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Abstract

Formation of MgO dense layer in MgO-C

refractories by carbothermic reaction and

its influence to the refractory corrosion by
molten slag

Dong Ju Lee
Department of Materials Science and Engineering
College of Engineering

Seoul National University

In order to investigate the MgO dense layer formation in MgO-C refractory,
isothermal oxidation tests of commercial MgO-5wt.%C and MgO-
14wt.%C refractories were carried out in air at 1500 °C, 1550 °C, 1600 °C,
and 1650 °C for up to 12 hrs. The thickness of the MgO dense layer and the
weight change of the refractories were measured with time at each
temperature. It is found that the uniform formation of a MgO dense layer is
largely dependent on temperature and carbon content of the MgO-C
refractory. Multiple dipping corrosion test of MgO-C refractory by MgO
saturated MnO-rich slag shows that the MgO dense layered MgO-C
refractory has much higher corrosion resistance to slag than the original

MgO-C refractory.
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Chapter 2. Literature review

2.1. Indirect oxidation
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P
o
2
+
30
5
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Yamaguchi [3]5= 2 AFHANA CO 7t== FAo] 7He3HAI R Mg
7tE 2AY o glve As aEdsd, Mgoet €O wH§|

e dojypx] ke e 25(1127 cC)olAE HYFEgo] o

-

bl
317 HH-E-(solid phase reaction)©] <%= 7t} 7| (rate-determining step)

7} ®ttar B 318}t Thermogravimetric method 2 =0 W& U]

stz 7 AEde S48 W, w43 S7lsk= 2=7F MgO

oAMF-E Mg 7FA=7F A= 7]
duar Baskglth €O el wel F7 E4o] Frlehs 2=

Hlasle ool Fote] WegF S dojuhy] Al

Ll

= 2= Adlgde s yitba H 318t} Pickering and Batchelor

[2]1¢} Leonard and Herron [4]% W3}E-S Ny, He¢t CO &917]1& H]

WAL W, o Bl S #5 FY LxolA ¥ £do]
e e B

Tabata et al. [5]= MgO2] grain sizeE W= TF= MgO-C U 3=
< AR&ste] 2E HU oAl Isothermal testE T3 A3} &%
7} F7he $2= (1000 °C ~ 1600 °C) MgO grain Afo] =7} e W3}
Bol A TAEMe] F/hsHE Ae BAARY L, LARTES T

AR vrolrd dr st

L

1) the chemical reaction at the MgO-C interface

2) diffusion of Mg(g) and CO(g) as the product gases from the specimen

inside to the surface.



AL S Adey ddwka

Heterogeneous model= A}-8-3}¢]
Arbgrel exbs Hgtee] Edds 485402 Rl

Rongti et al. [6]F= & L3 Alo]=9] MgO9} €9 91 E A3}
o] MgO-C W3S WHEoA, 5 o9, MgO/C =1 &, 525
S AT 759, CO 92 W42 89 Thermogravimetric method

2 25°C A 1700 °C ZE=F-ZFl A reduction ratios 23} T
Stage [: MgO(s) + C(s) = Mg(g) + CO(g)
Stage II: MgO(s) + CO(g) = Mg(g) + COxg

%Mass lossE #Z3S i onset temperature (71277} U2 + A
Ao wapg o Ame] Rbgo]l dojur] AlFbste 2x)7)
1477 °C7} %] reduction reaction= 7+ WA= -39 =], Stage
1> Solid phase boundary reaction®] F=% ®WH&-°=Z MgO<} Co #
SR A whgo] doju} Mget CO 7h~7F ATt IHEsl
U} Tabata et al. [5]7} #23E A3} Fo] dHb-g-o] APE 4= MgO}
CY A7 A= AS A8kt Stage Mol A= gas solid
reaction°] @} st} APE CO 7h=7F MgOE gl 7]=H 7]
3t7] witol %7 7SS reduction®] HHg-o] ZhE sttt
Argetdnh. webA 7hE o]l F7FE 455 reduction ratio7b W

A3 F7bskE Ao stage I, IIZ A H T}

ek MgO-C Wakeoll A MgOok o] whg-o] Mget CO¢l ¥

FEoruiulk olyg}l £9]7], MgO grain size, 7H% 3t 1} MgO$} C



o] Bxo wa} A= 27 v Ao w wukEh

2.2. Formation of MgO dense layer
MgO dense layer’} EA == wWAYUSEES A357] YaiA
FHE A, A4 B9, 7R 27, MgO grain size, AFSPA| A S W

ATt

i

G Sl e A7t 53

rE

T 2% (MgO dense layer’} A5 7] A ZFsleE &%)

Volkova et at. [7] MgO-7, 14wt.%C W s&ES AF-&3}o] isothermal
test®} non-isothermal A S FallA CY AFst AsS AT
T WstEo A MgO dense layer’} A%+ A& ##Esta =7}

Skl whel A &l Hadhe A

_\;
OXE
o
frt
P
o
o

g3lo] F stEo Al MgO dense layer’t @A E 7] A &slE &%
= Axted=d, A7FE WIEMgO-Twt.%)< 1319 °C, L7
Y 3HE (MgO-14wt.%C)> W3E-2 1399 °Co e Ao L3t
Ao A= FHE R e FAIEAY Aot gIAIRE o

2 gehd 2 AR e dd EdE AR UsEd N T

Aol ARG B sdqu. T3 IV FHS HTb=
1200 °Col| A 1A 7FH5SF non-isothermal testS =38+ 23} F-A| A 3}

=

o
7 EAS EHE AL BAA ARAAE AT DEWSL
external gas diffusion®] o}d EEF5o A internal gas diffusion®l] 2] 3]

A 249 5 ok A s

Ghosh et al. [8]= A& A THE MgO-20wt.%C W3S AFE3)

6 -':lx_! ""l::.' 1_.. i
1 =



o] 800 °ColA 1600 °C -7t A Isothermal testS <333}l
Thermogravimetric method= =% A|Zte] wWE Ustzo] F7
Hels #Esicth A9 A9 Abgl vt SUMESE T &
A gt FAZE "AAF F7FsEAIRE, 1400 °C, 1550 °C, 1600 °C
Al Xl A= 2 ztol7b vEhA] 82 Ae wEEgIth wet
A WstEo 4ksl 7150 1400 °C o)At A= &9 &4=7) o}

Yeta dastednh 2418 E3) 800 °Coll A 1400 °C7HA =

rir
>
ot

SE7b SIFSkAIRE 1L oo ERelME WAL fle As '
el 1400 °CE 2 34kstel 1H4AFs}He] transition temperature = B3l
SR Ay o2 FHgAstE A2 A E MgO= SQlsiA ¥

E(porosity)©] &olE°] FA W3yt AT Aoz 45

1550 °CH-E] MgO dense layer7} & €t ddsiaich. e A

Al 23 Ay B2 MgO layers BAIRE A5HA<)
MgO layerE #2314 3)T}. Leonard and Herron [4]7} H]Sodh =

Lol A AZHE 3R (MgO-5wt.%C)oll MgO dense layer”} &4 €
A vugs o, a7 YstEo 2 FFER A 22 &

