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Effects of Cr and Si Contents and Rare Earth Metal Additions on the
High Temperature Oxidation Resistance of High Si Austenitic
Stainless Steels

Yigi Sudy, Shun-ichiro AKIYAMA, Masaru Kisarcwi,

Kyosuke NAGATOSHI, and Hironobu Hosnl

Synopsis:

The oxidation behavior of Fe-18Cr—-10Ni and Fe—20Cr—10Ni steels containing 1 to 3%8S5i and Fe-20Cr-
10Ni-2.58i steels containing rare earth elements up to 0.22% has been investigated under continuous and
cyclic oxidation conditions in air in a temperature range from 800 to 1 100°C by a thermogravimetric method,
metallography, X-ray diffraction, and EPMA.

In both the continuous and cyclic oxidation conditions, the weight gain curves have steps of the protective
stage breakthrough stage (spalling stage in the cyclic condition), and healing stage. The increase of silicon
and chromium contents improves the oxidation resistance.

The marked improvement of scale adherence is attained by the addition of rare earth elements, which
delay the beginning of the spalling in the cyclic oxidation.

With the addition of rare earth elements, the growth of chromium depleted zone is restrained, con-
sequently the formation of the stratified oxide which causes the spalling in cyclic oxidation is depressed.

In addition, the network of SiO, grows deeply into the substrate and prevents the propagation of the
stratified oxide along chromium depleted zone, therefore the scale adherence is improved remarkably.
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Table 1. Chemical composition of alloys(wt %).

Specimen C Si Mn Cr Ni |[REM*
1
st1cig lo0.0s3 1.00] 1.37]17.73 9.98] —
S2CI8 | 0.054 2.32 | 1.32(17.52 10.39] —
S3CI8 | 0.055 3.28 | 1.34 | 17.37 10.45 —
S1C2 | 0.057 1.52 | 1.40 | 20.13 10.11] —
S2C2 |0.052 2.28 | 1.33 | 19.88] 10.64] —
S3C20 |0.049 2.92 | 1.31 | 20.14 10.81] —
S 0.061| 2.60 | 1.16 | 20.20] 10.20, —
R 1 0.068 2.54 | 1.31 | 20.30| 10.96| 0.06
R 2 0.063 2.56 | 1.31 | 20.26| 10.22| 0.22

* Rare earth metals: Added as La and Ce rich mish metal
(Total rare earth 96.35%, La 28.90%, Ce 43.36%).
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200h oxidation in air. contents for the 200h oxidation in air at
50 1 000°C and 1 100°C.
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Fig. 3. Weight gain-time curves for the continuous

oxidation in air at 1 100°C.
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Table 2. X-ray diffraction analysis of scales formed in the each stage of the continuous
oxidation in air at 1 100°C.

Specimen F Protective stage Breakthrough stage Healing stage
0.5 h 5 h 50h, 200h
s1cC18 Cr,O; type  (S) Cr,O; type (W) Cr;O;3 type (W)
Spinel type* (S) Spinel type (S) Spinel type (S)
Fe,O; type (S) Fe,O; type (S) Fe,O5 type (S)
5 h 50h, 200h
Cr,O, type (S) . Cr,0; type  (S)
S3CI8 Spinel type* (S) Spinel type (S)
Fe,O; type (VW) Fe,Op type  (S)
1 h 5h, 50h, 200h
S 1G22 Cr,O, type (S) . Cr0y type (W)
Spinel type* (S) Spinel type (S)
F6203 type ("V) Fczos t)"pe ( S)
5h 50h, 200h
S 3 C20 Cr,O; type (S) Cr,O, type  (S)
Spinel type* (S) Spinel type* (S)
Fe,O3 type (VW) Fe,O; type (W)

Spinel type* : MaCr;Oy4 type, Spinel type : FesO, type, S :strong, W : weak, VW : very weak.
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Photo. 1. Microstructure and X-ray images of section of the scale formed on SI1C18 Alloy
oxidized in air at 1 106°C for 5h (breakthrough stage).

Fe Ka

Mn Ka O Ka
Photo. 2. Microstructure and X-ray images of section of the scale formed on S3C18 Alloy
oxidized in air at 1100°C for 200 h (healing stage).
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Microstructure of section of the scale in the each stage of the

continuous oxidation in air at I 100°C.
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Fig. 4. Weight change in the cyclic oxidation in
air at 1100°C (one cycle: heated 30 min
in furnace and cooled 10 min in air).
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Fig. 5. Weight change in the cyclic oxidation in
air at 1100°C.
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Table 3. X-ray diffraction analysis of scales formed

in the each stage of the cyclic oxidation
of S1C20 Alloy in air at 1 100°C.

