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The Effect of Environment on the Oxidation Behaviour of Rimmed
and Killed Steels at Elevated Temperature

Hirokazu MURASE, Norio FUKASAKO, and Kiyoshi KiTa

Synopsis:

High temperature oxidation tests of rimmed and killed steels have been carried out in the CO,—CO, air,
39%0,, 300 ppm O, and CO gas atomospheres in the temperature range from 350 to 530 °C under the pres-
surized condition up to 42 kgfcm?®. The oxide scales formed have been analized by mean of a scanning
electron microscopy, X-ray diffraction, EPMA and measurements of electric resistance and porosity. The

results obtained are summarized as follows:

(1) Oxidation resistance of the killed SS41 steel is superior to the rimmed SS41 steel in the all tested

atmospheres.

(2) The above described tendency is remarkable especially in the cases of 39, O, and CO,—CO atmos-
phere. It is considered that the former is due to the electro-chemical effect of Si in Fe,O, and the latter
the suppression of Boudouard’s reaction (2CG0—C0O,+C) by Si at the interface of scale/matrix.

(3) TItis possible that the excrescences appear in CO or CO, gas, but the excrescences don’t appear in

the oxygen only atmosphere.

(4) Itis considered from the results of EPMA and electrical resistivity measurement that Si doesn’t exist

at the scale/matrix interface as a layer of SiQ,.

1. &

REBOEIBEEZREENI Y & FEHE 20 FETHY
FMEFP DD LV TWBRU, oIS+
BoPCINTHWiEVWE S TH3. BIEERIFRGAL
AR X D TEE R 5 T 5000, FH&IICXL5HE
BERRIGEBLERRTHDEFEZLZLNBD. ZDXS
WEEC D TEE OIERELR T v v b LT 7
Ty WEBEXIGEOMBEOBEEES SO XS b
PafNbicd, BRRIREY 2 B, —BILREZRES
2/EHE, BATERLL. BEOLDELRPERLED
BT ok, B FAKELTFHE 0:.(3% &
300ppm, He Bal.), %57 H Utz CO(0.2%, He Bal),
29%C0-98%CO, REH A (LLF CO,/CO v 5) T

il

5. ZHROLOFHEK T A FME 0 FiE 350~
530°C D [RFEFHA CEIL & ¢ E{LETHOFEZ BELih iz
i BN B LI O R E TSRS, BN
e, X#H~4 2973545~ (EPMA) iT X 554
FLOXRER L ETHRALCER, 2, SomRzE
e THET 5.
2. HEMBLURRAE

2.1 M

TROBRELEID Y & FEBLE v FIREHERMA L L
foo PEERMO(LiERIE, Table | Rt ¢%9 Th
5. J2&§ 15mm @, TR HOFEEFHROKRET, 3~
6mm DOEEFEICETE L 2A5, 20X20X3 mm
DO~FTHEOKBR 2 BT X > CER L. CO,/CO

* OHBF 50 £ 4 BEALHEAKICTRE WM S0 £6A 19 B2 (Received June 19, 1975)
*ONEETEWR)EFHMEF T8 (Research Laboratories, Kawasaki Heavy Industries, Ltd.)
FEEOJIGRE T (KRB H%EFT (Research Laboratories, Kawasaki Heavy Industries, Ltd.,

!-1 Kawasaki-cho Akashi 673)

— 64 —

..)m

«

A



y ¥ ¥ R

VAFMB IO FA FHOBERIEDC S IETFARORE 229
Table 1. Chemical composition of steel used (wt9%).

Steel C Si Mn P S Ni Cr Mo Al Cu
Rimmed SS41 | 0.20 Trace 0.51 0.021 | 0.027 | 0.024 | 0.022 | Trace 0.003 0.020
Killled SS41 0.19 0.24 0.71 0.021 | 0.019 | 0.020 | 0.020 | Trace 0.005 0.013

Steel Sn As O H N (sol.) N (insol.) Total N
Rimmed S541 0.003 0.009 | 81x10-+]0.2x10-¢ 40x10-+ Trace 40x10-4
Killed SS41 0.002 0.003 | 27x10-¢| Trace 25x10-14 45x 10—+ 70x10-4

1 Gas cylinder Sample holder
2 H,0 additioner Temperature controller
3 Compound pressure guage 9 Temperature recorder
. 4 Safty valve 10 Flow meter
1 CO; gas cylinders 8 Autoclave (volume8/)
2 COzgas c;:'lin:ler 9 Gas analyzers g ;/acuum pump 11 Gas analyzer
3 Evaporator 10 Pressure reducer . ample . .
4 Regulator 11 Safety valve Fig. 2. Schematic diagram of the experimental
g (F}L"S""m"“::’ I‘g ;’;;;‘;Z“ pump apparatus used for the oxidation tests in
7 H,O additioner 14 Crucible air, pure oxygen or carbon monooxide.
Fig. 1. Schematic diagram of the experimental

apparatus used for the oxidation test in
the CO,/CO atmosphere.
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2z i, REBRIEFAROCS Y 2Ly Ko VAT
DEAL.

