1000 h to obtain insight into effects of surface deformation on
internal and intergranular (IG) oxidation behavior through precise characterization using various microscopic
equipment. Oxidized samples after immersion tests were covered with polyhedral and filamentous oxides.
It was found that oxides were abundant in mechanically ground (MG) samples the most. The number density
of surface oxides increased with time irrespective of the method of surface finish. IG oxidation occurred
in mechanically polished (MP) and chemically polished (CP) samples with thin internal oxidation layers.
However, IG oxidation was suppressed with relatively thick internal oxidation layers in MG samples compared
to MP and CP samples, suggesting that MG treatment could increase resistance to primary water stress
corrosion cracking (PWSCC) from the standpoint of IG oxidation. As a result, appropriate surface treatment
for Alloy 600 could prevent oxygen diffusion into grain boundaries, inhibit IG oxidation, and finally induce

its high PWSCC resistance.
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SHHE2A 74 (primary water stress corrosion crack—
ing, PWSCO) ol FHekdk 2l o= ue it} [1-3].
Alloy 600&] PWSCC 4 €918 Argatarat sh=
|25 Zof Scott9} Calvar [4] S #|ekst Wji-4k3}
(internal oxidation) 7Md2 7| A 072 Z& YF = g4t
H ARTE A5 Zo] wheAo] w2 e AR e Ak
3lo] A3l ES wtE= dAd o B 3|, ARHAE wet
Aba7} Eakelw A4S} (intergranular oxidation, 1G
oxidation) 7} '#Aste] A AZF FH ksl %L [5], ol
whe} AR (IGSCO) o] FA dAsit 2T A
Ak o] el g1glo] uiAbskel QlAIARSE # /el o
S w2 mA ARl 197} o] Fof Rt} [6-8]. Volpe &
(6] €213} A3 Alloy 6002 Ni/NiO zo]of 3
sk 3tel S O] theket Akl oA HAEs e &
AREn & AHEate] Absk As 9l e S AT

ulo.
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EFFECTS OF SURFACE DEFORMATION ON INTERGRANULAR OXIDATION OF ALLOY 600

t}. Shen & [7] ¥z 7HE ¥ ZH= Alloy 600
121 &gl FAsE & SCC w4 7iA] & AulE #2613

3, TEM 9 57} Kikuchi 883 22 13T 7S
ARESte] 712 HAUSS Wl A9E FRElth
Bertali 5 [8]< 7t ASE 13,8 &
319 Alloy 6002 AHAI3E SEM 2 TEM 248 E8] =4
ste 2494 o)% (localized grain boundary migra—
tion) % {IANALS @S Sl

Alloy 6002] PWSCC= A4 HAIE whet 7t o] 21y
= FJEQl A2+ (intergranular SCC, IGSCC)
7} F2 vAsk [9], w3 Alloy 6002 SCC 79 Al¢t
(crack tip) TRl Atsh @do] WSt 21& RIS A5
BuE 3 ok [10]. ool wef Ni7] Fa2 s}
< SCColl & 9&e nd Zo= A7t 2l
FO Az Tl A7l= A, F Y AlA
et 39 7hg 9 A2} 2o olal] A7t A 7
AAo s g A% UeE T/ A 2uS 38
2 2 U] AHE 2 sto, webA AlskeS S
Z1e) fre)sk Ayt Hrg suaee g mualks)
Asel & 4TS vF AoZ Azt

£ Aol Alloy 6002] Ant W& g stof the
st TR 2SS A F AAEEEA 1A
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(scanning electron microscope, SEM) S o]g&3}o] A]H
Qo YA E xssEe] et FEE SAsI e,
i 2 AR A NA G S A TS FAHR AR R A/
x| #4tg X—-4 7% #37] (scanning transmission
electron microscope/energy dispersive X—ray spec—
troscopy, STEM/EDS) & ©]§-8t #41-& S8 353ict. vt
Auko 2 A4S S8l 92 dykE EUlE Alloy 6002 3
el whe EaAksl 7152 sk PWSCColl vl A=
P votstazt skl

2. A7dy
W Ao ARESE A5 21739] 120 mm<] round bar
FHC] Alloy 600 o]3lom, s}etx4]S Table 1o YER

o
ok 2 ASE 93 AE F 950 ColAl 3AIF A e
Fofl e Al Zlolet, HAAHE Fash] f1gh Al

Table 1 Chemical compositions of Alloy 600 (wt%)

