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High Temperature Oxidation Resistance of Austenitic Stainless
Steels with High Silicon

Hisao FUJIRAWA, Junichiro MURAYAMA, Nobukatsu FujINo,

Taishi MOROISHI, and Yuji SHOJI

Synopsis :

As high temperature oxidation resistance of a 19Cr-13Ni-3.5Si steel is usually inferior to that of SUS
310S steel, yttrium, rare earth metals and other active metals are often added in the steels to improve the
oxidation resistance.

The authers have experienced that some 19Cr-13Ni-3.55i steels show excellent resistance to high tem—
perature oxidation. Therefore, high temperature oxidation behaviors of 19Cr—13Ni-3.5Si steels con—
taining 0.0001 to 0.0129, sulfur have been investigated by means of isothermal and cyclic heating at tem—
perature up to 1 200°C. It has been found that sulfur existing as an impurity in steels shows very harmful
influence on high temperature oxidation resistance of 19Cr-13Ni-3.5S1 steels. The steels containing extra
low sulfur less than 0-001% show more excellent resistance to high temperature oxidation than SUS 310S
steel, and moreover, the addition of calcium in the steels containing sulfur less than 0.0019, is beneficial.
It has also been found that the nonmetallic compounds containing sulfur consist of the Ca-Al-Mg-O-S in
the steels with sulfur less than 0.001%, and transform into MnS with an increase of sulfur content in the
steels. It is suggested that MnS compounds have harmful influence on high temperature oxidation re—
sistance of 19Cr-13Ni1-3.55i steels.

Besides, high temperature oxidation behaviors of 19Cr-13Ni-3-5Si steels containing various amounts

of sulfur were clarified.
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7 Vv A oWT, SEEFZEER s X Cadc
ExEML, oS mux b3 icilirERER L.
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fb&ei., BFREZEBMASIVHIET XD 3.2mm /i
LiX6mm EoffteE L, EHIZAEZLD 1.2mm EO
Wi e Lic. ToBEBEHEAES X UBEYTVERI
g Lic. BUBHEEE R X O Aol o SUS
3105 b A 1.2mm EDffize LTHW. B
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Table 1 /R
2-2 XBAZE

BRFOERLS, w20x 125X t 1.2(mm) ORE
FEREV, Wwihd =2 Y —#t §400 BTFEEE, WifE - 8t
B LU CERCEE Lic. KFF 0B A whx 110X t 1.2
(mm) ORI &, FEOITNEY T %,

SRR OB AL IB-EH Of DB L2MThh 5
T EMRENT L, 1200°C, 50 h InZh-H% 6 [Eig
DRTEMEERAYE E LTIT 2ok, ZOBESDONERER
{EHEDEHIT AL & LTIk 50h TR 7S5S v v 7t X b
HEE T 5BIbAy — A EBRELCEOEELSLEY A
L. T0EHOFEREE LT, —SO#Ho & 800°~

