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Investigation for Corrosion Behavior of Ferritic Core Materials
in CO, Gas Cooled Reactor

Akihiro UEHIRA* Shigeharu UKAIL*
Shunji MIZUTA*

Abstract

The corrosion behavior of ferritic stainless steels applied to core components under CO, gas
environment was investigated in order to be helpful to fuel design in CO, gas cooled reactor as
the feasibility study for fast breeder reactor. The dependence of the corrosion behavior, before
a breakaway occurs, on CO, gas temperature, Si and Cr contents of ferritic steels was
determined quantitatively. The following correlations to calculate the metal loss thickness was
established.

X=44w

w=y/ (k-t)

k= a - exp(—5.45[Si]) + exp(—1.09 [Cr]) - exp (—11253./T)
a =1.65x10°~4.40x10° |

X . metal loss thickness [ # m}, w . corrosion weight gain [mg/em?]
k . parabola constant [(mg/cmz)zlhr], t . time [hr], a . constant
[Si] :© Sicontent {wt.%], [Cr] . Crcontent [wi.%], T . temperature [K]

*)  Nuclear Fuel Research Group, System Engineering Technology Division, O-arai Engineering Center
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21 2R T, 72720, SiEi20.04%Th Y, XHADEHERMP AN TVE10,
YERERAVWCEELZEEEEII0 o Twnd, 2TOF—5id, BFERDO L
TRAOMICETATEY, FEEL 7— 5 EOEE ERR OB TRRICERT
A&,

FREICTF—#0570y P& TWA LS248 (0.365i-8.5Cr F&) (22T, #ES
ABLUCHRIC L AFHEL F— yEE 2 HBLAEREFH2I0RT, £8THT—
Zik, MHRO ETRACEIZEI R TV, & ICEBEATE., XA L3
FMEL 7 — 7 EL DEZ, BEROBEITHTAHS v, £AEKIC X555
fHIZ 77— FEICHERTETHhEILzoT S,

€1 DLS1, LS2 MOBE LEMIC, K2 o HS, MS, LS2, LS3 ffic oW TR B
FUXHBRICLAFMEEL Ty B 2 B LAHRER23~26 12, K4 D LS,
1S3 AICOWTCEHMEE 7— FEE DILBRHERTE 27, 28 12, B 3 & STBA26,
STPA26, HT7, HT9 120 W CEHMiifEL 7 — /& 2 LR L AR ¢ 29~ 32 1I0R
Fo —HOHED T — 5 EI0 W THRHROLTRAOMPLANE b Db H B
25 HT9 FDHE D ED TS T — ¥ EIRFRNO L TERADEIIA 2TV,

42 TLAIT7I 1 PRETIRRIEE

TVUA 7T 2 ANFRETHFEEMEEICOVWTI, ROL ) ZXHMORELD 5,
AGR K4 S OMBE LTHEbRLTWS 9%Cr fIiZ2V T AGR FHFA TOBR{LHER %
Tol-kER, 450~650CDH 700 MORKERF D) 6, 550CLALT 1 AETRE, L
2AERBBLIDIT VA2 T oA HBREL, SOCUTTRREEL ZHo 2
1O FVUA s Ty A BRI TE{LEEOFHE L 20mg/em’, 90%(E IR FE &
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15mglem® Th o 72, T/E 1D X J1IZ, 9Cr-0.04Si ZFADH A, # 35mg/em” TT L
L7 Tz ABFEELT VS, KMETE, DEOL) R oCr RAOEGICETE,
TVA 2T 72 AFRETHHEAEE wmg/om’] Z RO L) ZEZFlTfEs L
TRETHI ELT 5,

w=15~35 e e e (26)

43 TLAIT7I M1 REBDERK
BB AFCT VA 7T 92 ARRE L BROBEEFHE LT—HRHIIEZILN
TV IR fev, ROMEBE AV COBEERERET 2 2L L Lz
w=k't e e e e (27)
w . EAME [mg/em’]
k' ! 3 [(mg/em®), hr]

t 2 B [hr]

9Cr-0.048i ZPFDEE. M1 DEHIZ, BATT VAT I 4 PRELTEY, &
AL BRESEENN (27) 2BTL [k £, FOEFRDE SIS,

k'=2.86x10"% e (28)
RIBETIE, TLA 7Ty APRE L-ROEEMEOEMAL LT, & (27)