St Number | . | Results of

age of cycles | °P X-ray diffraction
Protective 11 Adherent g;’i’noé gg:*g S g
stage scale Fe,O; type (VW)

. Cr;0; type (W)
Spalling 03~25 | Spalled | gt i (S)
stage {1 st) scate Fe,O; type (S)
Healing 30 Adherent g;)?r?es‘ :z;gz*g g g
stage{early) scale Fe,0; type (W)

. Cr,O; type (S)
Healing 51 Adherent Sp%ne'gl type (S)
stage (final) scale Fe,O; type (S)

. Cr,O; type (VW)
Spalling 62 Spa}led Spinel type (S)
stage (2nd) | 4% | Fe,0;4 type (8)

. t

Spinel type* : MnCr,O4type, Spinel type : Fe3O4 tvpe
S : strong, W :weak, VW :very weak
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Photo. 4. Microstructure and X-ray images of section of the scale formed in
22 cycles of the cyclic oxidaton of SIC20 Alloy in air at 1 100°C.
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Fig. 6. Weight gain-time curves for the continuous
osidation of S, R1 and R2 Alloysin air at
1100°C.
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Fig. 7. Parabolic plots for the oxidation of S, R1
and R2 Alloys in air at 900, 1000 and

1 100°C.
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Fig. 8. Temperature dependence of the parabolic
rate constants for the oxidation of S, RI1
and R2 Alloys.
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Table 4. X-ray diffraction analysis of scales formed in the continuous oxidation of S, R1 and

R2 Alloys in air at 1 100°C.

Specimen’ | ] R 2
Time(b) S R R1 'u R
s : ]
0.4 ! Cr,Oy type (S) f Cr;O; type (M) / CrO; type (W)
: i’ Spinel type* (W) ‘ Spinel type* (M) i Spinel type* (M)
. | Cr0, type (S) | Cr0, type (M) Cr,Oy type (W)
Spinel type* (W) Spinel type# (M) Spinel type* (S)
Cr,0, type  (S)  CrOs type. (M) | GrO, type  (S)
40 Spinel type (W) | Spinel type* (M) Spinel type* (VS)
a-8i0, (S)
Cr,0; type (8) Cr,O; type (M) | GCr;0p type (W)
400 Spinel type (W) Spinel type (M) ; Spinel type* (VS)
Fe,O3 type (S) Fe,Oy type (M) a-Si0, (S)

Spinel 1ype* : MnCryO, type, Spinel type : FeaO4 type VS : very strong, S :strong, M : medium, W : weak

e - N

. t i, N e e el e g ottt g C et s Mo g

0.4h

40 h R

i
i
I I

Photo. 5. Microstructure of section of the scale formed in the continuous
oxidation of S, R1 and R2 Alloys in air at 1 100°C,
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Photo. 6. X-ray images of section of the scale formed in the continuous oxidation of S Alloy
in air at 1100°C for 400h.

Cr Ka Ni Ka

Mn Ka O Ka

Photo. 7. X-ray images of section of the scale formed in the continuous oxidation of R2

Altoy in air at 1 100°C for 400 h.
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DO EHRER{L#IX Photo. 5 THLM,L X 51, S
PHELLFEEL, REM gD % R2 54 TF0D
EMPBEETH .

i, —HOREITOWTRERE CHERESZIE
PLEDTAYy —VOFHEZT o7, VhF®LEOX
o — W EE W 72D b T, IR TE S hs.
DAy —WORMIFEEZEL, BEREKEETHD
7205 [REEMS T HERNER E LTHELoTh ok,
KEfiEson EPMA i X5TELSHOFER, S, Rl
R2 &\ TFhd iRy Si Bk cdh oz, B
%, 1200°C LFoE{bc4ERT 5 SiO, 13ERETH
ZWEFEbhTWwdH, X BERT R2 540X a-
cristobalite 23 &N, S, Rl & TN H,»D
7-DVE, U T W5 X S ic Ce DIFLED SiO; @
SR EEBRE X5 THSH LELLN, R2 54

Number of cycles

-50

+
o
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Fig. 9. Weight change in the cyclic oxidation of
S, R1 and R2 Alloys in air at 900 and
1 100°C.

wEENSESEO REM oEETHA .