ZENTE, TCCRERPZYHELLTCW2DTHET 1200°C, 200 h s@#EfEinskd 1000° 3 X 1100°C,
Table 1. Chemical composition of alloys used. (wt2p)
Alloy C Si Mn P S Ni Cr Ca Mg
1 0.08 3.53 1.12 0.016 0.6001 12.96 19.16 |[<0.0003 0.0010
2 0.039 3.35 0.75 0.018 0.0002 12.71 19.34 0.0012 0.0013
3 0.029 3.19 0.75 0.011 0.0011 15.39 18.49 0.0011 |<0.0005
4 0.034 3.17 0.91 0.014 0.0018 12.67 19.53 |<0.0003 |<0.0005
5 0.034 3.27 0.97 0.013 0.0022 12.66 18.53 |<0.0003 |[<0.0005
6 0.036 3.21 0.80 0.011 0.0032 15.61 18.63 0.0010 0.0005
7 0.048 3.32 0.52 0.012 0.0038 12.86 19.09 |<0.0003 |<0.0005
8 0.039 3.30 0.50 0.011 0.0050 13.08 19.07 0.0004 {<0.0005
9 0.045 3.28 1.01 0.011 0.0053 13.07 18.98 0.0008 |<0.0005
10 0.034 3.10 0.47 0.023 0.006 13.00 18.67 0.0004 |<0.0005
11 0.08 3.12 0.46 0.014 0.012 11.78 19.91 |<0.0003 [<0.0005
12 0.038 3.37 0.77 0.026 0.0004 12.41 19.36 0.0036 0.0013
13 0.07 3.50 1.01 0.020 0.0005 12.91 18.98 0.0051 0.0009
14 0.08 3.38 1.14 0.016 0.0007 13.01 19.17 0.0064 [<0.0005
15 0.07 3.43 1.24 0.015 0.0008 12.90 19.10 0.0022 0.0019
16 0.053 3.46 0.76 0.018 0.0012 13.10 19.15 0.0032 0.0031
17 0.038 3.28 0.76 0.013 0.0019 13.03 19.79 0.0048 |<0.0005
18 0.043 3.13 0.78 0.011 0.0032 15.53 18.54 0.0039 0.0005
19 0.041 3.30 0.52 0.010 0.0047 12.95 19.11 0.0035 |<0.0005
SUS3108 0.04 0.76 0.84 0.013 0.012 19.96 25.74 ‘
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Resistance of various 19Cr-13Ni-3.5S8i
steels to cyclic oxidation at 1 200°C for
6 cycles (1 cycle is 50 h heating).

Fig. 1.
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Fig. 2. Effects of S and Ca additions on the
resistance of 19Cr-13Ni-3.581 steels to

cyclic oxidation at 1200°C for 6 cycles
(1 cycle i1s 50 h heating).
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Fig. 3. Effect of (Cr+S5i) on the resistance of
19Cr-13Ni-3.58i steels to cyclic oxidation
at 1200°C for 6 cycles (1 cycle is 50h
heating).
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Fig. 4. Cyclic oxidation resistance of 19Cr-13Ni-
3 5Si steel containing 0.0008958 at 1200
°C for 6 cycles (1 cycleis 50 h heating).
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Fig. 5. Isothermal oxidation resistance of 19Cr-
13Ni-3.58i steel containing 0.00089,S at
800°~1200°C for 200 h.
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- Fig. 6. Gyclic oxidation resistance of 19Cr-13Ni-
3.585i steel containing 0.0005%,S at 1 100
°C for 600 cycles (1 cycle is 30 min heat-

ing).
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Fig. 7. Changes of oxidation behavior of 19Cr-
13Ni-3.5Si steels containing 0.0008 and
0?}006%8 at 1000°~1 200°C. The results
of SUS 3108 steel are also shown.
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Fig. 8. Arrhenius plots of oxidation rate
constants (Kp).
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Table 2. X-ray diffraction analysis of oxide scales
formed on 19Cr-13Ni-3.55i steels by con-
tinuous heating at 1200°C for 24h.

S (%) | Spinel type | Cr,O; type Fe,Si0,

0.0008 S S —
0.006 S S (VW)
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Photo. 2. SE(P;/T observations of cross sections of (2FeO-Si0,) B L#TEINS. BHSWMOBLA »r — Vi
oxide scales of 19Cr-13Ni-3.5Si steels . o - : N
containing 0.0008 and 0.006%S con-  ‘HRBIREO X SMEIH TIN5 ENRLL LT
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Photo. 3. EPMA image analysis of oxide scales formed on 19Cr-13Ni-3.5Si steels containing
0.0004 and 0.0129,S by continuous heating at 1200°C for 50h.
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Table 3. Inclusions in the 19Cr-13Ni-3.5Si steel used.

