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Effect of Rare Earth Metals Addition on the High Temperature

Oxidation of 19Cr-13Ni-3Si Steels

Yiji SHOJI, Shun-ichiro AKIYAMA, Masaru KisAIcHI, and Kyosuke NAGATOSHI

Synopsis:

Effect of addition of rare earth metals (REM) up to 0.06% to Fe-19Cr-13Ni-3Si alloys containing 0.002
to 0.008% sulfur on their oxidation behavior at temperatures from 1 000 to 1 200°C in air has been in—
vestigated by thermogravimetry, metallography, X-ray diffraction, EPMA, and chemical analysis.

(1) Good correlation between the oxidation resistance and the REM/S is found. With an increase
of the REM/S, the oxidation resistance is improved under both cyclic and continuous oxidizing conditions.

(2) In case of the low REM/S, the oxidation resistance decreases because of early formation of Fe rich
oxide and Si internal oxide grows markedly into substrate.

(3) In case of the high REM/S, REM concentrate in the inner scales and the continuous layer of Si
oxide is formed beneath Cr,O, layer, and consequently the protective scale is retained much longer.

(4) Effect of REM on the improvement of the oxidation resistance seems that REM concentrate in

Cry0Oj; scales and make Cr,O; scales more protective.
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Table 1. Chemical composition of alloys (wt%).

Nominal S | Alloy C Si Mn P S Cr Ni REM REM/S
L 0.047  3.24 0.65 0.028  0.002 18.89  12.89 — —
0.002 LRI1 0.041 3.49 0.52 0.022  0.002 19.10  12.68  0.004 2.00
LR2 0.045 3.24 0.64 0.028  0.002 18.90  12.84  0.061 30.50
M 0.034  3.10 0.47 0.023 0.006 18.67 13.00 — —
0.005 MR1 0.03¢  3.32 0.86 0.017  0.006 18.94  13.10  0.010 1.67
MR 2 0.051 3.60 0.75 0.018  0.005 19.01 13.08  0.018 3.60
H 0.036  3.38 0.50 0.010  0.010  19.05 12.95 — —
0.008 HR1 0.052  3.44 0.56 0.014  0.007 18.75 13.05  0.013 1.86
HR2 0.037  3.32 0.55 0.011 0.008 19.01 13.24  0.059 7.38
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>4 PO DR LEMLIT BTy, A — A gD
To\WRER, SBuC Ay — VHBEAE - 5 HEEH, BO
ZET % healing J &\~ 5 BEBCIRZEALIC > CEERD
LTCnE, BB A r —ARECch B %MW
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Fig. 1. Weight changes in cyclic oxidation heat-
ing for 30min at 1 150°C-cooling for 10
min in air.
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Fig. 2. Effect of REM/S on weight change after
400 cycles in cyclic oxidation heating for
30 min-cooling for 10 min in air.
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Fig. 3. Effect of REM/S on weight change after
10 cycles in cyclic oxidation heating for
25h-cooling in air.
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Fig. 4. Weight gain-time curves for continuous
oxidation at 1 100°C in air.
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Fig. 5. Temperature dependence of parabolic rate
constants (Kp) for oxidation at 1 000~1 200
°C in air.

Table 2. Activation energies obtained from para-
bolic rate constants (Kp) for oxidation
at 1000~1200°C in air.

REM REM/S Activation energy
Alloy (%) (kcal/mol)
M — — 69.0
MR1 0.010 1.67 62.7
MR2 0.018 3.60 60.6
HR2 0.059 7.38 59.9

Photo. 2 13[&4® 1200°C x 200 h BisEL{LE O 3
7 vl Ch B EEBILEE TRV TH, MES&ITIE
B2 7 — o R, SR, BIRoMkis Si Bty
DHSBPCELRELTH 5. —F, MR2& 410
X, Si BRIEMIERCEET S 0ART, EBA~DR
ARIZ E A ERD BRITg.