Lot MgO dense layer’} B ¥ 7] o Hrhal dalgith

Leonard and Herron [4]+= Pitch impregnated brick (4-5wt.%C)& AF-&-3}
o] 1204 °Col A 1600°C -ZFoll 4] Thermogravimetric methodS AF-&
sto] FAMEE dEsiin. AF 23} 1482 °C HE =7 5
TV = AR WEE QIO R Hol 1482 °CHE MgO

dense layer’} @A € vtar W &3}



Mg AR, hazd
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Sunayama and Kawahara [9]T AtAESY 255 WHSZ 819
MgO-5wt.%C W st=olA wWelel= FAlE  Thermogravimetric
method= 43} th. F71 243 topochemical reaction model(al
del AWolA doju= 38huk-g)S ARgshe] Abae] Sl Al
(Effective diffusion coefficient) & AAFF S 24 MgO dense layer’} A8
BEE 2Ee 255 7o A 23 At E3KPOo, =
0.36 atm)= 1400 °C, IZAFAFH(PO, = 0.21 atm)> 1600 °C= L}k
o wMzZ B4 A3} MgO dense layers 213515 whebA
AR Skel whEkA MgO dense layer7F A H & 259 #1471 o

Brhal Bkl

Volkova et al. [10]E F7]FH2 WFZ 3lo] MgO-12wt.%C W3}

=5 1500 °C, 1600 °Col A 5= A&@ES sl 2438 243
FS FAY AZoA ZEE MgO layer’} 325 9] hot faceol A
Abatgte] &5 © F75% MgO dense layer7F € thal B
ekl

H <= MgO grain size

Yu-lian and Semler [11]:= MgO grain size (coarse, intermediate, fine)E
WER 3lo] 4579 MgO-10wt.%CS WHEo1A 1600 °Cold 5

2 A¥S F8Y ) Quality Index (Q.I) A EES AF&3Fo] MgO
dense layer®] F7& X333t QI & n/NZ A9 3}3lth N

ST AA FAS g, 02 A Bl £20% EFHE =

8 -":lx_! _'q.l_'\-'. T



FAL Folth F,QUF =555 #dd F719] MgO dense layer
2

ek oz st A9 A% #Ae 279

<
[0)e]
o
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e,
>
Jh
4
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o
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0
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N
oft
o,
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32
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St AE #ES] UsE9] strength7} Sold 4 g ow

Sunayama et al. [12]%= MgO grain sizeE W52 F 7F4] MgO-C W

sl 2o Al 22 sl th PO 036 atmSl 2970 A] &

[‘E

T AFSPEA A

Brenzy and Semler [13]= Mg metal©] AFS}FFA] A 24 MgO-C W3}t
oA WAiFs}Ad (oxidation resistance)e] 714 o H-9F MgO dense
layerg Wr=tod] @34 Q1% AF87] flsA Mg Metals W
2 ato] F o] MEES TEOIA 1200 °C9F 1600 °CollA FH )

12A17F 52 A3S 353t Mg metal & 73 MgO-C W3}

9 -":lx_c "%|:_' 1_. i
1 =



ol ARkt od] & w©E= AE7F Ao, 1600 °Coll A]
H F7% MgO dense layer’} &3, Mg 712~9] g A=
AALE Q). wElA Mg metalS AFSPUAI AR H I S

AbstE Qlgk FHEe] &4 Fo]al MgO dense layers HHE U]

v

g

™

L

ol
H

el Aoz Wi 9t}

2.3. Corrosion resistance of Dense MgO or MgO dense
layer

Sunayama et al. [14]> 3ZH F7o] t& o FT/FY lsE

(sintered MgO, MgO-5wt.%C, MgO-Cr,0; , MgO dense layered MgO-

5wt.%C)= FeO slagol B 74 corrosion testES 3§35}t 324

= (corrosion rate)<> A|7bol wE W3}= 9] radius W2 H 251

3l radiuse AMEHS S 2oA Mgoe A4 WItE o] &35

Qe BTN AR b =d o] FAn w9

MgO dense layer”} mass transferE A|gtsli= S 317] wijtol
Sd2e vbg o2 CO 7havF A H = AutstEe] x3td &
Y15 AFEE 79 MgO dense layer7} 28455 Fol= T4
?l g & o Sdvta Raugyh a2y B Aol ystE e
A HEe HawA gt

Liu et al. [15] sessile drop techniqueS ©]-83}>] High density MgO

o} MgO-12wt.%C 3= FeO slagE HH-g-AIAM  wetting 2

10 2] L-tj} &l



Corrosion behaviorE W]l 173}3I T}, Dense MgOoll 7o) §l7]
ool A4 o] MgO-CEU = 3tkt}. apAIRt &S 1o] F-ul& 7
S W 7 AZAA 9] ZFol 7} glATE Dense MgO+= Sl 12
MgO &l W& o] FAgHo] EHf1o F7F AL,
MgO-C WstE2 &9 FeO TS = 13+ Extrinsic oxidation
o= Adol FAHo] sdf1e HF7L dojdrta B usgin.
MgO-C Wst=o] 1 x7] witol AFAitste

M
o] ¥3twl Lazro} W3t 79 Dense MgOe MgO-Coll A4 H| 2l

Yamaguchi [3]:= MgO dense layer”} 1= W3t=7} FeO slags WHS
Al AT O Z A MgO-CH 8H&E 2 MgO dense layer®] #l™Hol| Fe metal

droplete] FA = AL #F3QITE FeO7t £l 12 FAkE o

AR FAE Mg koAl AAaE g e 9Ee o
o] MgO dense layer’} 412 = Es Lkotgs AdS drpal
H skt

2.4. Corrosion test of MgO-C refractory with reducible

oxide containing slag
Liu et al. [16]<= MgO-C Wst&Eoll A Co s dolr 7] 98 &
Hog FHE Aol trE 37 (5, 10, 15 wt%)e] W3E3 1
MnO &E#i19F HAAFS a3k A7 & E#19 EDS 4

& Bahol MnOSt MgoSl @S wlwsgldl, WalEel s

11 2] L-tj} &l



T 2ol Mgoel 2 wil MnO

o FE2 FA SAHAY. AfHow ¢ HzlgHdow st
FE YolFed ol A8s WH

ok SHAIYE EE S 2ol MnO9] ol 27| 20 wt.%ol A
S~11wt% o & Z+ASE A¥ ZE WeEy &£ 22 Adol A Mn

s ie)
5=

b

metal droplet] THEO]Z FH o2 Hol WslE9o AL A

2 dojd Aow AT}

Um et al. [17] 2A TAHA A E+ ferromanganese slaget
MgO-17wt.%C W3teS &= AlZtel we}l whgAlA Fo =M
e ARE At MnO= Qleld SdLe] He=4 o
vrolx]:= Zl3} Extrinsic oxidation®. & doju+= Co] AFE = 23
=59} AlZko]l FrFE] mel WskE o] radiuse] 749} corrosion

rate©] =713t A2S W oh

2 787 918 Mno §Hao] thE

(O8]
X
I
[
&
X
S
<
(4]
O
w
(9]

wt.%C W3t=8& Abgstel A3S stk A3 23 MgOo-C
sh=o] A EHe ISR 7MY =4 SAHE ALe 1
MnO &#27F obd MgO7} Ex3lE L1 T3k A
Metal particle®] &=Foll %= MnE U Cro] Aol =4 S
o wEbA MgO-CUistE9] &&ol= &E8l19 MgO &3i=3}

23 f77F bg Ava wastgor], AFASHES FeO, Cro,

V)