8 X 8 X 1 mm’e] 7|5 Zh= Y RO JHgselh
AR e A O 3 AbstAES vlastkr] Qs AR
A} (mechanical grinding, MG), 3% <37} (mechanical
polishing, MP) 4! $}8} ?v}(chemical polishing, CP) 3
A 23 0% AEE FHIsITE AR Avk= #400 SiC
AnpA & ARG-eto] Awpst AlH-S Sulebe, A At
#400014 #20007H4] SiC ArkA|E AHE-ste] WA A o=
Avpet & 1 mo} 0.3 pm EFo|o AEFAS o] &3] mlA|
Autgt Aot et R 518} Admp= A Anp =
A7 2 Anf SAE AW Fofl 2% BEuRQlI (Br) +
98% MEre g-ofA ok 10% Fet 3t A5l P
vb Bl A FdE EHRYSS SsHE 0% A|ASE AlH
= gugith 2 AtellA AREE F)stel| ] WS Alloy
600 338t Y7 FaolA dAF-2olvt 98 & =57
25 WAPAI71A] ol AR A3l A A A
A Z22E dEA 7= v gy do] RaEgiY [11,12].

AN S AR A 1445 318} 375 BAKE x
AollA 3t =, 2o AR E o]&ste] 18 M2—cm
o]Ako] =45 A|Z3F Fof 1200 ppm B + 2 ppm Lis
Aztetelomn, & | Exsks &5 749 s5+ 30
cm’/kg HOZ 481931, 45 4k42] 555 5 ppb ©|3}
2 fAEIY cEFEo| B 251 325 C, U o
2 1087} 0.69 MPa (100 psh® 718tste] s o=

W fllo oft

o o

A
of\
o

o

loop2] W% +&o] 13.1 MPa (1900 psi) 7} H == 54
Sk B8t 325 'CO) a1 M QEZHo|nE 3
3t loop Well AA® FZ2EZFE Feol Nizh 22 F50]
20| §E o] AP HAAAA L Absta gl v X]= P
< WAEtA; o] EVE AAste] S8 Wl EAEH=

2% ol&2 AAIAL
FRASEES RS ouAE €& F e AAY
AR FARAE YA (field emission SEM, FE-SEM, &
=

2 FEI Sirion)& o]&38to] FA1skith A g efol mh&
Al oA e Y 2 AAYHA AstATE 43
£ TEM A2 A &o]2&7 (focused ion beam, B2
FEI Scios 2) MR o2 A#stqlct. SEM #&-g 3 4
AAAL AE &Rls -, 40 kVE 714548 Ga ionl.®
AHE S AlES AFH T o] %, aelyA] Ga ion?)
AHE e o) HAE RHHESTS A|ASH] S8l THA
300 V] Ar iong o]g-3te] QAR 10°% 20 w1k o]
skl STEM/EDS 412 AEd S 2E A&7
(249 Oxford instruments X—max 80T) 2} AZTEC #4

Cr Fe C Mn

Si Ti Al Mo Mg Ni

Alloy 600 16.06 6.66 0.06 0.68

0.03 0.21 0.19 0.05 0.03 Rem

CORROSION SCIENCE AND TECHNOLOGY Vol.19, No.3, 2020

139



DONG WOOG HA, YUN SOO LIM, AND DONG JIN KIM

A28l (Ver.3.1b)o]  &z¢l TEM (2¥€%  JEOL
JEM—2100F) & ©]£3}% 2™, STEM probe Z7]: tf
2k 1 nmo|YUtt. EDS AFMEZHA Cr Lea line (0.50
KeV)#} O K Line (0.52 KeV) 3]=7} fA18F th ool A
AA = F-Ho] At} [13]. wabA, Crak 09 A<
sk ZFA0 A3E 7] H8l Y AFEY 36
Ttk

th3l deconvolutions

3. ¢imz W
3.1 AAE Mz SY

Alloy 6002] 3+ A5 27 2 AYHA F&-s Lot
B7] §18) 2422 volg(Hat 2 vol% + HEHS 98 vol%)
Gl 3V Aske 17Fske] Aafjel S st e,
Fekn A B AFE Fig 19 YelAd B+ 2399
A71%= ASTM E112-13 [14]¢] 2/A3te Abrams
three—circle "W o2 A3 om, 54 Ax & A3
A2 Alloy 6008] H+ 449 271+ 9F 208 pmY=
& ATk =g, vl A Aol FAdE Q= As
golgh 4= QI+, ol= Alloy 6009 2 252E oy

A (stacking fault energy)ell &3l 711 A=, 47 A
Ho| A AHA F&2 oF 45 % YEE AHA|eh= Ao
2 HIuET [12].

