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Corrosion Behavior of Nickel Base Heat Resisting Alloys
for Nuclear Steelmaking System in High-temperature Steam

Fujio ABE, Hiroshi ARAKI, Heitaro YOSHIDA and Masatoshi OKADA

Synopsis :

The corrosion behavior of nickel base heat resisting alloys is investigated in steam at 800°C and 40 atm,
simulating the superheated steam of the nuclear steelmaking system. The alloys tested are five new alloys
developed for the nuclear steelmaking system and one commercial alloy, Inconel 617.

A protective surface oxide scale, consisting of Cr,0O,; mainly and of MnCr,O,, forms on all of the alloys
except Inconel 617. Internal oxides, consisting of Al and Ti oxides, also form in the alloys containing
Al. For Inconel 617, nodular oxides, consisting of NiO in the outer layer and Cr oxide in the inner
layer, form in addition to Cr,O,; and MnCr,O, after 1000 h.
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KEKBBBOMEE LT3, BREEIVNIVERE,
ERBEHINIBELEVC &, ThbbEBEENNREF
THHZLIERIIS.
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Table 1. Chemical compositions of the alloys tested (wt%). h
- jc Je Tw [ Mol N T Al””'rl‘iil Fe*Co:L B Tz [ v [s [si[un R
NSCH | 0.06 |17.88 [14.3 |0.52 [66.793 | 0.014 | 0.31 | — — 10.003 [0.02 [0.005]0.003] 0.06 [0.03 [0.002| —
sz 0.04 |27.65| 5.04|5.02 |6L877 | — | — | — | _— Eofboss 02017L- 0.009 | 0.0z |0.32 l0.001 | —
KSN 0.028 | 15.88 | 26.83 | — |57.79 | — | — | — ~ | - 0.033 | — ]0.004 | 0.005}0.007 |0.003 | 0.42
13 M  [0.035 2264 | 17.69 | — 5908 | — Joa7| — | — | = Toosm| — |oo03] 004 005 0005 — .
R4286 | 0.046 | 18.89 | 5.8 | 3.98 | 56.66 | 215 | 2.41 | 0.31 | 10.65 |0.00% | 0,054 ] — 1 0.008 | 0.06 | Trace |0.002 ] —
Inconel éﬁ@zo,:n«*wlT&Fﬁ‘{ "'%T'ii}iT&'nih 57 | 1. (72#11‘.‘77]'”71’ JTf T = Tooos | o019 [0.05 o.m——
RAKRXD L2 Lok S h, BFEMERE 0.1ppm, & 5 :
KUREE 4x1077 (2-cm)~! THB. AR A& — < | soo%c
Ik, BRI 8HORBA L« P TES. HARER 3 T
FEDOFHMCOWTIEXHRY ) BRI hiz.. = " .
BRRBKT %, BRAE, Cr XIWES, ADH s 'F Ll
(EESHRE L. Fh, ARBEHO [ & 2 XE @ ot oy Z
1, BALHOMEBEREEINETENS, Bihto z | KL
ERDAIXB~A 7 07 55 4 F— 0 TH~. % g%“’ A
3. R BR & B o1k $2 ]
31 KkEIRMLLCKZERMN . NN N
Fig. 1 \C#4 & 0B EHM MR & B MR CR T 10 o’ i
HE S L S BRRBRIE TR ERECEIAD bh¥ , _ Exposure time (h) .
L Fig. 1. Weight gain curves of the alloys in steam
Wi iR %7 E g Dte DT, BEEHEINIEE X > T \w at 800°C and 40 atm. Reference lines of slopes
%. 4 SZ L KSN T2, 1000h c&EEMMEG T of 1/2 and 1/3 are corresponding to parabolic <
BHRHZBRBH, i Photo. 1 i+ k 5 ic A RE and cubic rate laws, respectively.
EHDO—EAUR B LI LI X B, 12 < HE LA SZ KSN
EERAREEL TS, 2oz b, B EARR
RTBOBHPCERZ D7 EE2RB LT3, SZ &
KSN i1 3000h RBRICH\CThbFoiedibit g
HEE., MOBES TR EZED bhicholk.
R ORI 1 AW =htr 5 AW 13
BHNE, & EEER, ¢ (IERFRH) 13, R4286 ©
312 Flebhb bR ANV, NSC-1 & 1I3M ©
1% 1/3 @ity Inconel 617 o341k, #ih T3 L3
I 1000h LIBECHAEE AT Z2DT, BE—0D nC A
KB TE7L. 1000h DI 2 12 1/2 X h k.
SZ & KSN o, s o cEEH MO
BUSE i B AR DRFINS T oftnore. Bl DR —
LD CHCHB SR THRREERT <7 4 -5 — Photo. 1. Specimen appearance of the alloys SZ
ELT, Cr RZBEILHE LLERYBRCIHRNS. and KSN corroded in steam at 800° and 40 atm
for 1000 h, showing a spalling of the surface ox- ~