Fig. 21250\ d Rk Ao <o b fifsxh s #=x
ZEPTEY Y BNESE EHNERTED L LSKCL
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Table 2. Experimental conditions.

Test condition Gas composition (%) l!Ternpera—i Pressure Testing
0 co H,0 co | He t(%r(‘i‘z) (kg/em*G) t(llzr;f
Atmosphere ™~__ 2 | 2 2 | e ]
Air 21 | — 0.6 — [ — ﬁ 53045 l o | 885
340.2 | '
co —  — q 0.44+0.1 {0.240.02| Bal 53045 | 7+0.2 750
C0,/CO — 98+0.1 [0.02540.002 240.03 - iggig 4241.0 10 000

Table 3. The actual results of gas composition
and target condition for the oxidation
experiment of CO,/CO atmosphere.

Analyed Gas composition
position CO(%) |H,O(wpm) | CH, (ppm)
Inlet 2.0140.36 — —
Outlet 1.98+0.32 | 251430 | 1040190
Target value | 2.040.30 | 250425 | 1 040 190
Current meter
-1-L D.C. electric
source
T L
Scale Steel

Fig. 3. Schematic diagram of experimental
apparatus used for resistivity measure-
ment.

D.C. 2V 7.
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DTEILED BT OHE(ps)lE ps=Wi/ (W, —W,) &
5. Ik, (LR, RT3 XEEES EPMA 4
EERITX D&, FeO LIERBARE L DRGHETHD
2. L7ehoT, REOHHELE 1., REOEHEEY po
Fe,Oy OTER 5.2g/cm® L § 2 ERANPKILT 5.

TePet 5. 2(1—7) =g roroereereerreierinnn (1)

¥, BILBERORERIEISWOETE 6.7 wt%

TH2DTRAMBKILT 5.
Tepe/{reoe+5.2(1—7:)} =0.067 --ooveoeenen (2)

(1), (DERXD pe & 7c BRD, ZOfED LEk
LD RILEEZFH L.

2-4.3 EEEIED EPMA 4343 X O X EE/H

CO,/CO TR LT IR Ly 2 (F{LE)
DCOMHENBLITL s 27 vy w2 20WE® C, Si,
Mn, P X0 S o5& T2/ T, Z&F,
39%0, 1, 300ppm O, kL 0.29% CO HTHR
Licdov FEROBMEIED Si 0ot $7/40 27 5
GV, E— nfE:2p, BB E< DEE : 2/ min,
IREE ¢ 20kV, FUEIEN : 0.022A TH 5.

i, XREHAHEHT, BILEE 2% 8F-T 4 —
WIBETRIBEL, 7+ b CiRiE LA 2/ o8t
EHTHIKC Licd o2 RAvie. SE&Hs, STFE
30kV, EEik : 12uA, #—4 5 b : Co, #HHZ :GM
AU E, E—LODKEZ:20mmX (I~5mm) TH
5.

3. R BB R

3.1 BEETHITORILE

LLRPTOB LML Fig. 4 WRT. Y4 FgPE +
v FEE, &b IS IR OB R R LT
%. 530°C,800hr OFFETY & ALY 5.9mg/ cme,
F 1 FEFD5KY 4.9mg/ cm? OBEEMMEZ R LTV 5.

BEEPCORELEGRY Fig. 5 WiRT. 3%0, bt
530°C, 800hr TY & FEAAS 5.7mg/cm?, X1 F§gss
1.3mg/cm? OEEEMITI DTV 5. 300ppm O, h
k¥, 530°C, 800hr <Y & F§HA% 3.7mg/cm2, 1 K
82 2.6mg/cm? QBEEBEINTH 5.