Alloy 600 323k YUl 2 A A5 wsk=2] SEM

A2 A3k Fig. 200 UEPal. Sl el 5 Aol
A9 ol

B A sl o] g 2E3)Eo] EEE}

£l

Fig. 1 Optical microscopy images showing the microstructure
of Alloy 600 at (a) low and (b) high magnification.
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Fig. 2 SEM images showing the microstructure of Alloy 600
at (a) low and (b) high magnification.

140

SEo Ao F Sk ool s w=A] et [15]. &
Aol AHE-E Alloy 6002] #HE A2l 2
A, AEs] =2 dAE 2o g8l AR HAE we FA
¥ AEEsHE ‘?J_Eb SEAIRE, ?J_DP il il% Li}%%

Al AEssls #3225 Bl A Oi *ﬂ reoh =g 2 AT
of] AH-E Alloy 6000 A&% Ul 2 QA ABEEES
< oldel 3 AstAoF 3]} (selected—area dif—
fraction patterns, SADPs) £41¢f 9]3)] Cr,Cs4 S &l
HeAok [16]. Nig=elA ZFEsHES CryCs9t CrasCs
FHC] 271 FR7F A== FoR dElA Stk Ay
FEEES T Cre w59 9AE 2% o&
sk, Crol s=7F vtal 9Ae 257F 09 CriCs ©]
AEET, H}EIH Folli= CrasCs 0] 8= Aoz &
A 9t} [17]. 52 Crset Exe] 22 ue} 2714
Z27)1 T A9 sz] Stth, Table 1914 gQlg 4=
Aol B Al oA AFE-SE Alloy 6008 Cre] & 16
wt%o| Tk wEkA], Al oF e Cr Shek ul 2o o
e &% 93 Cr,Cs ©o] A9 Ao=w fFAT)

Fl
ru

3.2 BHAMSE AE 3 EAM
FAAE 5 Alloy 600 A8 AR o
g FE-SEM-A]& 38312 Rl A1 ol g
E] 38t dAn} A H =42 Fg 3 ~ Fig. 5°] ‘)rE]r"”‘jr
= AlAA FAAAE S el upet xH AbsE
O] A=, Agto] Aaekrs AbshEe] Wt iﬂl
7SS & ¢ QU  AellA] EE AbsES 4
nm® FAE ztE= gk A (filament) FERQ} 300 ~
500 nm Z7|E ZH= 243 FEje] ohA A (polyhedral) &
27HA] FFE ER1E Sk A Alge] 100 A= 3
HARSHE O] HE7F AR Avk(Fig. 3), 4 Avk(Fig. 4),
T2jar 3h8t Avk(Fig. 5) A= 2 Ao A
9k 1000A12F 2ol AFE AbslEo] Fi38] A%
sto] AEe] 32 Aol Fdo] qlo] T dEel wE Aks)
=9 UE zto]E YERA] kot o] o] AT Azl w
=23 g AR NiO, 18] tha A AsES
a2l Ni9| &&Fo] T3t spinel 135 Zhe AgHEQl o=
HuEQr} [18,19]. webA, NiO& 7]A] el EA18k= Nizt
- 9 QAR el o R EEE o] YA,
(Fe, Ni) spinel AF3}E2 F2 A9 loop2 TASH= 25
AHRIFAZ FFow Y §59 o|2=0 o8 A
Zow F5HH.
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Fig. 3 SEM images of Alloy 600 mechanically grinding samples with immersion time of (a) 10 hours, (b) 100 hours and

(¢) 1000 hours.

Fig. 4 SEM images of Alloy 600 mechanically polishing samples with immersion time of (a) 10 hours, (b) 100 hours and

(c) 1000 hours.