32 XERIEHORE

Fig. 2 iz, 3000h AR L B ORERIHDOX
BEr- & — v % /3. NSC-1, SZ, KSN, 113 M =
1%, Cr,O; 0t MnCr,O, 2345+ %. KSN & 113M
Tk v 7 AT v X aEHE—27238h 5 25, T h

ides.

EHPITHE L a-W (5 v 272 5 v D bee
FOW) W IBLDTHY, BMEERY i\, Zh
bo Cr,0 RO MnCr,O, &inz 7, RA4286 i1
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TiO,, Inconel 617 w3 NiO LB Ihi-. 2L,
NiO 4RI 1000 Kyt 3000h RERIT I\ TED B

800 °C, 3000 h
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Fig. 2. X-ray diffraction patterns of the alloys
corroded in steam at 800°C and 40 atm for 3 000
h. Cu K, (1=1.5405 A) 30kV-20mA.

NC—1 ‘ SZ KSN

nrehs, 300h FHERTIIED B hich ot oz ki,
300 % & 1000 h 23T Inconel 617 DA EEHE
b2 L %RE L T35, Inconel 617 LS E&4&T
13, Fig. 2 o#5Hi1z 300, 1000h ¢4 F&ETH O,
3.3 B{tHowkE

Photo. 2 iz, 3000h BA LR O EERILYY
fea 7R3, NSC-1, SZ, KSN R0 113M D 4 &54&%
HE+5 &, 2REBHs Cry,O; Ko* MnCr,O, T
—THHELrbbLT, BRILHOTBRBIIEEM T
hREigoTWA. Tibhb, NSC-1 & 113M T2k
WKL T VR CRITF IR R 2R B hb D @ 3FL,
SZ ) KSN Til#Mk<hs.

R 4286 ‘T, #ABIEE LY © Lir kXX 10 /oL
20 pm DRCROIED HHAER L T b, BT 5
EPMA TESFTC XY, THOBEMIBIL®L CrO,,
MnCr,O, xfits U, FREE{E#L TiO, TH S Z & At
Mbhs.

Inconel 617 T, 7 ¥ o — VIREMEHDSEAER L
TwW5., TROBEBEERERRIL, 7 Y- VviIRBB{EYE
CryOy, MnCr,O, & OBEFAHEER L. 7 P a— AR
Bk X 10pm BEOKFMLLEY, hiXA
H® Cr,05, MnCr,0, OFRICHNT IEFTKE L,
Cr,0,, MnCr,O, DOkEIL, SZ, KSN, R 4286 * [Alf
CHMTHS.

113 M R 4286 Inconel 617

Photo. 2. Scanning electron micrographs of the surface oxides formed on the alloys corroded
in steam at 800°C and 40 atm for 3000 h. Micrographs in the lower row are high magnifi-

cation ones of those in the upper row.
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Photo. 4. Scanning electron micrograph of the
cross section of nodular oxide formed on Inconel
617 corroded in steam at 800°C and 40 atm for
3000 h.