MnOE H| 23S o MnO7} WeHEe] HAd mx&= dad2 4



char pEsgl,

o

Xie et al. [19] Tundish®ll 4] stopper tip -2 A}-8-% &= MgO-19 wt.%C
Wtz £40] e L MnO £# 15 1570 °Coll A F A3t &
QF corrosion testE TASFATE MnO o] o5 AW ¢
%S Metal droplet (Mn, Si) ©] JAF 1 &%= HAE7F 48 A
S BEe o, 27| -2 Metal droplet?} MgO-C W& A}
ololl A} =& Spinel phase”’} FdEH HOZA A= slage] Al203
phase$} == MgO7} WA @dH Zlolgfal Bkl o

A3 Fa=sol sk Hiked weAde HWe

_

9let

>

Wang et al. [20]-> Vanadium & |29 Z3HE V,0;, FeO, TiO,, MnO,
MgO¢] 3Fo] MgO-C Wst=ol PlA= G A7st7] el
5A17F =9t corrosion testE 33T A T YIE S
o] BAS T3 Fed®o] ¥ Metal particle®] W= th &1
oAl MgO o]l =il FeO o]l W35 Aldd A=
MetalFo] a1 @&t Fo WAoo Aurpal HIsQth AHo|
(Fe, Mn, Mg)O solid solution &%= ¥#3}31t} FeO, MnO%2} MgO+
&2 rock-salt structure T-EZA] cationE2] X|3HE-g o2 318
(solid solution)e] A Ettal PO, cation®] radius’} 2H& T3,
Z#19] viscosity’t 2S5 EH4t Al (diffusion coefficient) 7} 35
obA A Eato] ZrE vt BHalskith AA AT MgOo] o7t &

7}3F 42 FeO/Mn0O9] H]&o] Z7telE AL #2319l ch

3 ey .
13 )x—g ]
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Figure 2. 1. Gibbs free energy of MgO and CO.
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Chapter 3. Isothermal oxidation test

3.1. Introduction
MgO-C Wgt=2 H7A3AolA de AH&¥+= dsEelt. ¢ &

ol

Hir

=3 -3k W Z2A (corrosion resistance), <524
A8k (thermal-shock resistance) 2 2 FHEA  (thermal
conductivity) ¢ FHo] JdARE FAHT Y] Z 54 (non-
wetting)2] 5422 MgO-C W3}&EoA &1 2 steel & WH&S
Agste Ades sh7] wWizol WstEo s Aol Ut (21,
22] ey 7R fJA AbstEe @Ro] 7] wiiEe] Mgo-C
st A 7HEo] 43t wiAUSS ¢7] 9% w2 AgA7h

FRHATG. FHEY] Abste 7 VAR U oA A A=

#2443} (Direct oxidation)ZA] FHE-o] AbA 9} HES-Slo] AW

d
rlr

o

go R AR xdHh
C(s) + 1/202(g) = CO(g) (3.1

e TP, o

T
4 ’ . T

FFE3 MgO 7} HHg8hE Ao R A3.2)2 Fd L

MgO(S) + C(g) = MgO + CO(g) (32)



Az FAE Mgo 7F Ao SHHAA A T5ES
=04 MgO dense layer 7} @A H T B s o] A (i)~(iii) F-=
BI7F deol 2 deA AT (8]

(i) bridging between the grains of periclase

(i) enlargement of the periclase grains

(iii) periclase densification

MgO dense layer 7} FA 5™ O o4 4bA&7F UlF-= gkE A
gol A s FdEel Uik Jhes BE3E

ol protective layer ZA AEHo] grh wEbA MgO-C

W3tEo A MgO dense layer 7} A% = wiAUSTES A 3517
A&l Ak S, e 2, JHE 9, 2%, MgO grain size,
ASHRAA & HEE B AgdTT JAAHAH (2, 4, 7-13,
26] 22 Aol A= MgO dense layer 7} 34 & 2L eRp R
4% Mg 7F29 CO 7h2R 8 Wskeo] Fu7h Srbeks
2ES Hzhalo] self-destructive 3 BES oltta

warsoj A gkrk [2, 1] AF7H4 MgO dense layer 7} ¥4 %]

30 gk A= Bol o] Fo AN, AAl FAMA AREE =
38 MgO-C Wst=olA 4 AFstE MgO dense layer 7}
G stEel o' FFS mAI=A tE  olsjrt
F-5at7] el 2 A5 s HAT B Ao Bie
1500 °Coll Al 1650 °C =7kl A FpEzAo] ThE T MgO-

C Wst=s AsAAFo=A BAsk= RAbste] S
17 M -1



ol8l3tal MgO dense layer 9] A 2 Ao UstEd] 71X &

&

otk
o

°|

b= Zlolt.

o

f

o

3.2. Experimental
3.2.1. Refractory materials

7hExE Aol vE 7 Fe WEeE2 Wte AxdA (57)
TUshol A HE dElz FEuskth listE AxdAdd m=
AL WstE (MgO-14wt.%C)oll = AFstA A= 3 wt.% Al <]
A5 14wt% 7} A7ME A3, AFHE YEE (MgO-5wt.%C)oll =
3wt.% Al B Si AFSPEA A 9} 3wt% Q1dEdo]l HbE AT K
ST ofdf E 3.1 WsE AlZYGACdA w2 24 xolth
Wstzo]l W] FollA &3 whsste e WAsk7] fAsiA

EE Wsk=2 80 °C 20llM Adste] Hx JHE FA 3.

Rl

2 A3S 94 dskE AE2 low speed diamond cutterE ©] -

of A4 1 x1cem? 0] 2em®] bar o] MEE Adalgla
74 0.5 mm Pt wireg AZA3}7] fe|A AZA 0.5 em H= H
ol A7 2mm TS carbide drill bitS ©]-&3}o] EojFtt Pt
wire= AR HoF7] ffsiM A=Y LFrY B
ol WshEs AAAA oA AFstH stES] MgOs

ALO;7} HE-g-3}o] Spinel phaseE Fdsle] 27] wtol] AF Fof

AH 3|7 FErg B Ao s R EA Pt wireZ Ao
FE= o AHE Aotk 19 3.1. (a), (b) & B A A

3 by )
18 A = 1_.i



Abgd AR 2R U skE A2

|
1o
Cal
il
o
o

3.2.2. Isothermal oxidation test
To AYe AR Sgstgt. O 325 B Ao A}
&3k Anje] BEARE HoFEr dFuY FE (McDanel

Advanced Ceramic Tech, USA)®] W7 63 mm, 4 °]+= 1080 mm©]

o

AW uRe) EE Rype 2GR ZAH9T, Gy
Bl Yy ex

shtet.

o
i

453 ZA38t7] YA B-type QHUE AL

®
§d

ARl U H-S] 2%27F target = %27F HWH AR 9% LdE DolF
o] Pt wireol AZAEO] A+ WstE MES cold zoneol| ZojFiL
lids 2Arh AT A 225 FAg 3ol Pt wires Ul E