E (28) 2@EETAIELLT A, 2B, BEEELSBEAR~OERIT [41.5] @
7 (22) FHWwAEZ EET S,

=15~
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5 T &®

FBR DE B L& FENE O —IRT » 5 RE N AGEFEO B REFEM ICET 5
7eiZ, 754 MMEDORBEYABECHETLIXHMERAEL, KBIFABEILE
%%&&?@%%%@Lto%Lf‘%u7v477v14ﬁ%$¢éiﬁ®%ﬁ
B OWT, BELEE - Si BEGFE - O 2EERKF®RICIOWTEEN B 1TV,
FORRIZETE, TRIERT LI ZBEFMR T RE L. T 7 VA 7T 72
APRETLIEAEEODRE. BIUE T VLA 279 24 PREL-BOEEFFHER
DEEZIT-> 720
TUA T I 2 ABREETHETOEER

X=44w
w=y (k*t)
k=« - exp (—5.45 [Si]) - exp (—1.09 [Cr]) * exp (—11253./T)

[EBREF] o =4.40x10°
[FRRX] « =1.65x10°

TUAZ T Y x4 HRET LIEAEE
w=15~35

TVA 7T 2 ANFRELBOBEESN
X=44w
w=k'-t
k'=2.86x10"°

X AR [« m]

w L REXEE [mg/cmz]

k . B RE S ((mg/om®y /hr]
t . B[ [hr

a IEH

[Si] : Si & [wt.%]

[Cr] . Cr& [wt.%]

T REIK]