Photo. 3 1z, 3000h F& L7-RABH DM 2.
SZ Xk KSN TiX, RKERBIEA Yy — 1O—F2 MM D
WEHEL T\ 5. —4, NSC-1, 113 M, R 4286, Inconel
617 Tix, BER r — A ORI L OEMIIRD bl
mote. R4286 L Inconel 617 izid, KRDOERDOIHHK
T LIcNEIL 2 REB{LA &~ — VE Th bR
ELTTW5.

Photo. 4 i, Inconel 617 AR Ui/ & o — VIREE
{EHoWHE EZRT. /¥ — VREBIEHINA2BLY
By, SBIERGOREHTHS. ELENBOREH
DALER, BAMORBRIT REME L IZE—%KT5.
o = VIREEEY L B E OBERRRIFTH 0K,
34 BILYWPOAERH

Photo. 5 Iz, #&&DOB{EMHDOTESfi% EPMA
W EDTHNKEERELRT. BE6&Ld, EEBIER
—1DFEE Cr o chHv, Fig. 2 ©RLE- X
51 Cr,Oy THD. Mn KELEIL Cr,0; BosHilic
fZE LTk Y, Thik Fig. 2 o MnCr,0, TH%.

Photo. 3. Scanning electron micrographs of the
cross section of the alloys corroded in steam at 800
°G and 40 atm for 3 000 h. Note that the surface
oxide scale formed on SZ and KSN is partially
isolated from the alloy matrix.

NSC-1 % SZ i3, MnCr,0, Basfho&4ic H~T
JEus.

Ti o4, Ti FHEN 0.5wty BED
NSC-1, 113 M, Inconel 617 i3, Bk = » —Athic
LBLBEETR VB, G LABERr — A ERE
EDRECEME LT\ 5. Inconel 617 o PREL{LIZ
3y Ti BEFEhTwb, Tix 24wty $4%5T5 R
4286 Tix, Ti BBLA Yy — AP EEhZ2DR D
T, BIERAy — 1o kR Ti B ERL,
THRERIEHC b EEh T 5.

Al 13, R4286 L Inconel 617 o PNEA{LHDLIT
aFth, REBEA 7 —AHEEER TR,

735, Inconel 617 AR Lz, ¥ - — VRRBMEY <
3, ABoR&EEEEYE Co % b3 nicais Ni o
Bit#< Fig. 2 » NiO i LT\, AEL Cr
XL T 5EE T Co, Mn, Mo, Fe %X 44 % h
T2,

35 Cr RZWHEX

Fig. 3 &, £#4&n Cr RZBHEI MR » AAHE
ATAT. Cr RZBHEXZ, REHBEAr—1EE5E
RO RE L Cr BERESAROME (B X1oT
FER2ZT Coin RHEOME) RS HE COMREREE -
SEHRVWIEDSOTHIE L. T3, EPMA » /A
T CrK, B XEEMEE O FoPE 6 HFTC oW TiFuw
LB UrcPERER RS, TOFHEY Cr RZBHEIEL
7.
Cr RZBHX g ORFEHRTE 8 8 n 12, R 4286,
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KSN

113M

R
4286

Inconel
617

Mn Ti Al

Photo. 5. Characteristic X-ray images of the cross section of the alloys corroded in steam at
800°C and 40 atm for 3000 h. Left-hand sides are secondary electron micrographs.

KSN, Inconel 617 @ 3 44 i 1/2 F7chH bliktpsal
AL, 113M, SZ, NSC-1 34541k 1/2 X v
NEL, LA 1/3 .
3-6 AmEeL

Photo. 3 BUXSwk Lz X 5, R4286 & Inconel

617 @ 2 FEIIARDOHR O I % B LR L
7-. Fig. 4 &, F&FH» DNTBY © £HETo
PERE D IR KB R R O HHRC ) LT3, BARBIR A
Yo Lk, WL OETHABBBANCH > & &
RLTWS., BUHREEERL, R4286 Tk 1.23,
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& ~ 15 R4286
q ' g ¢
r 800 °C ® X o
3 - N \ 2
» e ® = 1.0 Inconel 617
£ T \ T
g + ‘\\3"‘ g l
c st - “é o
S o nst g 0.5+
T 10 .
 f ®
@ ]
3 r @
S C J¢: 0 1 ]
r A 0 2 4 6
Atomic concentration
r of Al (at %)
1 L 0 L Fig. 5. Parabolic rate constant for internal oxi-

5 N
10 10° o
Exposure time (h)

Fig. 3. Depth of Cr depleted zone beneath the
Cr,O4 scale of the alloys in steam at 800°C and 40
atm as a function of exposure time.