Fig. 5 SEM images of Alloy 600 chemically polishing samples with immersion time of (a) 10 hours, (b) 100 hours and

(c) 1000 hours.

12 3404 Cre Fetl Ni Hr} Abao)e
AAX o gA AslEe e, AtsE ul 55
FAaE = Fe?t ) Ni#t ) Cr¥t 42 BaEar ¢
[20]. webA] 714 &4 UF2 SAke Abhe 414
Cri} Whg-3te] Cr AtslES /98 o, o=z
730 Cr Brt wtar gt £57h whE Feul Nigl 49+
R AA §EFHo] HHEAIES A 2 Hlow
AzZyec Fig. 32 A Avk= #400 SiC AvAE ARE-
sto] dAnpsl Zxdolrt whakA], olefdt AR Ark= A5
EHS A WPAIA 25 ATy B A9 UEE 2
< FAATIA =1, ol gt WSl EAsH: 245
golut M9 E Tl 24 9k gato] gL golsil
t} [21]. Han 5 [22]2 127 84S BAMSE 20 (%
320 °C, 1000 ppm B + 2 ppm Li) o|A A&l <dn} 2 74
2 vkt Alloy 600 A ] E¥AFSES HlaL 4183
=), & A7t FARHA AR FE) abskEe] ¥ A
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Fej o] w2 Alloy 6002] W7 2 A4 A Akst A
< Bl A 9@l FIB 43 & o] &3t TEM Al
A 2sk o m | Fig. 65-E Fig. 82 1000 AlZF HA|A|H
o] Ao wWE STEM/EDS #4] ZAajolct, 7t 13 9]
a= STEM AFdolH b ~ f= 0, Cr, Ni, Fe ¥ C =0 &
EDS A& vwi*g A7E yepdch

Fig. 6] Al Al Al 24 A3}, AGHAE w2t A5
3lEo] FAwo] 9lom (Fig. 6¢) ¢ (Fig. 6f), o] 9=
oAM= I E NiZ} Ferb 459 3152 (Fig. 6d$}
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Fig. 60) 813 5 Qe AL29] vjg 23k Lhehlis Fig. 2 257k 0lud 2 202 Hol, Uiz o
6bZE|, EHOZRE U o7k Aavt EE S /14 W Crob wgte] Crorich A8HES 4
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Fig. 6 STEM/EDS results of a mechanically grinding sample after immersion test for 1000 hours: (a) STEM image, and EDS
spectrum images of (b) O, (¢) Cr, (d) Ni, (e) Fe and (f) C.

Ni Fe

500nm |

500nm ! S00nm !

Fig. 7 STEM/EDS results of a mechanically polishing sample after immersion test for 1000 hours: (a) STEM image, and EDS
spectrum images of (b) O, (¢) Cr, (d) Ni, (¢) Fe and (f) C.
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grain ¥
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Fig. 8 STEM/EDS results of a chemically polishing sample after immersion test for 1000 hours: (a) STEM image, and EDS spectrum

images of (b) O, (¢) Cr, (d) Ni, (¢) Fe and (f) C.
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+ o2A AAHAE ek akart EibE QS-S el
4= AATE T3 g8t Avt AlH A= BEZRRl o i 2
3 AFESES AQst 714 o] HopbA] EHOE N
AFeshEe] =EH v BEus AT & ok
Alloy 600 Az dwu} AlH A5 ARSI} A71A] %
2 olf= A1 dvlg Qe HHo] kA o7 =0 Algr}
o] Abxo] gk FEEo] B BF 47% Ay
Azt v, A Anf 9l sl8t Anp AlH A = AR}
HESo] gl o] vlal ouA] et =2 AAHAS
Za FAFsto] wkest Avte ) w3k AkstE 97
o] zlolg Z4slute w 343k Awp A2 Zlo]7} oF 680
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g BN 4= o, ol 270 Akrd Al -5 Y
o] ARHAA F2 AsH Az AZH) ole} g,
AR vk AjEe] Sl A9 58 53 Cro w
kel oJgt Cratslsol YA T IANeE WA=
Q3 92lo] & 4= Qlrk. Lim 5 (23] Alloy 6900114
ARAAE S BHoR Cro W Fiks S8 44
F91] Ul AbslSef ata #aks A5 10 ~ 30 nm
FAE 2t ok W= FH 9] Cr03 FHO Cr Atslgo]
ARHA 9ol AP oz AT A Hihs AF
AL whEd vk ol 2 AT AR Avt AlHEL] A

