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Influence of Manganese and Silicon on High Temperature Oxidation
of Nickel-base Heat Resistant Alloys in Simulated VHTR Helium

Environment

Synopsis:

Masami SHINDO and Tatsuo Konpo

Roles of Mn and Si in Hastelloy alloy X were examined in terms of the high temperature oxidation
behavior of several experimental heats at 1000°C in flowing helium containing very small amounts of
impurities. Both elements were found to have significant influence both on the steady state oxidation
rates, evaluated as Cr consumption rate, and on the oxide film spallation resistance. In such a special
environment, characterized by very low oxygen potential, the following effects were observed:

1) Within the range (max. 1.32 wt%;) tested addition of Mn improved the oxidation resistance

nearly propotionally to the increase of Mn content.

The effect was interpreted in formation of the

outer MnCr,O, spinel oxide layer outside the inner Cr,O, oxide layer.

2) Addition of Si caused the similar effect on the steady state oxidation rate to the maximum
(1.02 wt%) amount tested. The degree of adherence of the protective oxide film, however, was
maximized at around 0.3 wt9,, above and below which spallation of oxide film tended to occur with
cither increasing or decreasing Si content. These two could be explained in formation and morphology
of the Si oxide phase in the oxide and metal interface.
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DT REET A L TRECK X IR0 R4 Lk
D N B A F R BER &b & BRI h T
5. ~YV A TLAEENDARED Si 2H5UEE,
LB & ST o RAH Si10, 23U X b A A
BHHOD THHEDOTEE CHEELE L A ENELDL
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1.2 EROFIF

AT rAXEE&OHRES L1 LT Mn S8 &%
FE SR -BEOREIHFR L, £ & LTEERBTE
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Table 1. Chemical composition of the specimen materials. (wt%)
(a) Manganese variation series.
c Mn Si P s  Cr Co Mo w Fe Ni Al
Heat-A 0.06 0.64 0.39 0.013 0.005 21.58 0.69 8.62 0.55 18.03 Bal. 0.23
Heat-B 0.06 0.60 0.43 0.007 0.005 21.55 1.01 8.92 0.45 17.76 Bal. 0.42
Heat-CG 0.08 0.49 0.05 0.004 0.005 21.74 1.03 8.97 0.50 18.10 Bal. 0.02
Heat-D 0.08 0.09 0.05 0.002 0.005 21.27 1.03 8.56 0.89 18.24 Bal. 0.15
Heat-E 0.08 0.13 0.45 0.002 0.005 21.70 1.05 8.84 0.62 18.15 Bal. 0.03
Heat-F 0.08 0.07 0.46 0.002 0.005 21.53 0.02 8.90 0.54 18.42 Bal. 0.15
Heat-G 0.08 0.65 0.03 0.005 0.005 21.98 0.05 8.81 0.54 18.38 Bal. 0.02
Heat-H 0.06 0.65 0.10 0.005 0.005 21.99 0.6 8.92 0.54 18.38 Bal. 0.02
Heat- I 0.08 0.02 0.25 0.002 0.005 21.5 0.6 9 0.5 18 Bal. 0.02
Heat- J 0.08 0.24 0.11 0.002 0.005 21.5 0.6 9 0.5 18 Bal. 0.02
Heat-K 0.08 0.51 0.23 0.002 0.005 21.5 0.6 9 0.5 18 Bal. 0.02
Heat-L 0.08 0.86 0.08 0.002 0.005 21.5 0.6 9 0.5 18 Bal. 0.02
Heat-M 0.08 1.15 0.10 0.002 0.005 21.5 0.6 9 0.5 18 Bal. 0.02
Heat-N 0.08 1.32 0.29 0.002 0.005 21.5 0.6 9 0.5 18 Bal. 0.02
Heat-O 0.07 0.88 0.27 0.005 0.005 21.90 0.04 9.13 0.47 18.23 Bal. 0.03
(b) Silicon variation series. EEO Mn #&5HFT5H~A TR A XE2HEMELTSIiD
Si Mn BMEREICE 2, TORYREOCA N .

Heat- P 0.03 1.09 .

Heat-Q 0.10 1.07 2. R B K &

Heat-R 0.23 1.14

Heat- S 0.43 1.10 2.1 #$t=¥R

Heat-T 0.66 1.07 = . s, JU

Heat-U 0.86 108 HE Lot Bt o bEEpkd Table 1(a) (b) .

Heat-V 1.02 1.22 (2)ix Mn 0oz Ba2 52 &% BiE Lz 156 f&&T

Basal composition (wt%)
C:0.07, Cr:21.3, Co:0.6, Mo:8.9, W:0.5,
Fe:18.6, Ni:Bal, Al: <0.02, Ti: <0.02

Mn gHm@m% 0.0297 » L HE (1% ¥T) #Zxb
1.329; ¥ cofif & Li=. 7t¥k Heat-I~N o Mn, Si
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Table 2. Impurity levels in the test environment
prepared in simulation of VHTR coolant. (x atm).