A WlstE AEo] hot zone FGeol| ¥ 4 Al STk Wis)

rlo
>
B
=
o
32
*
N
o
i
rII.
olo
>
o

£S5 hot zoneol| WEl+= A{HES
o] W Pt wires W=7 oA W= MES cold zone O =
ol FA7]aL wro & wjlA Ar gasE Eo]Fo WSkt A 3

o= dFuv} 5B Yo F7]Z 50ml/min FHFC 2 FU39

==
>
t}. ¥ 3.2+ isothermal oxidation A& ZF7AS A gk AHolr}p H

< AbslEl WEES low viscosity liquid resin}

hardener (Struers, Denmark)E 10 : 1 H|&Z 412 &Ho] A

19 M 2T



cold mounting= 31, 17 3.1 (c)oll Hol= UstE AEe vy
I 2mm & FHAHE H &= S lowspeed diamond cutterE AF-8-3)

THYESZ 22 F Red Lube polishing lubricant®} oil based
Monocrystalline Diamon suspension 1ym& A}8-3le] Z2|Aslal 1%
g FH zF wAACIE mastal SEMS A7) A
conductive PtlayerE ZH 3} T Ust=2] A2 E4d = A&
etal 7123857 7| A(NCIRF)o| Al FE-SEM  (JSM-7800F
Prime, JEOL Ltd, Japan) &H|E A&t 4 =& 15kvV
accelerating voltage, Prob current 6kVZ 3} th 4482 (point,
mapping)<> prob currentE& 9kVZ &% ¥ Energy Dispersive

Spectroscopy (EDS) detectors AF8-3to] SA3IUTE Atst & A3

(O8]
o

of A Wsk= Ak (W, F(Wr) FAE SAsL 4 3

o]-gsto] AAtstdth wE Al @H-S Image J (Image

processing and analysis program) X~ Z13-& o]-8-slo] H-ASIG] a1,
o) Ax Wt Fo) Aol A&t
. W, — We
Weight loss = X 100% (3.3)

I

~ Y 100 % = -t
Vo BN

Decarburized volume = x 100 % (3.4)

stE W] g8k 99 53] (Decarburized volume)S 2] 345 ALE-
glo] AMFSEATH Image J RIS ARESke] Al @ oA
of| A decarburized ¢} un-decarburized areas AAFSE $ 1% 3.39]
A HE A% Zol AKAA AAHoE 3HHSte]  decarburized

volume (I’) < Al4Fa}SI T,

20 2] L-tj} &l



MgO dense layer®] F7= (1) M9 W &= BE MgOs 1#3}
of FAE SAste] AAtste WA () B LAHE do7)
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3.3. Results and Discussion

3.3.1. Microstructure of as-received MgO-C

refractories
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a7 3.6 & E A ALEE MgO-C H3E2 AW 7] H5o]
t}. (a) Low C refractory® 17 =<°] Swt.% A%, (b)= High C
refractory 2 Q1735 0] 14wt.% HAE 50171 At A7HE Wsh=
o] MO+ 3|4 gl siekAeldl HlEjA IHE Wist=Ee] Ag
MgO grain®] ZA-& YE = o] magnesite?] 50 helA

clinker®] M7Z-2 =24 vEeRG 4= 917] wfZolt}.

9 3.79] BSE o|v] A= A3 A MgO-C WstEo] oJEA 4
Hol A BHAEoh (b)aIHE WEES blackish  7HEO]
periclase AelE A9 WMEHAE FASL e EHFS B F

AL, (@)A7HE W3HE2 22 greyish MgO particle’} tj5-& | E

gas A9 3 5454 blackish 7HEe] AeS B 4 Sdvh
sl zEe] Bt dgh Alo]=9] fused periclase$t WE 2~ Alo]of

3 9EA Hol= Al Sio] AR AR & 9t} Fused periclase?]
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Table 3. 1. Composition of low and high C MgO-C refractories.

MgO Fixed C ALO; SiO, CaO Fe,0; Na,O Total (wt%)  Porosity (%)
MgO-14wt.%C 75.78 15.13 5.62 0.76 1.52 0.54 0.15 99.5 3.00
MgO-5wt.%C 85.07 5.98 5.14 2.21 1.06 0.39 0.15 99.22 2.10
Table 3. 2. Condition of isothermal oxidation test.
Temperature (°C) Time (hr) Atmosphere
1500, 1550, 1600, 1650 1,2,3,6,12 Air (50ml/min)
b S
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W=10mm

hole d=2mm

H=20mm

(@ Low C (b) High C (c) Size of sample
Figure 3. 1. (a) and (b) photo image for low and high C refractory samples (c) schematic diagram

of the sample.
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Gas outlet

1

R-type TC

Pt wire

Refractory
sample
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Figure 3. 2. Experimental apparatus used in the present study.
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High C refractory
at 1550°C, 1hr

(a) (b)
Figure 3. 3. Measurement of decarburized volume. (a) area mapping of decarburized

zone using Image J program, and (b) conversion of decarburized area to volume.
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Figure 3. 4. (a) SEM BSE image of High C refractory after oxidation at 1650 °C

for 12hrs and (b) example for the random measurement of MgO layer thickness.
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Figure 3. 5. (a) SEM BSE image of High C refractory after oxidation at 1600 °C
for 12hrs and (b) example for the subject measurement of MgO layer thickness

after removing the original MgO grains in refractory.
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MgO clinker (Periclase)
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Figure 3. 6. Photo image of as-received MgO-C refractories.
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(b) MgO-14wt.%C (High C) refractory

Figure 3. 7. SEM BSE image of as-received MgO-C refractories.
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Figure 3. 8. Overview of the MgO-5wt.%C refractory: 1 cm x 2cm size sample.

C(matrix)

Figure 3. 9. Overview of the MgO-14wt.%C refractory: 2 cm x 4 cm size sample.
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Figure 3. 10. (a) Measurement of size distribution of MgO grains in MgO-5wt.%C

refractory using Image J program, and (b) size distribution data of MgO grains

(1000 grains) in the same refractory.
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Figure 3. 11. (a) Measurement of size distribution of MgO grains in MgO-
14wt.%C refractory using Image J program, and (b) size distribution data of MgO

grains (1000 grains) in the same refractory.
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1500°C
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1650°C

Figure 3. 12

experiments.

. Cross sectional view of MgO-5wt.%C refractories after isothermal oxidation
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Figure 3. 13. Cross sectional view of MgO-14wt.%C refractories after isothermal oxidation

experiments.
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Figure 3. 14. Surface of MgO-C refractories after isothermal oxidation test at 1650 °C.
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(@) Low C refractory

(b) Low C refractory
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(c) High C refractory

(d) High C refractory
Figure 3. 15. Microstructure of MgO dense layer formed in MgO-C refractories after
oxidation at 1550 °C and 1600 °C. (a) and (b) for MgO-5wt.%C refractories, and (c) and (d)

for MgO-14wt.%C refractories.
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(b) at 1500°C

—
Air flow

MgO dense
layer

MgO

un-decarburized area

(d) at 1600°C

Air flow

MgO dense
layer

(@) Low C refractory
(MgO:C=95:5)
at 25°C

un-decarburized area

(c) at 1550°C

—

Air flow

MgO dense
layer

MgO

- .
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(e) at 1650°C
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MgO dense
layer

un-decarburized area

Figure 3. 16. Schematic diagram describing the formation of MgO dense layer in MgO-5wt.%C

refractories depenting on temperature.
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(b) at 1500°C (c) at 1550°C
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Figure 3. 17. Schematic diagram describing the formation of MgO dense layer in MgO-14wt.%C

refractories depending on temperature.
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Electron Image 2 EDS Layered Image 3
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C Kal 2 O Kal Al Kal
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Figure 3. 18. Elemental analysis of MgO dense layer formed in MgO-5wt.%C refractory.
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Electron Image 3 EDS Layered Image 4
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Figure 3. 19. Elemental analysis of MgO dense layer formed in MgO-14wt.%C refractory.
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Figure 3. 20. Weight change of MgO-5wt.%C refractory with oxidation time.
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Figure 3. 21. Weight change of MgO-14wt.%C refractory with oxidation time.
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Figure 3. 22. Pore formation in MgO-14wt.%C refractory after 12hrs oxidation

test at 1650 °C.
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Figure 3. 23. Change in decarburized volume of MgO-14wt.%C refractory with

oxidation time.
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Figure 3. 24. Variation of the thickness of MgO dense layer with temperature:

MgO-5wt.%C refractory.
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Figure 3. 25. Variation of thickness of MgO dense layer with temperature:

MgO-14wt.%C refractory.
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Figure 3. 26. Comparison of thickness of MgO dense layer depending on carbon

content and temperature.
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Chapter 4. Refractory dipping test

4.1. Introduction
MgO-CAl Wtz AAEAAA de] AEHs Wst==A4 7}
2] ¥ 354 (non-wetting property)e] o] &1} UshEo
S-S A gkshe] -3k W3 2] A (corrosion resistance)S 1H.©]7]
wjitoll 7ol 57F Mgo-C Al Wst=d +F9& 53t 1
b FHEES Abstel] FHoRg wHlEs TEx A lom HIAFARAS
ot = e A WAYEE AZFAZE dvk AbAell ofafA
vk SL= 2 ] AFsh(direct oxidation)9} carbothermic reduction &2 U
stEApA A dojub= HAFsk(Indirect oxidation), 13l A5

2F38}E (reducible oxide)¥He] WHS-© & HFAIE}= Extrinsic oxidation

o] 3t} [30]
(Cro)slag + C(s) - CT‘([) + CO(g) (4.1
(FeO)slag + C(s) - FE(I) + CO(g) (4.2)

(MnO)slag + C(s) - Mn(l) + CO(g) (4.3)

Extrinsic oxidation®. 2 7}&o] AR EH njEE »o] xjdo] A
go] Zelel A% Aot WakEel WAl kA= A
S Y& sy HHAA Aol 7] uFdd o] Akshutg

o 72 Yojy}i= corrosion mechanismol] T3 o

flo
rx
o
2
-
N
=
%2,

AT [14, 16-19, 27] & Lo AFAtstEe] xE3tEo] Aok

extrinsic oxidation®. = <Sl1sjA WstE<o] WHAAo] 7HAT 4= 5
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of 171 widel 2R dgAFel = HEA s R FAE = MgO
dense layer”} protective layer24 &S & 4= QIE=X|o O]t A

=7F AT

Sunayama et al. [14] &= MgO-C W3}=2] 1ol MgO dense layers

o

oJrAHoZ TE § FeO slag? A AEE F3A MgO dense

o

layer’} o] SO0 2 M HHS-Z % (mass transfer)S A $Fsle] A

O

M Mgo-C WiEERT ANEEE mets AL Sesel

protective layer= 4 9] 7}sAd S X gt

Liu et al. [15] +© Dense MgO¢} MgO-C W3}=3 FeO &1
wetting”d & H] 1.5} =], Dense MgO7} 7Fo] §l7] wjZo] %7]
of Aol FAW, AlRbo] A dex Sl Furh F s
oAl H|ZE A= HEGF5= TS AL, extrinsic oxidation o2 Q1S
<27 Mgo-C YeE= gA HAFse E5S E38llA41 Dense
MgO} MgO-C Wighzo] WA el & Zol7} glvka Ha

St

Yamaguchi [3] & MgO dense layer= FeO7} &Xtxlo] Ush&E 3}
MgO dense layer®] A" A FeOghag + Mg = Feq) + MgO) HE-5 2
2 MgO dense layer +# =] MgO dense layer”} 22 4 drhaL
B3R o2& 11 MnO &2} WHg-ol 4] MgO dense layer2]

Aol ETFHAA Wagk Age ik

Liu et al. [16] = 32 MnO <29 t&lo] MgO-C W3ltEol A 7}

¥ e Wezsel YANES £k AR Il g
¥
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4.2.1. Refractory materials

=

AH8-5] 9T}, Fixed carbon
=

4.2. Experimental
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3

, THO Fho] AbslEo] gy o s Wik yshE

=
S A3t MgO dense layer®t thad +x2E 7HX UstES

oft
e

2 AR A= 7R gk, Wl MgO dense layerg 3

FH]317] 9138 pre-oxidation 71> ¥ 4.29F 7T} Dense layer”}

A7) 2712 Chapter 39| 2AMEE S sttt 7; 4kst

z71o| A Frlel MES =0l A sty slag dipping testd el &
s}

HAEE SQlst=d AF8-s3lal, o2 3l slag dipping testol]

Pre-oxidation & 3 AEH|E &<lst= M E2 low speed diamond

cutters ol &3 HEFEH S WslES 1x1x2em’ (TLH 4.1(a)
Atol==2 Aeslo] vHE31 dipping testE 919 AES 1x1x4cm?
(1" 41(b) EFo= FHlegint Al e Aol thEX|RE
Ao 2 22| hot zone®| A pre-oxidation*] 2] & TR o2
FHOAMEE AFstE = A F A BT At sk
1%l Pt wire (3= Mo rod)E AoF7] 98l carbide drill bits

gt 27 2mme] P wEo] T

4.2.2. Pre-melted slag

(e

AP AM = 2wt%Mn e Aakdw] RHEA S 2y
i AL MnO &1 =49 £d2E £H8ke] L MnO £d1
A MgO-C Wst=9] F-AATS ¥Rz a3 £ =
/JL Van Ende et al. [1]¢] =olA U AIE o] &sle] HelS]

o} 18 42% 2wt.%Mn FS AAE7] 9184 RHEAZE &892
66 2]



zA W3lE Ho]F1 medium carbon FeMn 3 718} Al 719 F3b
AHel EHaE E AT dipping testd S I1Z AFESFSITE
Fag B Ze1e) 1600 °C oA EZ3F MnO 2 6.48 wt.%O]

th e SEo 24> E 4300 FAISSIH

2 Ags zdsl7] ol homogeneousdt & 1E M|
A AbstE 99T E o] 8384 pre-melted slagE THESIT}. Slag
pre-melting< Induction furnace®| A = Z7tYE A}8-3}3l Argon
w9714 AAlsE e MnO7F SAE7eF wkgate] el
T U7l Wil A4 2= MnOE W CaO-ALOs-SiO; %73 9]
ZH 215 THEAY Regent grade CaO= CO9F w2 F538t1
Ao1A 1000°CAl A 12413 &<t box furnaceol 4] ™A calcination
3l At} Calcinationd}H  I}--

kg o] gt TAA FEH ZoFAT FHE Ca0%} SiO,
(Sigma Aldrich), ALO; (Sigma Aldrich) 3}-9-U & target =4 Y7+
=33t g5l 5 millingsle] a5 Fr. Zu=
3995 SAE7MYol ©-2% Induction furnaceoll ] Argon =%
71 FHAFA. N Sl F8HE SFrY rod= wE
27 " Ao]FIL copper plateol] F-olA AASIAT. SEH &

