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Antioxidation Mechanism of Si-SiC Oxidation Inhibitor for Grain-oriented

Silicon Steel

Synopsis :

Hisao ODASHIMA and Minoru KITAYAMA

Antioxidation mechanism of a newly developed oxidation inhibitor of refractory powder mixture composed
of Si0,, Si, SiC, synthetic mica, colloidal silica, surface active agent, and coking bond has been investigated.

During heating, Al,03 is formed as a result of the decomposition by Si (metallic silicon) of mullite
(3A1,05-2Si0,) contained in refractory powder. Furthermore, the fine SiC powder is oxidized and changes
gradually to a protective cristobalite-SiO; (C-SiO,) layer which acts as an excellent diffusion barrier to
oxygen from atmosphere. The protective C-SiO, is not formed from the C-SiO; which is added in the ox-
idation inhibitor but is formed through the oxidation process of the SiC.

On the other hand, Al,O; which is formed by the decomposition of mullite becomes Al,03SiO; in com-

bination with SiO,.

On the steel surface, however, Al,O; becomes highly protective FeO-Al,O3 or

3Fe0-Al,05-3Si0, layer and, at the same time, it prevents the formation of a low melting point material

such as fayalite (2FeO-SiO,).

It has been clarified that this oxidation inhibitor exhibits the excellent antioxidability due to superposed

effect of above-mentioned reactions.

Key words: painting; protective coating; corrosion; corrosion resistance; oxidation.
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Table 1. Chemical composition of steel specimen.
(wt%)

Si Mn Sol. Al

CGO steel 3.20~3.30 0.05~0.07 <0.01
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A5 —ROBRBILHIEFR A ERE L, BRI LTER
SHOREB L Lz, JIEICIRERREZ AV, #E
S EORFRINE : 12mg, QHEWE : o-AlL0;, O
FHR . KA, ONEEE :10°C/min, ®FE (7 VX
4 — ) : TG, 10mg; DTA, £100pV, ®F ¥ — F X
¥—F :5mm/min ThH5b.
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EiREME Y B VCARRC BT ARE (RRBRLR L
) ONBEBELTo. AT Y —ROKREEILEH LA
PEMEL, 3X3X3mm OKE ST LAIESEHI it
L7z, BERHEOFEEE  10°C/min, @QFHER : X
K, OREHREF : v 7 22 7R, ONEREE  Fik
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Photo. 1. Change in appearance of oxidation in-
hibitor samples by heating.

Conditions
Sample weight 12 mg
Reference material X-Al,O,
Thermocouple . Pt-PtRh(13%)
Heating rate 10°C/min
Sensitivity TG 10mg full scale

DTA 10QuV full scale

Chart speed 5§ mm/min
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Fig. 1. TG and DTA curves of oxidation in-

hibitor.
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Fig. 2. Variation in composition of Si-free oxida-
tion inhibitor with temperature.

{LBiILRE % X T A9 2 D KEZRFTH D, HEISMH
ML B3 EBERRmETAI L EmELL. £ZT,
2:1 TRLUZEREEMB LB L LABRILBIER AV,
SiC DR ER VLR Si ORME % 2 2 AR LA
BEORFHBEIE L TED LS B LT 5 HBiRX
AR CHEIE L 7. A¥E-Si0,(Q-Si0,) & 700°C %%
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800°C 2R 7-H7- 0 oWl L, —HoHL T
BT EARET. SiBELTIE (111) BREO -2 it
BHITHEDLLZ WA (220) GRHFOE— 2 ik
1000°C LLETHEF ATk d A5, XRIC, Lo
BAEFMUL XS 10 um DT OB SiC % 150 I
mL, 512 Si % 30 HRML2BEoRS KL
Fig. 3 IR T. Q-SiO, i¥ Fig. 2 &[4 1000°C LLE
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Fig. 3. Variation in composition of Si-containing
oxidation inhibitor with temperature.
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Fig. 4. Variation in composition of Si-containing
oxidation inhibitor with temperature.