H, H,O co co; CH,
200~210 0.8~1.2 100~110

93 546

LIS DRI R A TH B, (b)id Si RIS
ZERHME LIERIITHD. EHHKE ~AF e 4 X
BLOBRKCHL, Mn HEINZHE O FEEY ZF L
Mn 3 8ik% S BRI XYE LT R T L 1~1.2%
Dz FziE D, JapiEsl % R 3 Al X2z EMsiz L A
ERBRIg s 0.02% LI imk&x, Si &FLry
0.30~1.02% o[iT B L 7o 7 FEORK»
L% AkHIvhd 2mm EOFEEHY BV, S
{LALBEIRIE TRBR 3t L e,

2-2 REDHES

RERZHSE & LTH I~ Y o A jBA Z 8 5 A4
W BfE O 7 A RERIF, FRFEEogBreEr
LTEFFOFLIEE R 2MEL, £F
H,, CO%ZHW& LIl & LTHAH. #A0MBirE
BERO 7RG B & R AT IN D HE R & 2% 20 /min O
W—FHARD~Y T s BB ETTD 6 G U L.
Table 2 [ZFERZEEM A O, H 0T 3sb) 2 AR o
5E i S A SR R 24 o0 ZE IR % bk Ui fili ¢Rd.
H,/H,0, CO/CO, ltitksnisn 170~260/1, 30~55/
I ThHa. /it HO niEsiife vy —(FHO
% sEt (SHAW HYGROMETER), #ofhi HID #&
HBfdrAse=r 27357 HiA G-1800-H ) »H
Wie. TelBREEHE e L L 5B L, SRS
RAHF AL v= b ITRIT S BHBAKE (0.4 patm)
WHERE Lic.
2-3 RBFIER

{EH LcBB AR 5x10x2mm &8 Li-2 —+ v
ThDH. Kbt 1200F = 2 ) — K CRRFEC X o
EiF s, AR08 AT LI OIS h e X
BTIRTE5D5 X5CER L. HEEE LTER
7 e b vERTHEEEERG L, FEEREFLELT, o
¥ FRBRICHE Lic, SRR % Bk LA-EE 6 mm,
BE S0mmoFHEEDOFIZ 1l D FDOA RN ~Y T A
n— TG Ui BER O RGP BEA L, BEERY
10-2torr CTHZEBRE, RBFASKO~Y v 2 TRIG
FOBAQDKPBENFR—IID ETA— 2 v 5T
DFBEMEE L. ~Y U AFREIZ~Y 7 AhOREY
DORIG X 5 HENFBER R 7 A-MROT(E 24 Uit
X5, REHT tem? Yy h 100cc/min LL Ex 3D
XL,

AERTRES (23X T1 000+ 2°C & L, st ft £ 3000 h
¥ T2k,

2-4 ELEEDOTERAOTME

FEinZbw X B LR o iz & SR ol s pe, ik
PED X < W & DFEIERD Fo e B B FLHELL E D HLEE,
R CREIREECRIT B 2 L hibhhoTw 5. AHFE
Tk Cr ZEDBEBILR Y s R h b BE, BRI TFo4
SR Cr OPELIRE B L AZKETHH
ErIof. Thix X<t 7 v 7554~ (EP
MA) % FVFRRHETE O T4 IR D\ T X e A
AV EAY VPRI DTREL, #bhi Cr KB
DRET e 7 74 4D LRZIFGIROE X & & 2Tt
DHETORZE L.

3. R B & &

3.1 Mn OB

3-1-1 BT XiFd Mn ouhp

Fig. 1 = Mn &% 40 s b4 ey Heat-1 & Mn
BRI Itd H\ Heat-N % 1000h Bk Uik ¥
KHEFO Cr BEODL & Fhem T 5L BE~GY
Y. OO EDEITDRS T BRI TH B .
R DY EL R E R TV A3 E Cr DRZIH%
W EAdond. Cr REFOGE G & 440 R
o Cr gphigksko Cr SOl (b XoTE
BT oY OE) b EBAECoBERE LTE
F L. ToB4, Heat-I w13y 200, Heat-N
VXKT 100 ¢ DR(EEE B Z ENTE S,
COXOCLTRDI Cr REFEX & Mn LKL
DRR% Fig. 2 1 ind. AFMEEELH & & Mn 454
DIEINC & 7o > TURITBE I Cr RS F OB XITR
DI 5. —HBIEOHETER Y RIGHEE DI CHIE LT
FeMOLEZ1TS BT, Cr KTFMOYEX HHRO
BA#tE LR Lch D Fig. 3 ©h 5. #ty Cr &
ZRBEIOBRCEE TS HIRFHSBENAE SRS,
T LR EE A