k' #E# [(mg/em®),/ hr]
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No. el EH 58 RITH Ak st
1 |BEH ADERSTORCHADEL (AGRK A 50?4’!#3&: L THa%CriR) ARA B BLmuapiE 1973 |9%Cr FAPIG Na.69 p.13-15
2 |Operational experience in nuclear power stations, T. Broom and R.S. Gow g:;ﬁaa] Electricity Generating 1974 Phil. Trans. R. Soc. Lond. A.
3 |The oxidation of SCr=1Mo steels in CO2 : a discussion of possible mechanisms P. L. Harrison CEGE 1974 |9Cr-1Mo Caorrosin of Steels in CO2, BNES, p220-233
4 {Mechanistic experiments on the oxidation of 9%Cr steels in COZ at 550C A, M. Pritchard, A.E. Truswell| AERE 1974 |9Cr Corrosin of Steels in CO2, BNES, p234=246
§ |Structure and growth of oxide on fon—chromium alioys M. G. C.Cox, V. D. Scott Bath Univ, 1974 Corrosin of Steels in COZ, BNES, p247-256
6 |Methods of contralling the oxidaticn of 9Cr—1Mo steel in high temperature CO2 P. L. Surman CEGB 1974 [9Cr-iMo Corrosin of Steels in CO2, BNES, p257-271
7 {Oxidation kinetics of carbon steels in pressurised CO2-based atmospheres at elavated temperatures Fifiawarman and AC. BNDC 1974 |mild steel Corrosin of Steels in CO2, BNES, p1-14
8 |A multivariable investigation of the kinatics of oxidation of mild stee!s in high temperature CO2 J.M. Ferguson et al CEGB 1974 | mild steel Corrasin of Steels in CO2, BNES, p15-27
9 {Electricite de France work on the mild steel COZ corrosion problem J-R. Donati and J. Garaud [E.deF. 1974 |mild steal Coerrosin of Steels in CO2, BNES, p28-41
10 | The corrosion f unatisyed er low-alloyed steels in pressurised carban dioxide B, Dewanckel and J. Dixmier 1o 1974 |mild stee! Corrosin of Stecls in GOR, BNES, pa2-44
11 |Steel corrosion experience in the latina reactor G.A. Camona et al CISE 1974 |mild steel Corrosin of Steels in COZ, BNES, p45-53
12 |Protective and breakaway corrosion of mild steelin CO2 G.B. Gibbs et al CEGB 1974 |mild steel Cerrosin of Steals in CO2, BNES, p59~72
13 g&r)nué investigatians into the mechanisr of breakaway oxidation of three mild steels in high pressure CO2 at {4 w1 pritchard et al AERE 1974 | mild steel Corrosin of Steals in CO2, BNES, p7a-84
14 |The role of carbon in the breakaway oxidation of mild steel in high pressure CO2 P.L. Surman and A.M. Brown {CEGB 1974 |mild steel Corrosin of Steels in CO2, BNES, p85-96
15 | The high temperature oxidation of structural steels L84 Leach and D.E. Tavlar | \otingham University 1974 |mild steel Corrasin of Steels in CO2, BNES, pa7-108
16 |Effects of coatings and gaseous additives on the oxidation of mild steels J.C.P. Garrett et al CEGB 1974 mild steel Corrosin of Steels in CO2, BNES, p109-120
17 |Development of techniques for monitering corrosion in magnox plant N, . Haines CEGB 1974 Corrosin of Steefs in CO2, BNES, p121-129
18 | The oxidation of steels in magnox and AGR stations ; inspection and licensing Aspects D. Goodison Department of energy 1974 Corrosin of Steels in COZ, BNES, p130-140
19 |Discovery and assessment of accelerated carrosion in Fg-8Cr alloys and steels D. R. Holmes CEGB 1974 |9Cr Corrosin of Steels in CO2, BNES, p151-164
20 |Studies of the oxidation of 8 and 12Cr steels in high temperature, high pressure CO2 R, A, Brierley BNDC 1874 |9Cr, 12Cr Corrasin of Steels in CO2, BNES, p165-179
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21 [9Cr-Mop steels breakaway effects in CO2 coclant media J. W, Taylor Baw 1974 Corrosin of Steels in CO2, BNES, pt80-192
22 |Oxidation of 9Cr steels in high pressure, high temperature CO2 P. C. Rowlands et al CEGB 1974 Corrasin of Steels in CO2, BNES, p193-207
23 |An asessment of the oxidatiaon behaviour of 9%Cr steels in CO2-based atmospheres N. O. Grandison TNPG 1974 Corrosin of Steels in CO2, BNES, p208-219
24 | The mechanisms of breakaway oxidation of three mild steels in high-pressure CO2 at 500°C #ﬂ?:wgl'lt:p:]rd' AE AERE Harwell 1975 [1Cr-0.5Mo, En1A |Oxidation of Metals, Vol9, No.2, 1975
25 i‘[]eénggi%tgrg :sré% t;';nn(:ods:?-li’:g:nt changes in the kinetics and morphalcgy of oxidation of ferritic 9%Cr steels |p ~ Rowlands et al Eaegg::ItErI]%cstricity Research 1975 |ascr g‘llt15ymp Met Slag Gas React Processes p.409~
26 |IWEH AR (S5 BICr1 MoBD T LA & 7 5 T Bitii e i BEREME FRFARA 1975 [JSISOHTT | Rxamels (1975)
27 | The corresion of reactor materials in carbon dioxide C. Tyzack and H. G, Cowen |UKAEA 1976 ggé'r}'ggﬁi /Nb Atomic energy review 14 2 (1976)
28 |SHEE R BAMOY U — FRERIEE RUPKE, SHNP NiksET 1977 |SUARBAY 800  Fapic sE7s + 1977-11
29 |Corrosion by hot gases and molten compounds 1978 Corrosion of §.5. ISBN 0-471-05011-3
30 Ipni &%ﬂ:’:;tsion of thermodynamics to the oxidation behavior of mild steels in carbon dioxide—based M. F. Taylar _Vr\feat!i;:;:;‘:g;titute of Interfacial 1881 En":lg)steel (0.2%C | yidation of M etals, Voi.16, Nos.1 /2, 1981
31 | Steel oxidation of in CO2 —ceoled reactors: an cverview G, 8. Gibbs and L.A, Pepple  |Berkeley Nuclear Laboratories 1982 |9%Cr Gas Cooled Reactors Today, BNES, p.227-230
32 |Oxidation of stractual steels in CO2 cocled reactars . G, B, Gibbs and L, A. Popple |Berkeley 1582 |9Cr, 18Cr Nucl. Energy,1982,Vol.21,Feb.No.1,51~55
33 352:;?1? at;lea Tr:%:ﬂllfnrl-l ?gfhc_nsri;i'ggirl.:r:n ?12 ssc'::g: ferritic steels in high-pressure carbon dioxide with the aid of gf. g!eave. P. C, Rowlands, E:bng-:lt E:;icstricity Research 1982 |Fe-8Cr Broc. R. Soc. Lond, A379, 429-438 (1- 982)
34 | Mild steel oxidation of in CO2~cooled reactors P. A. German et al National Nuclear Corporation Etd. 1983 [fow alloy Gas Coofed Reactors Today, BNES, p.169-172
35 | The protective oxidation of a 8.75% Cr~Fe alloy in CO2 P. J. Castle, R, E. Smallman |University of Birmineham 1984 |9.75% Cr-Fe Corrosion Science v.24 p.99-121
36 | The metallurgical pretreatment and protective oxidation of a 9.75% Cr-Fe alloy in CO2 P. J. Castle, R. E. Smallman |University of Birmingham 1984 |9.75% Cr-Fe Corrosion Science v.24 p.123~136
37 |Interpretation of measurements of carbonacecus deposition on irradiated CAGR fuel pins F.D. Evans et al Berkeley Nutlear Labaratories 1988 Nugclear fuel performance, BNES, p.243-249
38 | The Initiation of breakaway oxidation of Fe~9Cr~1Mo in a high pressure CO2 atmesphere gi‘%bN:wmmb and W. M. Univ. of Cambridge 1986 [3Cr-1Mo Oxidation of Metals, Vol.26, Nos.5/6, 1986
39 | The oxidation perfarmance of Magnox and advanced gas-cooled reactor steels in high pressure COZ2. P.C. Rowlands, et.al, &g;::ts;i‘f”icity Research 1986 |Fe-9Cr, 18-8 Nuel. Energy,1986,25,Na.5,0ct. 267~275
40 |A Study of the mechanism of corrosicn of some ferritic steels in high~pressure carbon dioxide with the aid of |L. F. R. Ferreira, P. C. Central Electricity Research 1989 |Fe-scr Proc. R. Soc. Lond, A422, 278-288 (1989}