%72, 0.2%CO Hrogghdigs Fig 6 1z5R3.
530°C, 800hr <CY A FE2% 3.9mg/cm?, %1 R At
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Fig. 4. Oxidation rates of rimmed SS41 and
killed SS41 at 530°C in air.,
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Fig. 5. Oxidation rates of rimmed SS41 and killed
SS41 at 530°C in the oxygen atmosphere.
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Fig. 6. Oxidation rates nf rimmed SS41 and killed
SS41 at 530°C in 0.29 CO.
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Tig. 7. Oxidation rates of rimmed SS41 and killed
SS41 at 450°C in CO,/CO.
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Fig. 8. Oxidation rates of rimmed SS41 and killed
SS541 at 350°C in CO,/CO.

FECBhERIE ) & FERODIFE, 500hr {Hihs HAasic s
ERDTWB. Chizx LT F v FERITRED TEEIS 7 18
IMERZ DD, Wb SR> T VWS X 5 Th
5. ) & FROBLHIMBOSEDL A DRt T o 2 o L
vy AOBIE TR LTV i osrs B2 0o
300hr kX, " A RE#HAS 1.23mg/ cm?, 1 1 KemAt Q.87
mg/cm? OBEBEEINTHS. —F, 350°C HE T,
3000hr ‘TY & F§HH 0.36mg/cm?, % v FiE2 0.33
mg/cm? OBEBREREIMNTH 5.
32 RILBOEETVETHAUBCLIERER
450°C, 500hr, 42 &GJFD CO,/CO TR LY
L PO BRLEREOEERETFHME =R %
Photo. 1 Rz ¥. REMBEOTrL 722 L0k
PRELTETWS. TOEEIL, AfEks LTxy,
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BREREE UChE, I3 RERALWHERDELD2T
W5, F0 RETH 450°C, 6000hr, 42 [EDEED

Photo. 1. Excrescences of rimmed SS41 formed after
450°C %< 500hr test in the CO,/CO atmo-
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CERTVIRI Ly vy AEBD LA, Y A FHEO
ZTRX 9P D/NE L, POTOBRRITAHERD b DI
BDHOLNT/IEROLDONE BD LN

%7z, 530°C, 750br, 7REOEHOE EIT 0.2%
CO o Y & FEDEELIEIC D, BIPbhvAdT IRy
Le ANREH LN L L3 FEIIEDS LRI
j 3 b ral

BBt E £BoFBEME, HEIEIEE s X UHEME
HZIzX b, CO/CO 15X 0.2%CO dhTdmEh
ELE BN TE YD, ERPREIT 3%0, hTo

AN n e
SiEimme

O, M TOELEE, WAL RELEOEEENSEL,
%0, flEET5h0LRDLNA.
3.3 BR{LEDEIIER

WAGNERBEE(LIRO IR ZIRD X SITFHIB LTV 5.
Tihbb, BILE/&8 fRECOLBRETFIIEE 1+
CEBTICRREL, BRWPSEEHFERIGRE SRS HEE
b TIRELT 5.

BE O, BLEOBRIKMAEIE Lchs, TOfMR
¥ Table 4 ZiRTERYTH2I. —F, BitHhok
B, P itks s Fig. 90X 5T, Thodrb
Fe,Of DFIRTOHIRFIL, X F 105~108Qcm & E
bh s, EEREETIE, Table 4icR U7k 30 EL
fEvE, 108~100Q2cm TH Y, FesOF DXL D KEW.