X2=kpt+c ....................................... ( 1)

PEILL T Z Lavbhond, 22 TXik Cr RSBig
S (), kp EEER (p?/h), 2Bl (h), CisE
B (¢ THb. Fig. 3 TRBIBE, b1 lEED
AELR(1)RD kp WHMTHZ LD, OGS
HEER (kp) % Mo EFEOBIKE LT Ry b L
S0 Fig. 4 THAH. Mo EHLEOMINE & g
EBFHFBEHCHEHL LB ENERIhS. Thb
BRI L% Cr o HIGEEIX Mn 0 RN X v 8| %
TFohs.
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Effect of Mn content on the thickness of surface oxide film and the depth of Cr-
depleted zone formed underneath the film after exposure for 1 000h.
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Cr-depleted zone underneath the oxide film.
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Fig. 3. Depth of Cr-depleted zone as parabolic
functions of exposure time.
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Fig. 4. Parabolic rate constants obtained for the

growth of Cr-depleted zone plotted as a function
of Mn content.
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Concentration profiles of Mn and Cr through the cross-sections of oxide films

(c)Heat-N
(132%Mn)

on specimens with varied Mn content after exposure for 1 000h.
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(Cu Ka-line at 40 kV, 50mA)

(0.02%Mn) DOFEEPIL EPMA OEREYEMFTCED,

Cr,O; —fiOARATHRIhA X ABINLIITELE Lk
V. SRR L Heat-G oIz Cr,0p & A Y
B bR FRRL, EPMA OFEREIE&HES L
BEEMT RNEAN Cr0;, TOSER Mn 22
AEZAVEBEHNEE LT H D LI 5. Heat
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Photo. 2. The cross-sectional views of the alloy
matrix underneath the oxide film after exposure
for 3 000h. (Optical micrographs)
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Fig. 6. Depth of Cr-depleted zone as parabolic
functions of exposure time.
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Fig. 7. Parabolic rate constant obtained for the
growth of Cr-depleted zone plotted as a function
of Si content.
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BB D XERHADFE R A 513 MnCr,0y ©OA Y
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Thi-EEcEECHmO Si oMmE#~7. Photo.
3, Photo. 4 |3 Si §F AL SE =Z2o0&&0 3000
h Bbig D S THSH. Si OSHENE LD &
WL E A EFo RENC Si UETAEMNAEE S
Ehion s . Photo. 3 i3 Heat-Q 04 Si i
M LA CBRMTERGA, Heat-S CIREEL &S
O FTC B HB LT < AR L 2 282234 G,
Zhh Si ORI HEY 3 5. Photo. 4 % Heat-U
T Si OYPEMERHE L GO R CIRITERE LT
W LT D, = DHpE Si0, &#EX bha. Si o4y
iy Si AN & I > TR & a0 R
B B THOM L TRERICIBR E R, R TEeh bl
fe LTRPREZIE LT b 2l & 5. Photo. 3
Wik Lie Heat-S o4y, ZITTRENPBEETH DX

Heat-U(086)

Photo. 5. The cross-sectional views and the corresponding characteristic X-ray images of the
near surface portions of Heat-U after exposure for 1 000h.
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oEFRMEE 81 EHENAHATWH LY T ETHS
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b bR RETH D Z EER LT 5.
FTTORBRIL I, FEFHLOI T TOHELLS
& BB B BIEARTE O KEaN B DT
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W E N T ER LB & B o RO RE,S ST Lo TR
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Fig. 8. Relationship between the adherence of
oxide film and Si content.

SPALLING RATIO %{SPALLED AREA/TOTAL SURFACE AREA=100)
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1.32%7 ¢ Mn §F80HME & b RME ISR L
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F» MnCr,Oy O A 3 BB w BRI H 5 &
Dot T EEEO HEO M £33
MnCr, O, B2 EL Bz PAlo Cr,0; BAEL /v
LB ERBHBRTS. TinbhbERCH W CHEC
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L, MEEESAHEINDL Z EXMR b Th 5.
KEFPOERERTCIH 5D, FHEDO~ATwt X%
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BN L i THENT2EWHREDL DD, ZOFK
REA~V Y 2 BT HEBELOFLERE—K LT
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THETHEMCOWTER TS, Ak X 5
MnCr,O, Bt 3 Cr,O; B X b IMilicE3°%. Zhix

oot T
""" r
s
g &
100he 300he S00hr 1000hr 3000h 7

o
Fig. 9. Change in concentration profiles of Mn
and Cr in oxide film formed on Heat-0 speci—
mens at different time stages.
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Fig. 10. Arrhenius plot of parabolic oxidation rate
constants obtained for formation of Cr-depleted zone
in two heats of alloys, Heat-O and Heat-F.
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