HIZLZWIZHAT 525 Si @ (220) HRE5HE &
1000°C 23 & LTABIIHMT S, ghid il T
C-Si0, b¥M+ 5. 72, 454 Fid 1000°C DLET
B AR ENTRESETHEL TSI b H
%. Fig. 412 Si % Fig. 3 Lt AHEML, «-SiC &
35~45 ym OHEDO R LMV b D EHVIHEDRERE
7. Fig. 3 LH~ Q-Si0,, Si @ (111) i SEEEE K
b4 FOEEZIZIZERIETD B2, o-SiC DRI
EmeRwser e, 72, Sio (220) @Gt
BEEE O 1000°C LA EToOMIMER S > 2D pAS v, £
REMIE L C-Si0, bBRBTHFHLICHMT 50T

— 105 —



858 & L S & 74 4F (1988) & 5 &

60

- Q_SiOz

P

8 50r

7]

e

[

= 40f

£ -SiC

g 301

x

s Si(220)

> 20p o—-

2 Si(111)

2 L —

£ 10L —

x C-Si0

3 UM I|it§\

2 ullte ™~
.0 1

RT 600 800 1000

1200 1400
. 1300
Temperature (°C)
a-SiC:195~205 ym Si : Contained

Fig. 5. Variation in composition of Si-containing
oxidation inhibitor with temperature.
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Fig. 6. Relation between peak intensity of X-ray
of Si(220) in oxidation inhibitor at 1300°C and
a-SiC particle size.
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Fig. 7. Relation between peak intensity of X-ray
of Si(220) and that of C-SiO, in oxidation inhibitor
at 1 300°C.
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Fig. 8. Relation between peak intensity of X-ray
of C-Si0, in oxidation inhibitor and antioxidability.
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ELoOBICH Fig. 7 W RTXH2, Si OCEHHEHH
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RICEHBIBRTHRIE S C-Si0, & & B LD
BEAR 12> CARES L 7o, BEAEBRIERE & LTt 300°C
1380°CX2h ODEMBATRETO X r — VFAIZ X 8RR
BoME%*, C-Si0, & LCIIFUEMGTMERL 256
DY —rehEXHW. 22T, 25— VREEICKDE
BWEOMEIZATHY L DO FETKD /2. Fig. 8 IZ/R
F &) IXEBHT C-Si0, E Wi EN-BL L
BEZRY. T 2T o-SiC OEELIZIE L T C-Si0, 7
ENRTWLA, 52O C-Si0, 2iRML 254

— 106 —



FEEEERBIIN T 5 Si-SiC RERILHILFI OBRILES L1545 859

WK SO X)) CENBALP LR SO E v, Lzas
2T a-SiC P BALE W T C-Si0, B E R T B
BTERBLHILEL AT 28FELEEIER I NS
botBbhs,

RIS 2-1 1SR L 72 AR ERALBA 1 A9 R 0 B EF D B,
SOEL%E £ LT Table 2 IZ7RT. Q-Si0, i3 EHER
n#t 2 & RRWA T 55, Si, ¢-SiC, C-Si0, &R
BTb2% 0L HEETH. 554 Mid 800°C Rits A
S L 1000°C BlETREBEO O 2L A B, 7L,
LAFALMNOFREMIBLT, ThIThRIShZrD2
AlLO; BN B DY, AlLO; bEIRCREFBMEAT 2 L1H
BT B, F72, AlO5 Si0M 4t 800°C Ll ko & %EER
BERTEDOLNEN, Thidsd( POSRICKDT
AL 72 Al,O; & Q-Si0, & A\ id C-Si0, & ORIt
IOoTHELEZbDERDNS. 79774 (NH&SR)
¥ ¢-SiC DBALICE D THELALZBDTH DA, »iD
BREABTOIRELTVS. ZOXHIIELED Si KT

Table 2. Change in oxidation inhibitor composi-
tion by heating.