1= Al 24T fine powder=2 THEO AT S5

2% x3E s AAS] HElA EFuy Egold & 3
FEHE Y T box furnaceS ©] €3} 1000 °C oA 12A17F &
b ti7) el A AbstA el skelth g8hs ol e S 3%

tlo] AMZE Wels AL Folstst) ofdl X 44 & pre-melted
67 x’x—g 2. ]

Jﬂ



2=
_r.ol

4.2.3. Dipping test

Induction furnace <~8J35}At}. 18 432 &

Alslo| A AFE-3%E Induction furnace®] TS HolFt SH1E

JAPAN)®} T EAE = 7Y, HEg a3 ¢
E AHgsieith WE=E

AHAET Weteo] ZeHA FEF dts

SR
o Mo rod (27 3mm)<} Mo wires
Al A

gk ebgo]l SA o] d=

=7

A

Rl
o,
32
Rl

=

d

Mo rod ©l] vacuum grease S =

.

i

o]% % Induction furnace 953 (cold zone)oﬂ A] silicon stopper=
a7 skSie) v
sS4 mAh, SR B ES

R

AFE3] Mo rod=

H

Je A= AEY MgO
Induction Furnace®ll 7

R-Type GAHE MgO =7k viHolA lem Fol 914
A1 F 30 27F Arpurgings Sl F FH[Y 2EE ASAIAT

ﬁ A& ngj\q._ 3

99 F Ar+ sHe| 7F2E ASHA sl 45

T refractory dipping test®] A& Z71S

MgO =71 BiEoz RE lem Sl 91X AAde

AAYE g2 w Agae o] 83l

O

RS

oA 1600 °C7F ™

Hl ¥ 40g2] MnO7} 3234 pre-melted slag 3-9-5& MgO =7}

MN

el Yol wqh £e1E Ya

%=7FY (38 mm x 32 mm, h=50 mm, TODA,



Yzo =z YIFES YA 1000°C~1200°C Tl A 10527 o <F
AT WstES N S @A 1087ke] whso] Evpd
W3=S cold zone7HA] &d A 325kt Wsh= vk 2

1o =AW E 1B YA UgES 7] 2% A} A

Y

v}
gl

o] Bk #Fof| steel rod= samplingS A3 HF 20

f
e

VHA WSES olgelt 2zhe] A9l dalN BUg A
A4 9 Hger dds Al v A A =E MOk
7t eF A2 slagEs AHE-F ™, Double dipping 23 A A

Rbgol v AHlE 11 = Mgo =74 E ZEE ¥ §

°
o
R

AE MRS (19 44 23)

4.2.4. Analysis
Sefreh wnkgE 2 F3o] & 3709 A2 WskE(Ix1x2
cem’) I EH2ef 7SS WiskE (1 x 1 x 4 em’) low viscosity
liquid resin®} hardener (Struers, Denmark)S 10 : 1H] & 242 &
FAA Cold mountingS §F 5 19 459 o] Fo4S AU
o2 Hduste] viEEE lemzol7t He XS EAEH AF
< Mgo Z=7RYe} e EYax #EESIT UistE S
MgO =7 Yol Fol A= £ 1= polishingdlal conductive Pt
layerE ¥ 3ol SEMBSE o7 A ## % EDSE &3l elemental
analysis& 3.2™, sampling €21+ grindings}©] fine powder=
TH=5 glass bead A 2] o] XRFZ A4S 3T U=

H 3L
=

S~
i
rlo

Syabe] WS WAST HWEHY] 98A Red Lube



polishing lubricant 2} oil based Monocrystalline Diamond suspension 1
mE AFEske] E2]4sFal M A2 Cyclohexane (anhydrous, 99.5%,
Sigma-Aldrich) 2.2 g5 712 A|AXA & dA]A ] Hol| B3}

3 SEMS H7] A Z | conductive Pt layerE ¥ 3} T}

SEM BSE °|u| A= Matistal 7] 23}8ha-57] 7] (NCIRF)°l| A

FE-SEM(7800 prime JEOL, JAPAN)=- A}-83}o] #zhglom RBAl 2

i)

712 15kV accelerating voltage, Prob current 6kV=Z S}SITE ¥4 4]
(point, mapping)<> prob currentE 9kVZ %% Energy Dispersive
Spectroscopy (EDS) detectorE AF-&3ll 4 5433t} Sampling & ]
a9 =S Aeddgw sAEAEEE717]1Y (NICEM)O A X-
ray fluorescence (WDXRF) spectrometry (S8 Tiger, Bruker, Germany)<

AFE3Y] 4kW vacuum =7 0.2 XRFEA 33 o}

4.2.5. Thermodynamic calculations

A A3g A4S FactSage software version 7.30.2 G835}t &

M

ZA el HP A4S EQUILIB modules, A El%= AAFS Phase
Diagram moduleS AF&3FSIth &Eel19] A 2 AHE ALHA
o  FToxid-SLAGA(slag), FToxid-SPINB(spinel solution), FToxid-

MeO_A (monoxide solution of CaO-MgO-FeO, etc.)5 ©] AF-& % AT},

4.3. Results and Discussion
2 A ALEH UistE A& WAL ® 46 9 ol A

Atk 3714 WS F 1200 °Col A ASA A T FxR7F #
70 2] £-1



sample B single dipping 23 $ol 423 &3|= oA double
dipping A& X Btk 17 46 AP A F UFE AE

o] molt).

4.3.1. Change in slag composition
T 472 £Y19 XRF 4 2w Uigtes "7l A F
Y1 24 WstE B F drh Target £l == MgO7h
UAA T, WekEs dippingstZ] A £d2E MgO =7 ol A

1333 o] Sl Pick up¥ Zlo|" FactSageEs AH&3F A&

)
>
=
©
)
=
ol
20
2
=
~
o0
=
N
<
()]
e
x
S
S
S
=2
R
e
o
o
=
2,
o,
=)

4.3.2. Refractory samples prior to dipping test
Sample A= W3tz AE=GA AN T3 L2 Ustes Iz A
Sk 1 0 2 M pre-oxidationS SFA| LT 19 4794 BHE A
Zro] thekslk Alo]Z<] large sintered, fused periclase (A2 3127}
T2 = T Utk Periclase W5l B2 32 A=
Ca0, Si0,o.2 FAH EE [16, 27] =4 periclase®] sintering©|
U fusionzol] BET-ER A 22 E0°] grain-boundary® =] E0]
A gAE Aotk A2 Jhto] MEYAE FAsaL 9loH

MEE s gl we A dAEe AsUAAZ Foke Al

71 2] 2t} @



Sample Bi= Sample A9} 5d3 WIS thad Fx2=2 T

7] 1314 1200 °C A 343 FQF H7]d B ol A AFskA Rl A

o}
fr
=
b
il
Lo
A

f
o

N

X
s
oty
Lo

o2
OSL'

O
HU
[
o
fo
r]I
olo
_OL
&
o

mapping| A= o] carbon®] Hol A=A A Folgd 4 §lH
o A B9} resing AFEEA| Fu BEAEHE RS0 mE
AbstEe] glojxl el 725 A ASE HEE Fel @
T Atk I¥48 (E EW AR RS AREAAR

large fused periclase®} 22 flakes E°]4 2 2F3t networkE FAJs)