Exposure time(h)

300 1000 3000
—_ 8 0 T V T T
a E=kt'?
w o
£ 60| .
£ &
o »
© Q
[ =
o
5 40 o 1
b4 / o
x
[o]
@ N
g 20 £ o o(‘e\ ° 1
€ / ¢

o
0 | 1
0 20 40 60

(Exposure time, t)vz(hvz)

Fig. 4. Parabolic plot of internal oxidation depth
of the alloys in steam at 800°C and 40 atm.

Inconel 617 T3 0.62 (pm/hv2) 2kF 5,

HIREs Lo, Photo. 5 iRz X 5, Al & Ti
OB THD. i, WBLoLmast Ti
InitrLr Al ok chHh ok, *i, Al %
0.007 wt% & fRi>$5 LR Lisys NSC-1 Fot Al
EHF LI 1I3M 0254 © 8B4, Ti % Inconel
617 L RBESHETHC bbb, N O4
BT Hhichof, Z oz ik, Al BRI
R DI DDLBELHIC DT H T ERARE L T\
5.

Fig. 5 &z, R 4286 & Inconel 617 i=o\~C, WA

fLOBREEER & b0 Al FHEOBR Zx

dation versus atomic concentration of Al in the
bulk of the alloys.

F. L, TZTIE Al KL LT Table | 0&F
BEEYETEECHEE LCMHE T7hbb R4286 Tt
4.64 at%, Inconel 617 -Ci% 1.45at% 7B EE B,
WREEEHKE Al §FE O McERBEGR? KD IL

2.

4. = =

4.1 Cr, Mn OB L3R

AEECH T 800°C, 40 atm DAIEEH O BERS
FE Po, 13, KESHTF HO offic x> TA U5
EROPHS Lo K& 5 BEMBER (0.1ppm) O
BB, MiED Po, IEHEITHEICE L T
1x10-5atm, —F#H#Ei% 1x10-7atm t75%. AEH
tegé&rE Ni Th NiO ARDIDOFERD Po, 1
800°C Tt 3x10-“atm™® 7D T, ARG H T
NiZII UDRESTEE DLERRYEERLES -

iR X 5w ARBRO KA ERILETH ST D2
M54, Inconel 617 * [ BR &4 Tix Cr, Mn,
Ti, Al 72 X OEETED ERBESE Z Dk, KER
fba o —it, BEO Ti k&l Cr,05 XU MnCr,0,
Abg b, EHx Cr,O; ThHoT. Cr,O; kDL
= — VDOERHES Cr RZBE S ORRUKFIER,
R 4286, KSN, Inconel 617 @ X 5 ks AR 5 &
4L, 113M, SZ, NSC-1 o X 51 1/3 RARES &
&L oD S A— TR R,

Cr RZBHX O BFHKEEDE VX, MnCr,O, &
DEICEKFELTVSEEL bRD. Thbb, Cr0,
Bozdid LsEA12, CrO; BORKIIESD Cr 1
F v AERCEEINS Z & DRYRANCHEDS =
EhEmbhTs by, Cr REZBEI S BWHRICHRES.
MnCr,O, B#% Cr,0s BOAMICAE L2841, Cr X
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ZRBEIRZOOBORECHIETS. 0 2EBOKE
RV, 2 BHoRfEck T s RERIG Cr &
Mn A * vHEOMEER T EOBRLEE LTV B 6
MDD, Tk, FHEMTE LA TS, MnCr,O,
BHEWE 2BORE Cr 14 v Ol 0B
BEIND L5, Cr RZBEZD BHRA» S
Th1BRUCBRLOEEXBRS. 1/3 FHNTT W
SZ % NSC-1 Ti3 MnCr,O, B3 o4& L1~ TE
V. —F, BRI T KSN % Inconel 617 Gt
MnCr,O, JBiXIEH . Table 1 D &&HRK & HE
T3L, 0.1% BED Mn OFM I X>T MnCr,O,
wwkd Cr RZBERBROMFIGIENBNR TS, I,
MnCr,O, B X % Cr,O; BREOIENE, R~y v
AFTEA LT Hastelloy X @ oWTHE X € W
Z’la).