Tempera- | 25 800 1000 1200 1380 1380°C 1380°C
ture | °C °C °C °C °C X X
1.0h 2.0h
Si o ©O @] (@} © (@) ©
a-SiC o O (@) O @) (@) (©)
o B-Q-Si0z (@) (@) (@) Q (@) (@) @]
a, B-C-SiOy o © (@) Q Q Q ©
M gs | 2 2 2 2 ° ~
2\J3° 12 — — p— —
(Mullite). | © O ©
Al03- Si0, - O Q Q O O O
C(Graphite) o o0 & o o = =
Crystal structure of SiOg
a-Q : ¢-Quartz (Trigonal system)
B-Q : B-Quartz (Hexagonal system)
«-C : a-Cristobalite { Tetragonal system)
B-C : g-Cristobalite (Cubic system)
© : Found in abundance O : Found just a little — : Trace

PVETEHENTIT T 74 MPFETHIEND, 2k
D iR C RN U T b ARERALES LA i 445 2
IEL T AMELHHR T ZRBICHDH LR B,
3-4 SMRLTOHBMOIRRE

RIS RE CHRRBACB LRSS E D XS &L E B
Y HRE L. S (CGO #) A SRERLEAE
Fl & &AL OB L, SIREEICEEL R THEE 20O
INL, #EoREZHAE L. B LB LA
2 1 R LEEERO DD TH D, FEEICBITHH
JE DRI HE DIKEE % Photo. 2 IZ5RT. BAF - REBEOH
JEOWTE I ILBHBETH D, ERTE—HIZHHLT
WwW5h, BWHEA Si ThHbH. FiRFFICKGOES, RV
T2 UNEY — T ORRRTE NS ONEA DI AT
CHD,EEED L ORBEMRFLIZE A LELL 2V,
1200°C 274 % & —8IC =R HN S, 1380°C TidZe
WA 2% 2 MM ERT A 1200°C DFE & KE
%<, SibSEBRHENS. 1380°C TC2hHHT oL
HEAOZEREIESSICHEMTS. COREKTHELD
Si RDHHND.

RICHZRE BT HHEERT O EPMA ICX 5 TES
W ORERZ Fe, Al, Si D=TLEDOAIZD2WT Fig. 9 12
Y. EAEOFTHRBIIRDOLEBYTHA.

[0): =B UEE Si o EMIcT 5 &, BEN
TREBZEFIVWThOREHTHIFIIH-IH-HmL T
5.

[Fe] : 800°C Riif& 4 5 Fe D#EN~DYLEL O M2
oo, MAFELICON LEZWICIEHE XEC BE
LTw{. SMEONRBIZBITS Fe DR RE— 2
BwFhd Alo¥—2 Litis L Fe RO Al 0BG
LA TETVB I LERET S, ShixtL, 8T

a:25°C b:1200°C

c:1380°C d:1380°C for 2.0 h

. Photo. 2. Cross section of oxida-
tion inhibitor film at each tempera-
| ture.
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Fig. 9. Change in composition of oxidation inhibitor film by heating (EPMA).

X Fe 3@,

[Al]  EBH T AlOE— 2 Sio¥—27 & —K
T5. XBEIFHEREAHILL TAHS L 3A1,03°2Si0, &
LTHAELTwBEEZONE, iR AHE AlD
V-2 30— LA THos, Zhidsad A b
DHBIZEODTHELL ALO; ILEB D EBbR S,
BRBTRBEEOMNE T Fe £ttt %5 b D & Fe, Si
W& RIS THbDENBY, Fe KU Al OFE
Itz X L&MW & Fe, Al U Si OE{bHic X 51L
BWHBTETVDILERERT S, /2, BB THY
Al & SiDE— 7 HB—HT 5, ZHEFH/IC Al R
Si OBALWIC X BILEWAITE ERTVE Z & ERT.