g R o S aR VD SNl U VOt N S S i S

sphere. ARV, ZERLBERTOARBLECEALTTSY,
Table 4. Electrical resistivities of various scales.
Current (uA)
Thickness Resis- Specific-
Condition Steel [of scale Number of measurement o tiVity I‘CSiStiVit)’
() 21 (@) | (Qem)
1|2]3]4|s5|6|7]|8]olw0]s
Air ‘Egﬁ“d 42.7 | 0.2 0.5 0.4 1.5 0.4 0.3 0.2] 0.1] 0.8 0.50.50 4.0x10¢ | 9.3 10
53000, 885hr Killed |
Okg/cm?G | ggar 35.0 | 1.6 0.2/ 0.1 0.2 0.4 0.4/ 0.2 0.1] 0.7] 0.20.41] 4.9510s | 1.4x10r
390, Rimmed| 49,5 | 2.4 2.6/ 2.1/ 3.2 2.0/ 1.6 1.0 2.0{ 0.7 3.82.14 9.0 105 | 2.25100
530°C, 885hr, |21 :
7 kg/ cm?G s§4f 9.1 0.2 2.2/ 0.4/ 0.2] 0.5{ 0.4, 0.4/ 0.4| 0.2| 0.4/0.53] 3.8%x 106 | 4.1x10s
300ppm O, [Mummed| 97,3 | 0.5 0.92.2 0.5 0.4 0.7 4.7 1.4 3.8 2.22.97] 6.7x10s | 2.4x108
530°C, 885hr, | ool |
7 kg/ cm?G s§4f 19.6 1.6/ 3.0 1.6/ 2.0/ 2.1/ 1.4 0.2| 1.4 3.6 4.02.09'9.6x105 4.8x108
0.29% CO ]2§$Wd 26.6 | 1.3 1.5 1.5 8.0 4.5 2.5 1.0 5.0 6.0 2.03-3% 0.6 2.0% 102
530°C, 750hr | 341 ; { oA
7 kg/cm?G e 19.2 2.4 6.0, 6.5 7.0 1.5/ 7.0/ 5.0/ 6.0] 5.010.07°-°5 0.3 1.8x102
SS41 mA
CO,/co  [Rimmed| ) 55 >m>nnn0>m>unﬂo>@>m g |9 |20 <02 |<17x10-2
450°C, 6 000hr,
42 kg / cm2G SKslgfd 18.2 >10§>10>10>!0>10>10>10{ o] 7 ]9 Y <02 |1
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Fig. 9. Electrical resistivity of various oxides.

CO F7:1F, CO,/CO Tk LAB{LED LEHBTE,
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Nz arvy ey ZOHBREF—FTH. Lo
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nEh 4.535, 0.186, kOt 1.63 rico7. DT
Eix, 18.6% DX A FCHBE 1.63 g/cm® DREH
TEENTWHZ LEENTDH. L2AT, —KHilRD
BRRFIIIERE T, »OEEHH 1.70~1.75 g/ cm?
T, 19~20%DRILREEHLTVDH E b3 0
BEEIARERBROREZOEE LELIL, EAEMET
HLLLEL—HKTH. ZOZEL, TR Ly Ry
AW DR E S TROBMRE Lz, 20%REOSTLE
R LERERETHD LEALND. FeO RS
MPENE L TuvhiE, SIBICRALBRIRELCKLS. ik,
SALEOHIER, CO./CO T 4500hr DEE{ligm 4
U8B = 2 20 Ly 2 2R HWTR D7,
3-5 BLEO X gEiFELY EPMA i

XEofR, E8H, BEBPRIV 0.2%C0 f
THREINAY L FHHE F v FIEOEELIENY, Fe,Op &
FesOp ORI TV EDICH L, CO,/CO HiT4
FRENICEALIEIE Fe,O5 5% F FesOf D4 LB
ENTWwiz, i, REWE, WTFhoE&IHEH 5
highotz. —FlE L, 3%0, XU CO,/CO FHIH

Fe,
(aST)

L,

Fey0
, (ASTM)
1 l |

T

The scale formed in 3%0a
at 530°C

R
S 1 N N I U T

The scale formed in OQyJCO
at 450°C

v v ‘ v 1 ll r 1 l g lv
20 30 4 S0 G0 70 80 90
20
Fig. 10. Results of X-ray diffraction of the scales

formed on killed SS41 in 3950, and CO,/
CO atmospheres.

K[TO XV FEARELIED X Rl R %2 Fig. 10 R
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CO,/CO thTAR LA VA FifE Fu KDy
2oLy A0 EPMA [TXBRED @HOHERE
Photo. 2 iz R¥. &L, INbLDTIAI LV &
ZDOWTEOESHT EBIW O #ER%, £hZh Photo.
3, Photo. 4 ¥k ¢f Fig. 11,Fig. 12 wid. zhb
DR, =727 1y RTE, VA FESIUTFV
FE DITRFEEFENS VT B0 5P, ZOER»
) A REIOBE, FIRICHEESRE L TWVWEZ &%
MTHD. B, REOHNEZHETH LY & FiED
ES5BFNERI DD RKEVZ EAEIRTES.
FEHFERTNT F v FEREIC AR L 2B bEp O S
D LI B RAC TR 70 Fig. 13 Th 5. E4Hh
THRK U 2BE LRI, Fikic Si AMRHT LTV 505,
3%0, RTIE, EEILIE/ &R, HA L OER(LERE T,
T, BRI LA STRE LTV S, Z0E» DL
BT, WTFRLEREANC St AR LT, EBtEoX
Hlici, T 0EDLNLV. ZOF NV FHHTOSIHRE
FEE, £<T1%RETHOL.