3.2.2 R UEHEAER

2R UEE{EEAET 900, 1000, 1100°C <¢fio7-.
Fig. 91z 900°C & 1100°C o fl# R LA, S &4l
Flgk & BIESEFCE CTERBL LTV DL,
REM 257 % L 4SO BN (R2454), %
7z, 1 El B o#EEE MM ERE SR (R1&54), ©
DEDERBALD S L0 X SiTARTIEv. REM
B X 2 FIEHE M ONEMHRIFIECHELL, R2
&4 TP 1000°C LT ¢ 600 %4 2 4TSk E
BT,

Photo. 872, Sk X' R244® 1100°C &858 LA L
w5 1 BEMSEHO EPMA 1« X 5®ESHERE SR
L7c. R LBRENRLThEL S, wTFhdPglbdoR
EHSBET | @EOREENSIEFE S T ATHS. S
BBV, BEANITRBRAY — VR ERTH
5T &&AL, Si, Ni, Cr2&F Lic Fe ZRA 1 VER
ILDBES TV 55, T CliFroEFB A r —uh
fl4E LT, Cr,O; healing AR Loodh 5 REEN D
5. h&Fhiciih ko Si BbniEsd Hns.
WoIlES, R2 H&ckWvwoid, SiggbinsibeENiC
WHRCFULSREEL, —BicERK LIAD A Fe ZH/E
Btz CcLlobhRIEDTWS. T/, ARET
vz REM OXERSTHS Ce D X f{E% &
Th, HLEhT—FRE L Ty B B0T, Fhicx s —
DAL I his ok,

DX 5, REM iRhnE GO REEKT iR Lo RE
X, Fe RERLMOLERTBRUMNE L LWV T &,
BXU, @ERCFEZEL: S @b H Fe ZEE (LD
IEENDREZTFE LD EVE LS.

4, = 5=
4.1 Si, Cr OEE
HELER(LIC X DEHML AT, fREAERII > kb
W EBEIMACHEE L, $/, 8K LML X 3 3%H)
¥, REH-NER 7 — v iR -8 — healing i
EVWISBEERRELIC X > THETT 5 Z L mbhi.
EOEEN, wWThb, —HRET TRk < BIEMZL
AL, BRCET BEHER 7 — v OREEZIL,
(1) {REEMI Cr,05, MnCr,Oy B LA R D%
SERFI
L KBS
R LB L REW
(2) Cr REFoaEBbic X5 Fe RELmERk
1534

— 150 —

P



&

@S A—RFFA AT VIVA
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Cr Ka

Si Ka Ce Lal

Cr Ka
(b) R2 Alloy (327 cycles)
Photo. 8. X-ray images of section of the scale formed in the spalling stage of the cyclic
oxidation of S and R2 Alloys in air at 1100°C.

Rt Y AR i

R LEAE:NE A — VR - S
(3) CryO; healing Bz X {2 FiE 5 20548

i EE{ L T E RN

#K URE (L - healing 1
EVOEREA T TS THAEMCHABOLDELTI W
ThHsr5.
Si g X0 Cr mlLEEEEE(L, R LEEbo VW T hucst
LTLEELL5 2, TALOEME & bhinidEHEmEL
7 Crid, FH5REWEZYK LT Cr0s ZLKEIC

Mn Ka O Ka

L, Cr oORZR#HOMSITEL LTEELREZR
T, AEROER,»LLEHETHS.

VWoIlE S, Stimon T, ERER LS D iR R
R~ 503, 202 i, BEXr - bl
BEL DR T TSI A L OEE B IIE
LTWBZERTRELTWS. L LZOBRRETH, Si
HOEWIC X B5AY — VORGSR EREDLNRT, &
Si 44 Th, CarLan 5, FINLS BEIET S XS
JREEpEEE L LT o> SiREAE (Si0,) 13FERRCE o
7R, EEOFHRCHBRERTHLEECCEVEEL
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TEETH I X2 +aEx6hs.

VSR b v, Si ::'g}it}‘@%ﬂﬁﬁéf” EHEXBIE
BTE 5D, BRENEHTIERT LT Fe Rk
BT AEEUBIESWTTH5. 55 Si EE&DEE, |
BRIE—IT A7 —~ VE T SiO;, O Ak OBM S
BAL#AER T 50 L, & Si A4TiE, SiO, ok
ORI REBIEIE 5. ZhiT, FBEOBE, HeE
D Si HAESWIDRABEEL L LI BENBE D
L, BETHE, K S ODEESFSLELI5N
T, BRROEEIBELT EMAMNMECRIETAC LR E
DBDTHBHS. LT LS, {REAy —VEETY
FERGZEN DD DO LEESN, D7D Si &
SORENRA Yy —VORRIMSELR 5 b D :E2HH
D &3, Si A CrOy MERE MO R RS &5 -
DI, T DOREMIHE I BEHRODNT Sy,
RER TR CE LD,

Bk LB LT 5T, & Si 8409 EM & X O heal-
ing MAHREVT & bERRILOEE & Rkosh Ric
LoktBbhs.