MILFBRE ORFEL I A r — AW O EPMA HE4#7
#EE %, Photo. 3 & Photo. 4 RLAE. Zhbit
1200°Cx 200 h BHFMILBOERA © — L EMES &
MR 2 £& 2 CHE LR LS D TH % . Photo.
3 ODMAESIBWTEY Cr REARLBILY O T OH
SBEFCH A Si OBIEYIFEEL OB DKL,
Photo. 4 ®» MR 2 && 1B \~Cit, EHEAIK Fe a2
fLTNTh, Cr OO THDOA 7 — /s B R
i Si 2SR X Bt LT3,

¥, WTho&4s, Bbstekvwcd, EPMA
HHH T REM 0E#E1RD bhishol.

b EPMA BAOMB LT 7 vl ik» 5, M
L2 REM ERIND 5 WIZREM/SHME-$ O T
ik, Si BRL8pHi A r — AR R ST, oAb

Photo.

Microstructures of section of scales formed on M (a) and MR2 (b)

alloys after 10 cycles in cyclic oxidation heating for 25h at 1200°C-

cooling in air.
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Photo. 2. Microstructures of section of scales formed on M (a) and MR2 (b)

alloys after continuous oxidation for 200h at 1200°C in air.

(2) SC (b) FeKa (c) CrKea (d) SiKa (e) OKa
Photo. 3. X-ray images of section of scales formed on M alloy after continuous
oxidation for 200h at 1200°C in air.
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(a) SC (b) FeKa (c) CrKa (d) SiKa (e¢) OKa

Photo. 4. X-ray images of section of scales formed on MR2 alloy after continuous
oxidation for 200h at 1200°C in air.

Table 3. X-ray diffraction and chemical analysis of scales formed on M and MR2 alloys
after continuous oxidation for 200h at 1 100°C and 1200°C in air.

Oxidizing Scale Chemical composition (%) Structure
os Alloy
1
conditions ayer Fe  Cr REM | Gr,0; Fe,O; HpSp Sp a-SiO,
L 100°G | M Outer 7.1 52.2 4 — M — — M —
(REM—) | Inner 4.5 34.9 7 — M — w — w
X
200h  |(REM. | Ouer | 2.3 564 1.8 <00l | M — S - -
0.018) Inner 2.0 44.2 1 0.03 S — M — M
o Outer - w S — S —
1200°C¢ | M Outer
X
Outer 5.9 51.0 4.1 0.01 M — M — Vw
2005 MR2 | Tnner 47 405 121 020 | M — — w M

HpSp : MnCr,O4 type
a-Si0, : a-Cristobalite
S :strong M :medium W :weak VW :very weak

x200h FRELINT, WIS BRI MRS b kA
Bis\us & 25 DB A r — A DWT FH N T o
%.

1 100°C x 200 h B{Liz s\ Cix, M&4, MR 2 &4
DVThd, CrOp EEDRRIY? Hie> T35, M
&40 MR 2 541 5T Fe DiBAENSL, Fe
BA IR B S e '

X bz, 1200°Cx200h @ bigcics &, MES&IT5E

Sp : MnCr;O4 type-+Fe3Oy4 type

£ Fe R bR LT b DRXF L, MR 2 54131k
&R & LT Fe i A7 CryO5 FEDEEY TH
5.
REM by, XBEEHTCrkEH IR ks D
25, ALZESPTE X huE a7 b © REM 2580 bivic.

Lad D REM 3, R¥r —AINBECIZHTHTHS
DXL, WERCLE LT . 2T, REM
PR T A TR TH B4, Ay — D
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Fig. 6. Concentration profiles through metal and
scale layers on MR2 (a) and HR2 (b)
alloys after continuous oxidation for 200
h at 1200°C in aijr.
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Fig. 7. Concentration profiles through metal and
scale layers on M alloy after continuous
oxidation for 200h at 1 100°C in air.
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¥7z, Si, Cr, Fe MEDBRITEORBIC I OTHEE
ShBHREMEDDH B DT, REM %I LC\Wic WM&
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EXHG L7gw. #2C, 2hbofEREM» S, REM A%
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DALEWR T D3R OB CE R Th % & T HHE
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ELTEEZh, A%/ REM O BR3¢ bh5
ZENHEEIRS.