Fig. 13 @ CO,/CO FMD Si STl tREWIRA
DLDTHS. D@L Fig. 12 2T 2Lb 25
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Photo. 2. EBS images of EPMA showing carbon Fig. 11. Distribution of elements at the cross
distribution at the surface of the scales section of excrescence of rimmed $541
of rimmed SS41 (right)and killed S$SS41 formed after 450°Cx6000hr test in ¥
(left) formed after 450°Cx 6 000hr test CO,/CO.
in the CO,/CO. ' £
100 -

ESIC, 2URD Ly ey AEREITH, RERIES & b
BOHERIC Si BEIT LTV ebOBT IR Ly 2 @

AEFRFEE, REBWRE/ o200yt ADERE X

KL R vy AL, BRO2 2FCRETTS 75 !
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’ , ‘,;"- ' s e 2 .
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g 0
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£
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Metal—*——l\g proective ?ae —*pmtedrve sme_q
Photo. 3. EBS images of EPMA showing distri- Fig. 12. Distribution of elements at the cross }
bution of C at the cross section of section of excrescence of killed S$S4] h
excrescence of rimmed SS41 formed formed after 450°Cx6000hr test in ' ¥
after 450°C x 6 000hr test. CO,/CO.
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b s, Table 1IC7R3 X 5, bk b, MEREIC
KRELENRDLNLDIE Si THDH. WEEOMmEE L
Mk HiE St OSBRI LTI, BLxOMRSE
NTWB~1, Zhioicksdd, EERMTERLE
{LIE D 4B Al a-cristobalite (a-Si10,;) #Efhdb BV ik
LB D SIOMWBOFESRD LTV BN, Fiz,

Fe

2.4~0.5% o Si Z&TrMiEE&E4% 900°C DIFTHS

M, K TMELL T4 UBE(LIE 2 flgE Lotk B

FRET LR, Si0, WRR I hih o7, Zof
B L7oRRILIR R 1 200°C € I~3hr REpUETZIZE 1[0
T s e S0, DL EVDbREW. S LI,

Fe-2.7%Si &4% 1100°C T lhr @{b3¢C4lri
B LB X mET OfE R T, FeSi0, XU Si0O, »3
D LTV 519,

AEBROBEE, Fou F#ICE Si 239 0.24% &3 h
TWwWah, X BEFORKERETE, CO,/CO DEEIX

Si c Fe,Op, DT DAL Fe,O5 & FeyOp DA DFD
Photo. 4. EBS image of EPMA showing distribution 2%V SiO: SRR T &7a>07. BR{LIRH O S Fig.
of Fe, Si and C at the cross section of 13 iR L X SRBEELY— 7 & LTIED L.
small excrescence of killed SS41 formed #7-, Table 47713 & 5 KB LIEOEBSIRHIL, BX
after 450°C x 6 000hr test. PLOTE 4.9%1050 Thor-OT, » bic SiOp #
EPMA O — 4% (21) @ 1/2000, F75db 0.0014
= = 3 EDEHCEEILBER T B & LTH, ZOBOA
41 JAFHEFIL FROBFEZTHEITORILED TELIEME 102 BEL LD ETTHY, THTER

MOFHREBLER T, FEHK, KoL VRED

BE {Hof 100 (5TH5. CAEOEELETO St o5kt

|_ h Grin ™o Ss:hn}atic. diagram of Si
Atornasphere] Temperaturs | Time{ ") nmm@ssl/k.lbdsw distribution
-
Ait 530 885 118 :—“'\"Jz,\
-
3%0. | 530 | 88 470" S —
mm:.__smdu__
300pm0: | 530 | 885 1357 - —y \
— Metal—4¢- oxide —»
02%CO | 530 750 127 % |
:_MetAbak—omue—»
CQ/Co | 450 | 10000 6.99 :i———/\ B
Metal-t oxide —»

» Extrapolated value

Fig. 13. Silicon distribution of the killed steel at the oxide/metal interface.
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BRIEGE» S, Si 13SI0, 2 LTHEELTV B HRE
MRADE VI SEBbNS. LLARKEREE I %ET
@D Si 43 FeyOp 7013 Fe,O IzBIBE LTV 5 L ¥ %
TTEIRIVBEEBLEELILNS. BLE, —fFic5H
S5, FeyO; FeyOp 35X X FeO B[ 0D &
WhhTWwW 58, XEEBRTE, XBEmogR, FeO,
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