oxygen 18 as a tracer |Il. Fe~9%Cr-1%Mo-0.26%Si

Rowlands, ef.al.

Labaratories
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No SHER$E Crig [wt.9%] | Esmt[hr] | BEEEwmg/cm®] | sigEs k [(mg/cm?®)’/hr]
1 4.85Cr-0.05M0-0.27Si-0.11C 4.85 3000 75.37 1.9E+00

2 8.45Cr-0.94M0-0.44Si-0.12C 8.45 3000 28.53 2.7E-01

3 9.15Cr-0.98Mo-0.45S5i-0.10C 9.15 4000 35.02 3.1E-01

4 11.55Cr-1.14Mo-0.28Si-0.14C 11.55 12720 7.13 4.0E-03

5 12.25Cr-0.05Mo-0.20Si-0.11C 12.26 12720 0.70 3.9E-05

6 16.20Cr-0.05M0-0.275i-0.12C 16.2 12720 0.19 2.8E-06

7 20.80Cr-0.05Mo-0.32Si-0.14C 20.8 12720 0.08 5.0E-07

(*1) SHEEBE(L, 600°COD 1 &4
(*2) HREESKIL. 1220ppmH,0-5%C0O

(*3) B EE Tkl %, Tw=/ (kt)] OBFRAMLSEH
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&® 3

7 74 MAOREEH BRI

(X

EAZL)

TVAI T I ABREESTH I TOFEEN X 3)

o 24 489.7

w=at OV = —133.6728 + + 2.4435 (n T)

+ 4.88761n [Si) + 1.4671 (n {Si])
— 0.1279 (In T [Si]

Inag =

TVA I T2 ADFRETHIRENS !

5066.2 SiJ? b
T

— 1080.3 E — 7268.9
T

- 2 bl
~ 38934672 4 152.6767 x 108 L
T T

8798
+ 245.1683b2 _LJT_ % 10°

X @)

L oW
P=1 .exp{ (E)J

TLATZT7 2 ABFEL L

2DBEEE I (5)

laR =215 - 20'?963 + 0.5 1n (H,0]0p)

Notation
al

+ 0.3331n [CO} - 0.1141n [Si]

protective oxidation rate constants
Weibull distribution shape parameter
Weibull distribution characteristic value
pressure (Ib/in? absolute)
cumulative probability of breakaway
post-breakaway rate (mg/cm?®/kh)
partial post-breakaway rates
(mg/cm*/kh)
time (kh)} _
temperature (K} *
{1/1. 987)[(1/’1’) ~ {1/633.16)]
weight gain (mg/cm?)

o[H, 0]./19 485.0
carbon monoxide concentration (vol. %)
equilibrium water concentration
{vol.ppm)
silicon concentration (wt.%)



x4 KMUBTH Tk ORERFEEFEICANVET—493)

R t [khr]

B Cl EEEE w[mg/cm?] | BT k [(mg/cm?®)?/hr]
450 25 3.75 0.00056
500 25 4.00 0.00064
550 20 8.80 0.00387

(*1) REEH D51, 9.0Cr-1.1M0-0.245i-0.11C
(*2) A RABERIE. 620ppmH,0-1%C0. 41atm

(*3) MABRREE Tkl 3.