[Si] (KBTI SiO¥— 271k Al ¥ — 7 L s
THHDELEVDHBDENDL. T HHD
3A1,05-2Si0, TH Y, LEWVb DI Si0, THAH. &
WMBIC22TH Si DBEKOBERICLLEFIH VY —
IHBOOLN, BRICELEIELLAEL A, T,
WM BLTE 2 FellkaY—2L Sino¥—2
HEoAMHBLTWwR Y, T2bb 2Fe0-Si0, 2 &
D Fe f U Si DBREWIC X A{LEMIITBR SR T i
V.

[Mg] : & ERHIZHEET S Mg KRB T3 —#
WA L TWAD, ERIRICR S LHEEONBICHEAET
LEmMERT.

RICEL  BREICEE L 2B CEIN L 22 2 5
RICLTXMEITIC X D MBRENERA~xT. By
Table 3 IZ7R¥. Si, ¢-SiC BHRBE T Th % DL R
Ehn. Q-Si0, RERE TREBEMYRT 5 L 2R

Table 3. Change in composition of oxidation in-
hibitor film on steel by heating.

Tempera- 25 800 1000 1200 1380 1380°C 1380°C
ture| °C °C °C ° ° X X
1.0h  2.0h
Si O © 0 © O ] (@)
a-SiC O 0 0 ©0 0O (@) @]
a, 8-Q-Si0q (@) Q© O Q © Q O
a, §-C-Si02 ©O O O 0 © © O
§ b, 5i0 -2 2 o0 o -
3° 1U2 i _— J— -
“Mullite) © O O
Aly03-SiO; - — 0 O O Q @)
3Fe0-ALO3'3Si0, | — — O O O Q Q
FeO'A1203 - - - - - O O
2 Fe0-Si0O; — — — — — — —
a-Feg03 O O O O O @) @)
30, - = = = = @] O
C(Graphite) O O O O O — -
© : Found in abundance QO : Found just a little — : Trace

T 55, C-SiO, XM+ 5. 254 F3MEBHTED
SENBH 1000°C LETHRBEN LR 5, Fhex
I LT AlLOs BN 545, ZHLEBBIETLEWICH
LLTwL. F72, ALO; DA &t L<H - 21Ls
¥ Al,05-Si0,2 AZ B 5B, KIZ 1000°C BLE
% % & 3Fe0-Al,03:3Si0, #5, &S ICHBIC R B L
FeO-ALO; BB LN S, LhL, HOKE2EHI
2Fe0-Si0, &t VO EKRBAWE N RE T TR S L
WHETHA.

—HRICHEB I SiAEThTwiY, MHEEIC
Si0, % U A FIE L 7235 A, M#T 5 & 2Fe0-Si0, %
AR SN, 2Fe0-Si0, M EE AT 1205°CY &K
<, INEBFICHERMBEZER L 2TV Fe?t, 027 %
EDOAF Yy OWBERS L, Ar—VOERERET
A, ZORHBEHML Si#iE 1200°C L ETIRAVSR
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FIEPEEE M ST % Si-SiC RERALBTIEF OB LB HE 861

ARVY SR LTI 74V T A e EORRBSMER
AE D7 TR S Rz v i Si-SiC AR LI DK
ELFHTHA.