Inconel 617 Tiz, fin{E& L Bich 1000h LT
NiO gL/ O a - VRBIEW DS ER L. 2 2 a—
NVIRBIEHOEBIIRD L 51wE 2 bhb, Cr £H4o
KEBREA r — VORECEDOT, FOETOREFD
Cr BEWMETLTWL . EEAr — AdhicgElhaidg U
BE, KEKCEHES LIh B0 Cr BENMET
EB L Cr,0 DAMEBIEAr —AHFhE I h ¥, #&
Hhic Cr OPNERERILHE U D, 2 0Bs, &b
Cr,03 2 & — MIZ X D TKEGD HIREI TR
&, Ni ok 5uRE-RTE TS RSB EHE
FRILE L CREI NiO 2T, C& 5. NiO 04 il
3RIE (800°C T 3x10-“atmW) o FT Cr i3 Cr,0,
ZHEHTEDDT, /2. — VREE{LYL Photo. 4 1=
AL X ST 2 BOB L E LCORETS 2 Lt
%. Inconel 617 UNDELIT /) & - SN UR /b
Ul did, BIER o — VI Elhaivd: Usuds, $5
RERDPECTH Ry — AR B HEIR DD &
EXDRBD, FHEMEBE LT . /2o — LREE
Yo, Inconel 600 i3\ T IR TV BY.
42 AL Ti OR{L2ER

Al ® Ti iz Cr X b §iFEMi® CrOy A5y —
DF DR T BLY % B © X %%, Photo. 5 1=
ALtk 5K, Al & Ti CIRBEH DO K X ik
WD DR Tiebb, Al OBE, SHEMN 2.13
w2 (4.64at%) o R 4286 T & I R (L A
BT 2 DR TH ot —K, Ti @onCit S5 8
0.5wt% fED NSC-1, 113M 7% Inconel 617 o
BEINBBIEHLEE L, Fi Cr,0p 24 — i
bEERTVE2, SFHEMN 2.4l Wt (2.96at%) o
R 4286 Tix Cr,0y = » — A DR S Rk TiO, 7

Uk, Ti O Cr03 A7 — LR, SRl
IR AT 5o, Ti 28 Cr Lo 4ERTHS =
Eofuic, DTl % X 5w, Ti A4+ v JEEEE
BREWZECHBEFBELTGWBEEZBRS.

RE IR CHIE S W IRBR B O % 7 L =7 ADE
BRI ARE DT 800°C it stE3% &, ALO, frop Al
A A v O JEEREUL 1.7 x 1022 cmz/s, TiO, thod Ti
A+ /% 1.2x10-¥cem?/s Lien, Zhbo {HEHW
T 800°C ki) 5 L EiEmE v/ Dt (D LIkHUREL
tXEsfED) kDB E, Al £ 4 vOBEAIL 1000h T
H 1072pm Lanigvowrstl, Ti 414V 1h © 1
am i 7eB, {0oT, Al 3B EYWE MR TBH L FD
FCHEE EARB L L s DRt L, Ti idk & ik
HEEXHETS. Ti 414 w2 Cr,0p ® MnCr,O, T
b TiO, it MBEOCINEEXH L Tuhik, BEX
10 pm ED Cr,05-MnCr,O, &% REERHIPIC 5
CBEITE, Fostic TiO, MF2HK T x5 &
NFHIND. R4286 0 X 51, {EHD O BIEYH:
ELEBEDOBDI OIS BORETHS LB
bbb,