Oxidation resistance S (%) Addition Inclusion

0.0002 — Ca-Al-O, Ca-Mg-Al-O
0.0012 Ca Ca-Mg-O

Good 0.0007 Mg Mg-O
0.0004 — Ca-Mg-0O-S
0.0013 Ca Ca-Mg-O-S
0.0017 Ca, Mg, R.E. Ca-Ce-S

Moderate 0.0020 Ca, Mg, R.E. Mg-Al-Ca-0-S, MnS, Ca-0O-S
0.006 — MnS, Mg-Al-O

Poor 0.008 R.E. MnS, Mg-Al-Ce-0O-S
0.010 — MnS, Mg-Al-O
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BELELBRALLLOTHS. T Mg bbb nidFHL
HETHEEY GIMLCBE R Thbo b LicoTn
5. EEBEEOLIL 2T MnS OFENED L
N, ESECD L NEMLIEPTHELZS N\ MnS =
EOFLE 2T W BHDOMNED LS.

Z ORI SRBLEDSLE MnS & 2BERH S
TERTFBRLTEY, ZOARDWTEE LM
L TR~ T.

4. & =

ESIEHEA—ATFAIPAT VLA BT, 8
PR & LCHZET S SA 1000°C Ll RO &SR
B Z2LVEEES 2 IETI LR WL ERD
oo HFISE% 0.001% LITFEFBZEimI>THEL
K BERBEELAEL, ZBESHE Ca ¥k
Mz LI bRTOEYREI LS.

% ¢ 19Cr-13Ni-3.581 * ZEFWRH &L L, SEXR
T MO ERBRIGES, BLAYy — AR XOEE
S BILEYOHEBITOVWTELETS.

41 EHEBILESH
BIESH, &= SHE Lt SUS 3108 #HomEmm b

et LR, SESETREEED IWELA
—AHERL, TRV TESEAICIZIERS T
B EIT LT 5. —FE SR ERboRER X
DTHEBRD Bt m-FeflhiR 2 /m3. Lo LE{biad?
ST 5 A BB O TR L 2 B i3 T iR Bl 5o
TWa ez 5. BLOTEECHBBAICE ST VS &
Bz a5Eo» bROIFERE= & L FIZBES §ik L O
SUS 310S g4z 36~37 keal/mol, & S $RDIB AT
%5 64kcal/mol THD1:. ZHLOEML=HLFHE
i3 G.C. Woon?2® L3 X8 D. CarLan 529 DRDI-
f, J7cb Cr OYRBEEDOEE D 36 kcal/mol,
Fe DJkEE %A DF9 64 kcal/mol L xhXh X<
—HLTA. L2 THBRIES#S 5\ i SUS 3108
$CITEIEA 7 —vpD Cr DIEAEME R FH T 5 e
3, T hkitERBLELRTOCK L, BS#HTI
BAb A r — D Fe QKA BMEE ZHET 5, i
BERBE, S EVEHCEMTES. i SUS
3108 #MITABIE SEC HNTHHI O BMbEE,FE LK
X\ Z EATHLNA. T OMEIL ABAERT S Si
BAHOEITHETHBFCR LA LLRATS EE L
bha. Tidbhb SiBEHBL B A B\ IXE
T4 vOILMOEEEL e b i, ZDOENTIIER
THENE SR I OTHEEBCERE LD EEL
bha., 20 Si BHEOLEREOMEIE I ELE
NEWHEOHEOMRBRBEOHECTLERL T
5.
4-2 HEBEBIEXF—ILIEE
BESBOBE, BIbAy —Ahiizd: AL Fe g
¥hT, BB Cr.0; oty Ibwcies
DHRECIL Si BIEHOFEIBETHSD. BLAyr —
A DOXBEH TR Si b c & invds, EPMA
X OTEDELENBEETHHZ LD, FILUS®OX
5B AYy — VDR EYBE 1200°C, 2h LA &
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= 5, Si0, OFENED bhic. SiO, iXihd F i
FICHFLE L T\T, Photo. 2 DEFREFEHFE THD
ShaABOBEDEMIGELTVEEDEE2S. 20O