Tw=y (kt)] OBFANPSEH

070-0002 00V6NL NP
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atERAA Sig [wt.9%] | BEt[hr] | EREEw[mg/cm?] | HimeES k [(mg/cm?)?/hr]
8.5Cr-0.04Si-0.02C 0.04 519 11.98 0.2767
- 1233 17.90 0.2598
2028 22.23 0.2436
3031 29.88 0.2945
4022 35.36 0.3109
8.5Cr-0.365i-0.01C 0.36 489 5.65 0.0653
1004 7.00 0.0489
2022 9.05 0.0405
2999 10.47 0.0361
3977 11.27 0.0319
4994 11.89 0.0283
5999 12.26 ~ 0.0250
7003 12.75 0.0232
7994 13.35 0.0223
8998 13.71 0.0209
9.0Cr-0.695i-0.01C 0.69 1042 3.80 0.0138
1570 4.20 0.0112
2586 4.72 0.0086
4038 5.09 0.0064
6030 5.45 0.0049
8009 6.24 , 0.0049

(*1) HERE(L, 550°CD 1 &4
(*2) HRAFEAESFIE. 1000ppmH,0. 39atm
(*3) HhiEES Tk 12, Tw=y (kt)) OBEEZEEMHSEH
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F®6 7154 MEADRERA ABREFEN (RETK)

TVA T2 A 5EET S T TOFEN

X=44w

w=y/ (k1)

k=a - exp(—5.45[Si]) - exp (—1.09 [Cr]) - exp (—11253,/T)
[ERRR]  « =4.40x10°

[FBRE] « =1.65x10°

TVATZ T2 ANWRETLHEEIEE

w=15~35

TVA T 92 AFRELLRZBOBER

X=44w
w=k'*t
k'=2.86x10"2

X WA g m)

w . BEHE [mglem’]

k : BU#R%E 2 ((me/em’)’/hr]
t . BFF [hri

a T

[Si] : Si= [wt.%]

[Cr] : Cr& [wt.%]

T [EREIK]

k' % [(mg/cmz)/ hr]
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Fig.2.. wWeight gain curves for 99 Cr alloys with diftering $ and Si contents in AMN. m~2

wet CO2 ot 550°C. /)
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Table Chemical composition of specimen(wt?]),
Material IMm‘kl c | Si | Mn | P s | Ni | -er | Mo | v
%7 [ STBA 26 A 0.12 0.565 0.48 0.029 | 0.007 | 0.10 8571 0.91 -
Ak L STPA 2 B 0.09 | 0.63 | 0.46 | 0.018 ) 0.007| — 8.50 | 0.95 -
= Sandvick HT 7 C 0.13 0.53 0.44 0.018 0.003| 0.26 9.16 1 0.93 -—
fribg { Sandvick HT 9 E | 020 | 0.40 | 0.53 | 0.017] 0.006 | 0.50 | 11.40| 0.98 | 0.33
g4 L Sandvick HT 3 Ity 0.19 0.37 0.52 0.020 | 0.005| 0.50 11.50 | 0.98 0.27
f I I i
fa} STBA 26 (A) 50 (b) 5TPA 26 (8)
max
of—o I
20 |
meon
30|—
—_ max
NS 20 : |
~ 20 N — min
E I meon
< 10| _|_§_
H I min rot
a
: |
Rl
v 0 /]
r 0 500 1000 1500 -3 500 1000 1500
io T T 5 T
fe) w1 7 tc) (d] HT 9 (€)
I 7 LEF
e ) oomm H.0 -
St 2 max COZ'Q?'CD'JD FP”‘ 2
mn - —
1k mén Sean — oo OFFM cHiL
o 0 | -
) 500 1000 1500 o 500 1000 1500
Time f(hr)

Fig.3 Oxidation kinetics of 9Cr-1Mo steels and 12Cr-
1Mo steel in the CO, atmosphere of 30 atm
at 700°C. %)
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700~ B LS| 1000 vpm H20 }a‘,”‘__&gg,cr
+ LsI 8 vpm H20
4 LS53 1000 vpm H20 .
pm T2 }0.575;' 7.9Cr
600 A LS3 8 vpm Ho0
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400

300—

WEIGHT GAIN IN G.M~™2
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— j’
Sp— ~
1 ] | |
2000 4000 000 8000

EXPOSURE TIME IN HQURS )
Fig. % Weight gain curves for two 99o Cr steels in 4MN.m™2 COp at 550, with IOOC and 8 vpm H20.
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0‘01 [T ¥ T ¥ | " v T v I T ' T T ! ]

L 620ppmH20—]%C0,41atm ]

r 550C

O
E
N\
g
(3]
ey
£
= 0.001 . .
> L 500¢C ]
& 450%C |
oy © :
o O
e~y
&

[F—&n/ 2+ 1]
k=2438 exp(-11253/T)
00007 Lo v v b s s
0.0012 0.00125 0.0013 0.00135 0.0014
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