DX ELZEHEDT, Bz REM/S Euv5{H
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Fig. 8. Effect of REM/S on weight change for
Fe-19Cr-13Ni-3Si alloys after 600 cycles
in cyclic oxidation heating for 30min at
1 100°C~cooling for 10min in air.

O REM 238 % $ o2\ 5% 2 (3, HILLINGERZ) 3
80Ni-20Cr &4 Ch~<T\ 5.

7eds, Fig. 8 wRF % B oG Iz LB EOFE
2 C7el, REM DS BERpoBE LB T
5EEZDBRNETHAS. Bz, EMFoNEwTIE
oxisulfide $FEDLND T &b, OBDOHEENE S &
o, i, FHEMLLIEATS Ca 2 Mg /o &
THEBEMEDL DD, ZDXSKEL DWETEDTFELED
AL DIRCBIGR T % L E 2 bhs.

iR oD S £ Db OB E JIE3 3B DT
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R OFRRITHBRC & fahofke
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ML L IC % 133 REM 0B o\ T, 463k
Bx DEEEAVCTRE IR TWB8, WELHEERRE
HIEE LR TV, KRR T, KRB W
gEEbHr> REM &5 &2 0.06% LA B D 7o ®
2y, REM Ay — iz LEHE LY, REM E
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Fig. 9. Concentration profiles through metal and

scale layers on 0.19 REM-0.002S alloy

after 12 cycles in cyclic oxidation heated
for 25h at 1 150°C-cooled in air.
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Ligotcy Cr,0, OBERMBIR IO T%, &
DEYRZDOTHRRTC 3. =i b REM ofg{biys 3R
DIFNE, Wb EEFO REMEEEN N ) SR
LIe2TBHDTHY, FPFFRCH o gEEAM PO
REM &HEN D\ o1 REM BIEWr gl ¢ i
otz bbELZ bR, Lal, $0.002%, REM
0.19% LK% REM BAEHHEecB T, Hic
REM OBREHH B Lc b, A 7 — /M4 B REN i
MEL 0T 5RENE bReh Dk 0, ki
REM oZhRowREMRTOE2 Bhb.

REM 2\t a e, RO ELY S XiE
FTRIE, Si ONFEREOREN N, Cr DI FikEL
DORED ), RTH O EMRL03930,  J 5y it &
7o, FE void AR E IS5 L5 vacancy sink
PEFI®D, &b %. Table 2R L7 L 51, Fe %
R % Bl AR UC, EEEINMEINZ b B 5 H]
DEREBLOFEPF T, REM £EHEIN&4 & REM NS
SOHEMAL= 2 A FEHHET 5 L, REM 0BD% AT
i BFIRIE 60 keal/mol DEHVE Sh, HEEOHELE
TEOBILRKIGTH B = L&k, = offiit, #fi Cr
DERILF — 233904040 25 Fe-Cr 44 OFL 5 — x 1243
LR LTE Y, CryOs o Cr £ v, OF F vk
BERORIETHD Z &R LTS, 3:-3 IHT REM
DEPIT X DTA Yy — /M B K D Si B b DR
KRB EIe D = L2 aRkNT0h3, Si By o B &I
MEEERERELC, BERCEEMETAYEL LB
bhb. Fig. 5 OEREN SILRIGEEES, 5L =%
AF DT REM BIC XD TRENRED bivkso
7oy, ZHIXER(ERERZY 10h 2R % c s R -cHl
E Ll ThHoT, I LEEEMMC Si B okE
RERDOFEIHE L /sy, KISEEERCEYAET
BLEEZLRS. ‘