4.2 REM (D=

Fe-20Cr-10Ni-2.5Si & 4wl LT REM 2Rt s
TLIZEY, Rr— voRMHERBIIZ L tExh,
WL O DR R RS b,

27, EEAEH LI 3 VvC, REM H{hind 4o
HENRSHLIL ORTAREVWI L THS. RZAﬁ(
PE I R ER ML, BRI b TR
MANCHES o DT, ok LELEE DA X . REM
DI & SEILEEFEE LTl E s
2222) — g RE My X 2 C B bR kA3
5 EMEIN T WSS, Franas 52903 CO, ALK
1) 5& Y 20Cr-25Ni-Nb #30 750~950°C A%{L. T,
YOFRMC X D, BLEEDRE W LR LT,
G & v ¥ — 40~50kcal/ mol 2B Tw55, Zh
AR R LI L TS

DEWL, HRT DAL — VOl MK CERT S &,
%Kiz Table 4 TR Li-X 5T, SE4L T, CrO; ik
DRER 7 — WRBLDOEST & & b i LIEvic Fe B
L ZlLd 5ot L, R2 4T, B s
Cry03 XWX LA MnCr,O, RDEs{binh ks it
L, CZOHENRERRIIC brroTEsh twvs., X

W, WEBERbIDE LT END Si0, 13, S44T
WA — VIE TR BIRORMEESBILhE R+ 5
DZxFL, R2 54701, Ay —VETX D LAH
SENCESBERICREELTWS. 1100°C < 0.4h
& 40h DEFELTEK LKL S, Rl, R2 8624

Table 5. Chemical analysis of the scale extracted
electrolytically from S, RI and R2 Alloys
oxidized for 0.4h and 40 h in air at 1100°C.
: ]1 Chemical analysis (wt%)

Specimen’ Time(h)

Cr Si Mn Fe Ni

s 04 |32 1.9 22 218 2.7
40 489 4.6 53 6.9 1.1
R1 | 0.4 |280 138 42 204 1.9
40 48.2 53 6.7 6.1 0.5
Rz 04 |185 165 49 2.7 1.6
40 255 17.7 9.6 3.9 0.1

—VEREMERC X DE L TL¥ESH 24T S &, Table
ST X5, REM Fin&&dibaidsr» o S44
L BT Cr DEIGMBDL, SiPIERITEL 2T
XD, Mod &y, Zoffimid 40h ERbE L EECR
H, BERDA S — VB OB WE—FT 5. REM ik
& & TR D S BRFMIC b 7o TRE L CHIET %
MnCr,O, BIEE{biE, CrO5 12K 5 X TREFHMEHML
WO Z LA, BLEEERET—EHEE 25N, Fh
WX DTEHRITIRA LT-EEFEL, Ry — 0 e ERH
HETHREBXENT, WRARKEOKIESL & D A5
HIRICEL SiO, 2B FIEHDTHAS.
WheEROEME LTix, Fig.10 1z 1100°C ¢ 40h
HEGHLARET 272 SKI VU R2E4E D A& — EE
D EPMA i X 585 ITEERER L, SE4LTII,
Hhelmthro Cridhlk iR T CREKRTLT Cr K2
BalmklTtvwbsoisl, R2 54T, 25—/
WEERAEL< £T Cr BT L ALKTES, #@E
Ik Si @b FiEic X Y AELAEOERE R0 Siik
EBEL LTws. zo, REM oigmick>7T Cr &%
ZRPETCK S L BBEE, Pl Sid&irFe-
Cr 2T, %7, REL®HMRNI-20Cr-0.5A1 ZHT L b 2
Tk Y, REM oifhnic X 2T, HE<TlX Cr0; B
W SiO, ERFET B0, %75, #H T NiO»
WAL, BEEDSH D NICrhOy OARKEED LRI
B, ThEh Cr OFEESHIRHEN D 2 L2 T DREEKE L
LCHIT TS FEBRIHW-E4T Si 245108
AL, L2»d REM iSIE4£IT30 % SiO, pEREE LY
DEERELWZ E, L, O Si0, NEER{LT Cr
REBEEOMHF I Z LA SPrOEEL I LLT IO L
EIND.