iy ofN i
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slAntstAl =W B st AR TS 2 F Flolet
31 38Tk o] Alloy 6002 318t nl Al A 917
AFeE dofukar, AR Ant AlHfA §JALE A EHA|
& Ao} AdNbE = Aot B3 Han 5 [26]
12} 3ol A Alloy 182F A3l vk 2 71412 <Antst
of UFAksl A gRlst 3 e S Fal A H
of W SCC AFAS H7hatalth. Alloy 6009 A5
[22] &} FA3HA Al Awpst Aldof| A& Cr—rich 4Fs}E
o] Aol gal dANsE Ao EN, Y HEs T
Sk SCC A3 7 el M= 71 A4 Antgt Aol = o
Ao TAASE vbH, H3) Avksk AlAed A= Aol TSt
2] & A3 dERTE o] w1l Scenini & [27]2
12k S ol 71A1 2] Ant 9l g8 Antsk Alloy 600
AFEE reverse U HWIE A3-& gle] SCC A& H7lst

A} 71 AA Avkdt AlHe] ¥ Cro A9 58 53
short—circuit 102 Q3] AFHAZL] AbA HFE B
S8k Cratels 848 FAAA 7IA- o= Ankst AlA
o] 3l Ankgt AlHETF SCC A&do] o= AMd S &
st o, wpebr] 2 A2 Aol AT
Alloy 6008] YAXtste] g 329 Ant w37} o9} 3
o] off 4Rk AFAE epl = sk Wahet Adrd>

obAl ®WiwX] 9kl gt} 7] 7hst sA o w, AR
Aut A] Aup 7o} Wby uhet e A== M
AE7 e ol o) wet mMzA 54 oA gkl
UTH= Foltt. Azl Ante]] o]al el gk WiFgo] <l
718 2SS THwEZo A= A A48 (recrystallization)
ddo] dold = glom, oo mAlst A4 H FAl
3 B2 AFHATE SASHA At [28]. ol2|gh 23 elA
+ Alloy 6003} o] A stel] wi-9- FHekst A5 49
Abshel @Xé‘%m]% w2} A o] JiAE = Sl oo
1] Scenini 5 [27]2] 3% 7L°], ANA7g st flo]l AR
Awtel] 3l EL‘?E?{B‘% | A9k 2 Aghe
UEE S7H71= F E’i‘i‘i%%ﬂ] = HL97t
Cro] giks 318t 5 v Cr Absle& g7
FAdstal, olel it JAXERE WA = QA k. Ant
3 el i AL g o= Alloy 6002
SCC A3 AF oA w5 Sk FAo]7] witel o]el
gt AAARN & A ad Zlo=w AYZbET)

2 A5 S8l gAAEskel IGSCCE #HH oA F8
AEE EE 7 Stk =, A Anfel 548 Anf AlAo
A AR oW wE, AR Anp Al oA = AL
s7F A gtk Aol o= EHANSE ol A
AR Anprt Add dwkel §18F Antel] vls) PWSCC #1384
o] Frh= AR S v, o= <dnp o] WE Alloy
6002] PWSCC A4S #7138k Scenini 5 [27]9] 9
ANERE 1T 5= QI YAXEsF HAskd A

m ‘:151_1_4

o)
5o
A
fui
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A7L F ke A o o]e] whal IGSCC7E 2 wAsiAl gk
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g 318t odn} AlHe| vla) PWSCC A &Ado] $-Falth=
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A RS ok QIANIELE AIFe 24§43 PWSCC
AgdE vepd 4 g Aoz Agzbec)
4. 4
AAEA s FQ TRER AFREE QBN
Alloy 6002] 3EHJE] 9 Alzte]] wpE 2dAks) AsS
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(D) HAAY - SEM #2& T, il gk
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AARE} ot A7 vk Al
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Sakg w27 sfo] 4kah 7)o Abash WHEatol
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¥ehEo] AFYAZY Aa FEE WAkl )|
Asl7E SAE Ao w AZEECH
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ehd = Qle o R vk
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_EL
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101:
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o] =R-L 2017HE HE )Y HEARY] Lo 3
871 Aeke] %9 (2017M2A8A4015155, 314
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