Sample Ci= Sample A9} #2> W3E2] 3™l MgO dense layers
sl 71 f1EA 1600 °C ol A 3AIZF b 7] el el A Abst
A Z T} Dense layers THE7| 918F 272 oA 5= Aksal &g
AE Fharste] Aepdvk 2§ 499 AA dstEe FHARR
I JHe] x#S SEM BSE oA R A& ARRS EA]EY T
Wats o ARRS B ol SEEMZA] layer’t glow
Fol YslesE2 AEEe] aAtE fAHo d= A 5 F 3
of 1% 419 11H 992l MgO dense layere] F7AE =743 Su
376.2m7F Vgt ow ARSI Aol QA <hell Eo7k= A

o gFolakglt}. (19 4.10)



4.3.3. Refractory samples after dipping test
(Single dipping)
Sample A, B, C2] W3}&ES 10837F &alzo H23 & AUA] Y
stz I uiite] wiskel S| W= WSt Mgo-
C W3tEo] AFA3E(FeO, MnO, CrO...ctc)°] Sol7F & 19}
7

$- extrinsic oxidation®] 2} d}¢] F}o] o]gf 3t At3}ET

i 2 e Qe (14, 1619, 30), Sample A A A E
S Ans B 5 o 443 Ak oz AAE Ccovt
22 A3A slag foaming®] Houe S #FE 5 Uda

AR F sample AZ BT (19 46) A% 27} 2ol
s}

™y
>
i
ook
o
=
oty
(i
1o,

Hpe B9lol A 1eme] 7ol thd SEM

i
o
filo
>
>
ol
38
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u

A7t 2™ 4119 4120 A EHO 3l
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rlo
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Bolth B3 MgO graing°]l HEiEAl MEZ 20 2o o] 4

A Sz "9ojAd vy A 22 B @ 9= oo 1

D 4119 HAZ URES T leme] F4 Y A 27 UaE
o WAe UehlEeh weby oliE s W ¥ s
o) AR ARs B @ 5 Aok

S 4N 7 29 (1) B B0 olvAsk a7 4129 b
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Table 4. 1. Composition of as-received High C refractory.

MgO  Fixed Carbon ALO;  SiO» CaO  Fe,O3 NaO Total (wt%) Porosity (%)

75.78 15.13 5.62 0.76 1.52 0.54 0.15 99.5 3.00

Table 4. 2. Pre-oxidation conditions for high C refractory used in the

present study.

Temperature (°C) Time (hr) Atmosphere Remark
1200 3 Air (50ml/min) Direct oxidation
1600 3 Air (50ml/min) Indirect oxidation

Table 4. 3. Composition of target slag.

MnO MgO CaO Si0, ALO; Total (Wt%)  Tw(°C)

15 - 432 108 31 100 1297.17
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Table 4. 4. Composition of pre-melted slag analyzed by XRF.

MnO MgO CaO SiO2 AlLO; Total (wt.%)
Target 43.2 10.8 31 85.0
Analysis 43.8 9.8 314 85.0

Table 4. 5. Refractory dipping test.

Temperature (°C)

Time (min) Atmosphere

1600

10 Ar+5H> (50ml/min)

Table 4. 6. Sample names used for the present study.

Name | # of dipping Refractory
A 1 Original MgO-14 wt.%C refractory
B 1 Porous structure MgO-C (1200°C-3hr)
C 1 MgO dense layered MgO-C (1600°C-3hr)
D 2 Porous structure MgO-C (1200°C-3hr)
E 2 MgO dense layered MgO-C (1600°C-3hr)
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Table 4. 7. Composition of before and after dipping test.

Before dipping | CaO | SiO2 | ALO; | MgO | MnO | Total (wt.%)
target 432 | 10.8 31 15 100.0
Sample A 40.7 9.1 29.2 7.0 14.0 100.0
Sample B 40.8 9.1 30 6.8 13.2 100.0
Sample C 43.1 9.0 27.3 5.6 15.1 100.0
Sample D (1) 413 8.8 29.7 6.4 13.7 100.0
Sample D (2) 41.8 8.5 28.5 7.5 13.7 100.0
Sample E (1) 40.6 8.7 29.3 7.2 13.9 100.0
Sample E (2) 40.6 9.1 29.5 7.1 13.7 100.0
After dipping CaO | SiO> | AlLOs3 | MgO | MnO | Total (wt.%)
target 43.2 | 10.8 31 15 100.0
Sample A 384 | 8.6 28 12.5 12.6 100.0
Sample B 372 | 83 26.4 15.7 | 125 100.0
Sample C 404 | 8.6 27.6 8.7 14.6 100.0
Sample D (1) 38.7 | 8.5 28.4 11.8 12.5 100.0
Sample D (2) 38 8.6 27.6 13.7 | 122 100.0
Sample E (1) 394 | 8.7 27.7 11.1 13.1 100.0
Sample E (2) 39 8.3 28.2 11.6 13.9 100.0
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Table 4. 8. EDS point analysis of MgO dense layer to confirm the MnO

diffusion to MgO layer.

Area point | MgO | ALO; | SiO; | CaO | MnO | Total (wt.%)
Dense layer 1 95.2 0.0 3.0 | 0.0 1.8 100
Dense layer 2 98.1 0.0 0.0 | 0.0 1.9 100
Dense layer 3 98.4 0.0 0.0 | 0.0 1.6 100
Dense layer 4 96.8 0.0 0.0 | 0.0 32 100
Dense layer 5 93.9 0.0 0.0 | 0.0 6.1 100
Dense layer 6 86.1 0.0 0.0 | 0.0 | 139 100
Dense layer 7 77.8 0.0 0.0 | 0.0 | 222 100

Dense layer /slag 8 66.0 | 0.0 0.0 | 0.0 | 340 100
slag 9 1.9 334 | 89 | 454 | 103 100

slag 10 203 | 149 | 40 | 179 | 429 100
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W=10mm

hole d=2mm

H=40mm

W=10mm

hole d=2mm

H=20mm

(a) (b
Figure 4. 1. Schematic diagram of the refractory samples prepared for the present
experiments: (a) sample for the microstructure analysis prior to dipping tests, and

(b) sample for the dipping test.
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Figure 4. 2. Evolution of calculated RH slag composition during the RH degassing
treatment in the production of 2wt% Mn steel: see the details in the reference by

Van Ende et al. [1]
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Figure 4. 3. Schematic of induction furnace used in the present dipping test.
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Temperature“
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O O ®
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D At 1600°C, adding pre-melted slag using a quartz tube.

@ After Smin, Lowering the refractory sample and pre-heating just above the crucible
for 10min.

® After 13 min, Sampling the molten slag using a steel rod.

@ Dipping the refractory sample to molten slag.

® After 10min reaction, lifting up the refractory sample to cold zone.

® Sampling the final slag using a steel rod.