Cr RZREH» 4T 5L Fe RELHBREFIEREL
T EEBRET BTSNV ED S T &i/:l'?‘“ﬂw_x_
RiclEDTHS. REM 2T sz Lick>7,Cr
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Relative intensity of X-ray

R2 Alloy

AR ANecen=-
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Distance from oxide/substrate interface ()

Fig. 10. EPMA line scans across the scale and the substrate of S and R2 Alloys oxidized
continuously for 40 h in air at 1 100°C.

REE DAL TINFI X N5 72T, 4eic Fig. 6 iRl
FoBE L @H@%Tbﬁéi)b SEE D WIEER B A3
BALEEE A 6T LD LTwiewy. Zhid, RE
MZFINT 52 LT Cr OEEBLEL Db I,
SiORNEBMLREIGHZE LR 5D THAHH LEZLN
5. ¥ THhN/-AY, Horn®, WENDEROTTY 5AME
T35 FEFERFEOREIVWREMPBIEEDOH T %
BikE €T Cr B2 {RET 5 & T, 4Ry —
Wb T Cr,0y WEE LD HDBEIENRE KB Z &H
FREN DD, ZERBICESWTC Tabled, 5 iR LAz R
= OXBER R X KLESTOEREI» LT LD
ITNEEH LAV, XEGEEA LT 0BEDOREZ{T
H&MIIEIN X 5. B
DX 5T, REMFEmC X 2%, fEEE il
VOBERRIL TR EEZILICIEEICE N WS, RR LER
fbizk w2y —vofEERBMEmE L > THAS.
AT B R 5 — v OFFELE, EER(LOSE LA,
REMpFC X >T, MnCr,Op B {L#sENlic b
oD TR E A, R LW 5 SO, @ kEE L
MHFEEL, Cr KBZ 34T A2 LTH5.
T D7 Fe STNBEE LMD 4 pk e B3 KRR~ 51T
Ls Rf, WORAZTRMER LIED T, @BEIk SO,
X DEEA~NDIRRZ LT 5 2 & T, FIEHRE O

ENLLEIN5.

—i%i, k2 T A A LI LIEH T Hh
% keying ZhiRik, AEBROEE, EREEETLT
BWEWESTH 5.

753, Francis 510, FeLTEN'®), NAKAMURA?Y), 4K
LB Ein b £ OMECTHER I TWvW %S REM D%
{E4iE, ARERTIE, WEBFRONEM ERHTES Ly
e, BEMBC BT R TER,L O,

5. B

i

&St A—-—ZXFH44 bARAFT U LRAROEEMEE{LHEIC
K XiE+4 Si, Cr, REM O#EEa M5 Fe-18, 20
Cr-10Ni 54D Si &% 1~3% LB, =B,
Fe-20Cr-10Ni-2.58i 441z REM % 0.229, % C&HIn
LB E&2 T, K& 800~1100°C 1= 1) %k
X OEE URE LR 2 T D7,

BONEREZENTLEOEDLENTHS.

(1) EgifEiha%

EHIINT, (REWIE O Z5E M (KB hnij, Fe FRa&{b
PHRGEICRRET 557 L 0 #, healing CryO5 23 FFIT Ak
ET5HEEMPOX 5 HBEKOERE2/-E5. Cr
IEADREHERKE Cr RZBEMOTELLT,
T, Si WBRABELZELZTAY —VETIC SIO, &

— 153 —



714 & & 0]

% 63 £ (1977) 52

2K THILT, BEELREHEDLD, WTFThighE
2T & L D MR RESMABTIE 5. REM 2k
T 5 e, MMEHOEE RS L, BERETHELKTS
{BEmE T,

(2) SELEHERER

B, BtytlofEtE» Sk sLEl, Cr
RZFBHEN LT Fe REMbIEER T HREBR Y —v
BEW, FISEH, healing Cr,O; MB%E%E 7 healing HiD
WEBEREIN, BEROBRRIDERLUEBROETT
5. Cr, Silg, SGELOE L FROXE#EZTL,
TR OO XD THR LE LR mEs 2 5.
REM @i X 2R SsHEmd e LTELL, 4
HEDBIIE 2B S8, EIENMEZEREES.

(3) REM iz X 5 FIgkHEE D%

REM, Cr REFOAREZIHTHZ L LD,
BoR LEE LI S W THIBEDORE & 7c 5 Fe REs{bfnnisk
RLTLZDOERADEGEFHILTAZ ik b, RiEE
HEYRSXZB.
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