43 BIERr—1oiZ {8

SZ & KSN 0 2 54T, EEEBELA Yy — LD—I
PEARRBKE THBOLAF 1 2B L. Photo. 3 1
RLI L 51, SZ & KSN CiEGRILA » — L D—
OGS RHL DM Lo oo bhi. oz
RREA Yy — AV OEEMIMECZ E 2B LTE D, #
BENR I DIHET TR LB MEEL L EL bR B,

SZ & KSN LA 4 58T, XBEXRED bR
ofc. 2D 5 R4286 L Inconel 617 Tit, KD
KO NMBRILWC X O TEABILA y —ADRED I h
Tb7csd, ZSEBRExOEEL bhd, &
THIERBINC LB EDREOFNL L4 S h T w»
517).

BRIELAy — A OEEECEI LTI, iR LAk
DB L HREDHRDEME, Ti OFHEL
HETHHEE2 DRSS, SZ & KSN AL S 134
=D Ti XEHFLTEKH, Photo. 5 @Rl k5
i, REAMILA Yy — v EHFERHEORE R Ti OBEEDS
NRHHLID. LTFEl~5% X5k, A@o Ti Bty
L CRAMBILA r — A DEBENZTD LR T3 &
Exbh%. Thbb, Cb,O, Dk 5 &1 A4 vhk
BMLUTA Y — AP ACRET BB I8P 2
Bs. ChOEAY — N/ EERECEE L THRS M
fED, Ar—niBGE&OBEEBEMETLTAY — 1D
EEEMNMETT5®. LoaT, Ti BE&s&Piiby
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EIRET BB, BEONALEC X 5D B ITEA
i, OB, BEORAK X HMLHERIIE
BEERLE > OC, BAWIEA PR ACETR
T, TiBes A r — /G REORA FaEDD
ST L, BRI LAY — L OBERELHRTIZ
it b,

b0 X 5, 1 BEPE X SZ & KSN T3, Cr
I {ERETETHD Al R Ti ZEHFLTWEWD
DM TH B, Al 2 Ti cidTd Cr X b Gk
RIEETHIUE, Cr,0s A F — 1O FEHEBRILH R
RTE, Ar—rOBEEIREDOLhDEEXDRD.
o1 L, NEEmEmoMRBEHRTHV&, RE 2 7 »
2 DR, EFEYEETSOTY, EHRITREROHBMET
REELYETS.

5. & 1

B ECHERE IR S EREOR T AREA Ni i 2
24 R 0¢ Inconel 617 o\, 800°C, 40 atm DK
KA THAES R, LTo/REEL.

(1) BERas&sSETIR, ERBc Xy Cr,0 &
MnCr,0, OEREELA & — Ah v U, T Cr0s
T#ot-. R4286 L Inconel 617 iz Al, Ti O
Wbt %7 R 4286 i3kikd TiO, hAy — 1D
v 4 Ute. Inconel 617 iy, 1000h LI T NiO %
G ¥ a — VIRER b HE Ui,

(2) Cr kzRBExoO FEKEERERL, 1/2 $itb
LA E& L 1/3 WilEWiE O oD 7N
— PRy hic. Cr,O,4 %09{'@“1% U % MnCr,0, &
NS ST EEIC, BEuvgdix 1/3 RANCHS .

(3) PEELE Al 258 T 5 E&DOAKEL
fo. NEELIZ R RNCHE, T OREEBIEED
Al EHEIEHFBRCHS.

(4) SZ r KSN Tk, EHEMELR Yy —rO—Hs
BARBRKTEOGHRCE HLL., fhofsix Al
2 Tifed Cr Xy LIEHRTEXRELTED, Th
BAKDRPIBE L B R LT Ay — A EREDL
fob, ¥t Ti BLHrAr — A EAEOFECAELT
A — ADEBERERED T D EZ X

REH RS NAHHARB M), ERKERITX
(), (B MESERPT, BIe0E (bR, Bl BHEET
EHOCRBLET. ¥, AMRORETCYRY, R
FHRSHNHRAS, EEUSHAGEY % V77
=TI EDKEBERSOMYE LV, BIRE
L EROMELELE T, AT Vv
Proeir B S LR O i RS L E T
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