Lo SitWOBEERLBA A vHDL L BE A+
VOB OBREL O TWAZ EVHALLTHS. —H
B SH#os4E, 1100°C LlETik BREBABS Y £
4. FRBbAr - OEEEDE. BAr -0
X EIH R X0 EPMA X 2REDERN S Fe O
{Lihi L Feb b, LI REITIL Fe,Si0, D4
BAZEHHRD. NHEBLLEDHh, Fic1200°C T
REALY R LR B L, LV R bR R T
b oBEIT Fe,S510, DERIC L 54 DT, Fe,SiO,
13 1140°C LI ECHRBMEE LD, FLBMEERD
RGETH T THRBEEDOILVWBLY TH D0, Fe
1+ VEIUBEA & OB REL, BIEAr —2
DREREER LUCRTRLoREELIESRI T &IT
BHCHRTES.

BIESHE ESHME CliEb A r —vOREEIL b i
DY HKERIEND D, HEBEEOES LY B LT
RLTWS.

43 HPIFEELEY

Table 3 > LEAFNEY, WCMEFLENEDOM
O HLEA O iR bt & BRI TR Z X EE X
5. e MnS OFEVEOMEERILECELE Y
FIELTWBZ ENHBEIhE. BRICIEF DS
PREAY MnS MHFELEV LS T CTERIHZ &
D ESRBLECENTH D Z LILALATHS. b
L MEBEFEETHS b LV EERLESHWTHS Ca R
OFALS i LIREETA L /s S IER X2 5 Z L A&
Bt X nEgh s, ILRGEIFERBILA Y
Mo SRRk B8T 50 Beo PIHgEco
Cr OFEMM~OHAED HS LA LD BFE1AH D0
LREbLhE. CRALOBEILDOWTR I LM%
WMTHLILET5.

5. &

19Cr-13Ni-3.551 ##EAMRE T55 Si A — A
FFA AT v Vv AEOMEIRERILME DU T 4 588
LR, LITORSEXBF L, ELDR.

1) 19Cr-13Ni-3.5Si $fo i@ EMLEs L Til,
MPCHERAMD L LTHEETASHELIERE YR
XiE3. 0.003%S LT Tk ERBeE» X< /eh,
B SE% 0.001% LLTIERT S L Xo>T 1200
°C Td SUS 3108 g & MEL Lo if&RBRen T H
THISKRID. TLBEESHIC Ca 2HEmMTsE3h

i

i mEBR et mET 5.

2) [BIE S oML E B TR ANCIZIERE
DOTHTTS. BOFELMBETOTLIBIEARr — 1%
TmEMES BIFC, FEE DD, EEE=FALFIH
36 kcal/mol TH{E S $HDE{LL Cr DIHEE TH S
CEEFART. —HESHL 1100°C pLETRERILE
S AR LB LRI IR & & & RBEBRRCEINT 5. fFiIc
1200°C Ttz OEBRMVEETH 5. T ik vELn#k
DA, BL Ay — A 2 HEELOT o), THRRR
EHIZE LS HLT5. ESMTiEb= 5 L ¥
64kal/mol TH % = &b b kI Fe OILBERTH %
LEZ Hhn. SUS 3108 8 EIESHEL ZIFRKD
L2 TR T A5, O WHIOMLEE LB S 8T
NTELLKE.

3) BIESMOmILAr —1iE Fe Bzl AEEER
F, Cr,0; Mg{tHBEHrEETHY, TGl ORE
it Si0, BABEZE D bh, WEREBLE?RT Ch
Twb., —FHESEombAr —1id Fe 25 &%,
e HEiciz 1200°C T Fe,Si0, DAERAFED b,
SRR LA BT 5. L o TR, E
L REL, MEREEE, S S.

4) SRRt ORBEFESEBLSWOBRL
wE G Y AT, Thbb, MERBLEDOT ORI
BIES M0PH4a, Ca ZOHbHis\ LB E
DEREILEWHEET S, B SHTIE MnS 23K
D& E 2T 5.

Kb hic, KFROBRTEHIh, THHTHE
7eE E LGRS AEBENMER KRMKETEAR
HEFHEEHEER L bOCEREBITERRSHT
EESHREERET A S OB S AR EEM AR R
LMEERLET.
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