I BT, Si B OEBHEN BRI DRREEE TS
L, Photo. 1, 2 3 7 wif &2 B B2k X 512, Siod
PRI BEZE W A BT % DVd REM SE3RI0 Dtk
HERBLEST BN TTH DT, MMEb#EL X REM
BINERTIIA 7 — v/ HMEBREOBRER L 73D
bhigv. DL EBEELLIE, ODBARKDOED
5WVILODRABOBAR X 2T, Si OPRER{LY DT
EPICCERYETD L THHREYETHS 5. BHFD
44913, 80Ni-20Cr-Si &&WAERK TS Si NIE{Es D
RS KRERIEORER DECEBR L, KHEKEORE
W25 HHETO0OOHHBALHE A IR T, SIO, DR
BRI TR I NS EBNT5. KRBRERE» DD
FRICE 2 bh, CryOs BEEDOREMIT Shizc REM

WINESITE T, ODPEBBAINEA T % 151,
WPEANCIR RET 5 X 57 Si OPEERILmIER
IhicwEBbhs.

¥ 7z, 20Cr-10Ni-2.5Si §flic REM ¥R Ui b
B UM & BRI ORI\ T3 T I 8 419 L -
D, WThOBLEMETH, BELH A IEREL
S>EZEM ECOBBREE &b, REWCE T
KECRH#EWH e Cr0 £, ABAEESILICR
Tk Cr RZBoOZHEBRLC X %5 Fe [MItWER, &
LRI I\ Tk CryO; healing JBOAK &5 AE
I AEOBRBRECTHI Wb L. &0
ik, R LERME, EREBREOVWTROBESIH L
Th, Ar—NOREEBNEETHLZ L RLTE
D, RRAESLOVWTHEBLE2 bhb. ARBRER
BWTL, b, Cr0 hicic. REM DE#E» FEER
L7cZ &b b, H#fERIL OB RE O Cr,Op KD,
0 E LBMEIc B8\ Ti4sc healing Cr,O, BofR#
A REM i X oCilfbah, Z0EE, A+ —1LDR
FFREIE LR ER RT3 L #E 2 bhb.

2T, boEZNL, MEbomLE w H3hi
REM 14 B b o2 sulfide % oxisulfide & LC
EE I WEED REM TH2C, =o REM 34
AR D CryOp IS 5\ 3 healing Cr,O, Bz
5 L, CrOp BE LCRMEERA S8, ODRHL
BEIET 5 2 2 e X 0T Cr,O; RIEDMRHEN: % 3L
T5hDEELZBRD. ILELO/KR, C kS
BT 5 Si BRILh SRR BRI LT, Si b
DIREERE(E & BIRRI BRI Ui ds it bt % 5k
IELLDEHEINS.

5. #

EHSEM 0.002% inb 0.008% #TRH Fe-
19Cr-13Ni-3Si §fic. REM (La, Ce) % 075 0.06%
WML, KK 1100~1200°C ki) 5 it b5 58
~N, ROFEREEE. ‘

(1) #0E Ui O ERLH: 12, &5 S BAUR
AL, REM E23#in+5% 3 Falbd 5. Wbk &
REM/S 3 X WHEBIBIRCH v, REM/S o#ghnicst >
TR L HE T S EHA D 5.

(2) REM/S 2MEL, #0E UEBIEHERE 2 0
i, BB LT\ T H B Fe LB EMa AR
LT, Ay —AOFEEIMETT5. Lasl, HERYD
o Fe R lc LB R Tz,
REM & Aieinni b9, CrO; R HFR Sh o8
BloBLRIGTH 5.

il
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(3)

REM/S 7ME < THER LA E 5 b DI, Si O

1L n R B 5 IR R E LTI B R &
A, BET2ors L, REM/S 238 < THEE b2 3 <
b0z, Cr,0,; BoTicER LICER £ K % m

‘?~

(4) REM 327 — VBRI L, Cr,0; B

HETS.

(3)

REM 2B biEgE e B LT3 3, M

¢ sulfide & LCRETE IR0, Cr,0p PIciBEfE L
T Cr,O; BoREMYHRIETIZ LR IDEEESN

5.
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