4, % %=

Si-SiC REALB LRI OB - BRILBF LRI E L L
T, DSi X 3A1,05:2Si0, ¥ 7fE L T AlO; AT
2. QM EEILEONREIZIE FeO- Al,0; ¥ % KK
+%. @2Fe0:Si0, % L DA SWE LT L 2.
@Ko SiC 3B s hWREH DM C-Si0, % AL
T3, BLiCkoTHELNLbOLBbIL. SiHD
FENn7-TE LML Si0, HIENOREERHICLHDDTH
%A%, TOBA 1200°C LLETIEBRILBF LR R T A 2
DTEL LB ThiIEBRED774 Y74
(2Fe0-Si0,) DEKICLBHDTHS. ThIZHLAE
R IEREE TR 774 Y T4 PAERLTWE
WwW. bbb, 554 POSRIZEIDOTEL A AlO; ITX
o C 88 # 5 B 12 FeOrAlLOs, 3FeO-Al,03-3Si0;
BB END T LI2L D, 2Fe0-Si0, O T HPH] &
haborBhbhs, 7, ALFMMLFEIL (ENRL
B LM % R 45, =ik FeO-AlLO; A ¥ R ILOR#E
ERICEDbDE VDR TVAD., KRB IEF ZA
BB - FeO-AlLO; AR ENTHBYH, ZOHKD
2Fe0-Si0, DA & #WEl+ 5 & & b B0 m b
CEELBELYRALTVWADDEEDRS. /2, K
ZEBALB I F OB S O a-SiC Db Y 2 C-Si0, % &
SALDEMLTHBILBHIEHRICH T HEHFS L.
Z i o-SiC AINEARF ICBIL S N 2B THERL
C-Si0, HRBHOBVER LR T 570 TH S &
RTEXA. ARERBOEHIZORMELH 1.2% &
Lhwi b OoTEHTIREVD, ERERIEIBZLL
(BRTogEREoONEL, —HEEEBELTSD
CHESLTWwWAbbDEEDLIRS,

DEDEEEE G L IR EHOBEEATE & T
WHILER B2 EBTHLERDE ) X% 5.

3A1,05-28i0,( 5 7 4 ) —=3A1,05+2Si0,
 a- SiC+20,— Si0,(C-Si0;) +CO,”
 @-SiC+3/20,—> Si0(C-Si0z) +COP

a-SiC+0,—*Si0,(C-Si0,) +C?

a-SiC+0,—— Si+C0,%

a-SiC+1/20,—— Si+CO?

Si+0,— Si0,(C-Si0y)

Al,O3+ Si0, — Al,05-Si0,3

3Fe0+ Al,03+3Si0, — 3Fe0- Al,03:3Si0,

FeO+Al;03—— FeO-Al;03

Table 4. Possible reactions of SiC with O,.

) SiC+202 ind Si02+ C02

) SiC + 3/20, — Si0; + CO
) SiC + 02—+ Si02 + C

) SiC + 3/20, — SiO + CO,
) SiC + 0, — Si0 + CO

) SiC + 1/20, — Si0 + C

; SiC + 03— Si + CO,

S

(1
(2
(3
(4
(5
(6
(7
(8) SiC + 1/20,— Si + CO

39, IREOLRITECVD S5 LB bR IER M
L7:4&E Si it 3A1,05°28i0, #5fE L Al,03 & SiO,
PHEET A, FEIC o-SiC b RRPHSILBL TE L
BeFE I Lo TRIL S 1 Si, Si0,(C-Si0,), 77771
F (C) %L 5. a-SiC 3 NEATRE T Table 4% 1278
F X5 14 OBILRUEDE 2 b b5, ARERIERS L
HCIHEENICEZED Si RV C-Si0, 2TERKL, T/,
LETRIHAECHERDOLAL I LLBH(1), (2),
(3), (7), (8)DREAHEKBETCVALDLEE DR
. BELASiBESICEBL TS 2BELHIEL
C-Si0, 12k B, = 2 CHKED o-SiC 2MAL, 2o,
B Si SO LOBMTAHILICL) LRSI
ELfEEERBZ LD EBRDbRS. $72, a-SiC OB
LIz X2 TH L 72 C-Si0, X IR ICREN O 0V #E IR
L, FNLIBEOBEE OLE T L BRLBS IRE % [
r¥B. —F, L5414 POGRICEDOTEL L AlLO;
—&E Si0, LA LT AlLO;3 Si0 & 2575, M
& M T 1id FeO-Al,Os & % \» id 3FeO-
A1,03°3Si0, L 2 D REHUEOH AR EEH T A L &
BIZTrAXYTA % & OKRSEYE 0K % HE 5
5. KR EWEIEREND L SCERRO ) IR
REEINBIBILEEIBESI N L 250, b
ERITHEINEVWI LR ELOTEETHS. DL
B SEHEY 2 Lo TERET S L Fig. 10055
W% 5.

51212 Si-SiC ZERLEH \L# 0 24 HERF T OHR D
FMEMIZOWTERT L. BRILBIER 2 BETROAE
I 4 v TERLT 256, HEOMRMEER TOXMME
HEDLOTEETH A, BIHY CTHELAL) ITEKR
EEALBA 1 #) o %84 13 BT C 30 kegf/em® UL EOBEEK
2¥RAFL—FHILICKNERICRET S LAET
bBH. ZOX) AR IERIEEOH MM A LW
Hizkn Xty icZEriohs, —K&iC, BEWELEEK
LEDATL—FRTIKEREO) bithkET s L
ZEDOTHETH S, FICHNBER I BR{LE) 1R A
AE R R — v & B LIKEL S E TR & v B & KBk
PEELLHES RS, Zhicxt L, ARERLB LA T
2Fe0-Si0, % L OB E T2 BHE Lz
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ZriHEgHm EoBErLEFTH D, KA
KW OB LR CORF 2 HBME R EICZDEICX
STELNBELDEB b,

5. # B

L < BA% S 7z KA -Si0,-Si-SiC- AR E R - o
a4 ¥V - 5 G R - R R R BRAL B R &
(Si-SiC ZFALBAIER]) oW ThERIC L b WAL
HELEFFEL, ROBERmEE,-.

1) ERfbRhLFtE

Si-SiC ARRALBS IR O BRILE LB IX A D E B Y T
»H5.

M#EEdH S h LORML 2B Si R KEHIcaE
hAB LT 4 b 3A1,05:28i0, % 5@ L T AlLO; % EH
T5H., 5512, B SIC BBILs WGFHEED E DO
THV 27 1) X b2¥F £ F-Si0,(C-Si0,) 24 (2 Z1L
L, KRFH» 0 OBEOIH = ER+ 5. R#EEOHW
C-Si0, X MEILBHIEAIC & & A Loihn L 72 C-Si0, %
HREE S Y, SiCHFEfbEhTw CGARTER 2

5. —F, 594 FOGRIZE D TER SNz A0
12 Si0, LA LT AlLOs Si0, £ 25, LA L, 8
K T} FeOrAl,O3 & % 213 3Fe0-Al,05-3Si0, &

3A1,0,+ 28i0,( S

O C-SiOy+ CO, («—SiC + 20,)
C—SiOz+ CO («—siC + 3/20,)

C—Si02+ C (¢«—sic +0,)
. 8i+CO, («—SiC+0,)
Si+CO («—siC+1/20,)
O-. > C . Al,0,-Si0, (¢«—Al,0:+ SiO, )
P FeO-Al,0, (< FeO +Al,0,)
3Fe0-Al,0;3Si0;

(<—3FeO +Al,0,+38i0, )

i_3A1,0,- 2Si0, )

Fig. 10. Schematic representa-
tion of antioxidation mechanism of
oxidation inhibitor film.

LN REEOBRCEEE R T AL LT AT T
4 b 2Fe0-Si0, % EOERAME O Lk = 1H T 5.
DEoBEERIC X 0 R RBLBIEFIZ E b TER
BALBhILBE R R T C L b o7,

2) FIHEN

Si-SiC SRERALEA 1k 319 B 0 24 B HE B C ) 5%l 1k s
BiF o F 12, MEEE, 2Fe0-Si0, & & Ok S
BHREE SN EWI EI2L 5,
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