Figure 4. 4. Procedure of refractory dipping test.
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W=10mm

H=40mm

hole d=2mm

H=20mm

(a)

W=10mm

(b)

hole d=2mm

Figure 4. 5. Position for the refractory microstructure analysis: (a) sample prior to

dipping test, and (b) sample after dipping test.
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Figure 4. 6. Refractory sample images prior to and after dipping test.
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Figure 4. 7. Sample A: SEM BSE image of original MgO-14wt.%C refractory.
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Figure 4. 8. Sample B: MgO-14wt.%C refractory after 3hrs oxidation at 1200 °C (a) Photo image

and (b) SEM BSE image of the refractory internal structure.
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Figure 4. 9. Sample C: MgO-14wt.%C refractory after 3hrs oxidation at 1600 °C. (a) Photo image

and (b) SEM BSE image of refractory internal structure.
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Figure 4. 10. Thickness of MgO dense layer formed on the structure of sample C.
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Figure 4. 11. Cross sectional view (SEM BSE image) of sample A after single dipping test.
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Figure 4. 12. Enlarged view (SEM BSE image) of sample A after single dipping test: the locations

of 1 to 4 region are indicated in Fig 4.11.
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Figure 4. 13. EDS element mapping result of region 2 of sample A after single dipping test (see

region2 in Fig 4.12)
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Figure 4. 14. Change of maximum MgO solubility in slag: depending on the MnO

content in the slag of 43.2 CaO - 10.8 SiO; - 31 AL,Os.
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Figure 4. 16. Cross sectional view (SEM BSE image) of sample B after single dipping test.
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Figure 4. 17. SEM BSE image for remaining slag in MgO crucible after dipping of sample B.
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Figure 4. 18. Cross sectional view (SEM BSE image) of sample C after single dipping test.
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Figure 4. 19. Enlarged view (SEM BSE images) of sample C after single dipping test: the

locations of 1 to 4 region are indicated in Fig 4.18.
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Figure 4. 20. Binary phase diagram of MgO-MnO.
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Figure 4. 21. Formation of (Mg, Mn)O layer on the surface of MgO dense layer of sample C.
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Figure 4. 22. Formation of (Mg, Mn)O solid solution.
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Figure 4. 23. Equilibrium composition of (Mg, Mn)O solid solution.

Figure 4. 24. SEM BSE image for remaining slag in MgO crucible after dipping

sample C.
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Figure 4. 25. Sample D: Shape change of MgO-C refractory after first and second dipping test.
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Figure 4. 26. Cross sectional view (SEM BSE image) of sample D after double dipping test.
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Figure 4. 27. Enlarged view (SEM BSE images) of sample D after single dipping test: the

locations of 1 to 4 region are indicated in Fig 4.26.
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Figure 4. 28. SEM BSE image for second dipping remaining slag in MgO crucible after

dipping of sample D.
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Figure 4. 29. Sample E: Shape change of MgO-C refractory after first and second dipping test.
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Figure 4. 30. Cross sectional view (SEM BSE image) of sample E after double dipping test.
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Figure 4. 31. Refractory wear (volume change) for sample A, D and E.
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Appendix

Appendix-1. Microstructure of isothermal oxidation test
samples.

Figure appendix 1. 1. Microstructure of MgO dense layer formed in MgO-
S5wt.%C (low C) refractory after oxidation at 1400 °C for 2 h.
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Figure appendix 1. 2. Microstructure of MgO dense layer formed in MgO-
5wt.%C (low C) refractory after oxidation at 1450 °C for 1 h.

= g



Figure appendix 1. 3. Microstructure of MgO dense layer formed in MgO-
Swt.%C (low C) refractory after oxidation at 1500 °C for 1 h.
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Figure appendix 1. 4. Microstructure of MgO dense layer formed in MgO-
5wt.%C (low C) refractory after oxidation at 1500 °C for 2 h.
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Figure appendix 1. 5. Microstructure of MgO dense layer formed in MgO-
Swt.%C (low C) refractory after oxidation at 1500 °C for 3 h.
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Figure appendix 1. 6. Microstructure of MgO dense layer formed in MgO-
5wt.%C (low C) refractory after oxidation at 1500 °C for 6 h.
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Figure appendix 1. 7. Microstructure of MgO dense layer formed in MgO-
S5wt.%C (low C) refractory after oxidation at 1500 °C for 12 h.
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Figure appendix 1. 8. Microstructure of MgO dense layer formed in MgO-
5wt.%C (low C) refractory after oxidation at 1550 °C for 1 h.
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Figure appendix 1. 9. Microstructure of MgO dense layer formed in MgO-
S5wt.%C (low C) refractory after oxidation at 1550 °C for 2 h.
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Figure appendix 1. 10. Microstructure of MgO dense layer formed in MgO-
5wt.%C (low C) refractory after oxidation at 1550 °C for 3 h.




Figure appendix 1. 11. Microstructure of MgO dense layer formed in MgO-
S5wt.%C (low C) refractory after oxidation at 1550 °C for 6 h.
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Figure appendix 1. 12. Microstructure of MgO dense layer formed in MgO-
5wt.%C (low C) refractory after oxidation at 1550 °C for 12 h.
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Figure appendix 1. 13. Microstructure of MgO dense layer formed in MgO-
S5wt.%C (low C) refractory after oxidation at 1600 °C for 1 h.
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Figure appendix 1. 14. Microstructure of MgO dense layer formed in MgO-
S5wt.%C (low C) refractory after oxidation at 1600 °C for 2 h.

W ey



Figure appendix 1. 15. Microstructure of MgO dense layer formed in MgO-
S5wt.%C (low C) refractory after oxidation at 1600 °C for 3 h.
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Figure appendix 1. 16. Microstructure of MgO dense layer formed in MgO-
5wt.%C (low C) refractory after oxidation at 1600 °C for 6 h.
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Figure appendix 1. 17. Microstructure of MgO dense layer formed in MgO-
5wt.%C (low C) refractory after oxidation at 1600 °C for 12 h.
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S5wt.%C (low C) refractory after oxidation at 1650 °C for 1 h.
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Figure appendix 1. 18. Microstructure of MgO dense layer formed in MgO



Figure appendix 1. 19. Microstructure of MgO dense layer formed in MgO-
5wt.%C (low C) refractory after oxidation at 1650 °C for 2 h.
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Figure appendix 1. 20. Microstructure of MgO dense layer formed in MgO-
5wt.%C (low C) refractory after oxidation at 1650 °C for 3 h.
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Figure appendix 1. 21. Microstructure of MgO dense layer formed in MgO-
S5wt.%C (low C) refractory after oxidation at 1650 °C for 6 h.

147 in A E-)| &t



Figure appendix 1. 22. Microstructure of MgO dense layer formed in MgO-
14wt.%C (high C) refractory after oxidation at 1550 °C for 1 h (#1).
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Figure appendix 1. 23. Microstructure of MgO dense layer formed in MgO-
14wt.%C (high C) refractory after oxidation at 1550 °C for 1 h (#2).
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Figure appendix 1. 24. Microstructure of MgO dense layer formed in MgO-
14wt.%C (high C) refractory after oxidation at 1550 °C for 2 h (#1).
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Figure appendix 1. 25. Microstructure of MgO dense layer formed in MgO-
14wt.%C (high C) refractory after oxidation at 1550 °C for 2 h (#2).
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Figure appendix 1. 26. Microstructure of MgO dense layer formed in MgO-
14wt.%C (high C) refractory after oxidation at 1550 °C for 3 h (#1).
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Figure appendix 1. 27. Microstructure of MgO dense layer formed in MgO-
14wt.%C (high C) refractory after oxidation at 1550 °C for 3 h (#2).
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Figure appendix 1. 28. Microstructure of MgO dense layer formed in MgO-
14wt.%C (high C) refractory after oxidation at 1550 °C for 6 h (#1).
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Figure appendix 1. 29. Microstructure of MgO dense layer formed in MgO-
14wt.%C (high C) refractory after oxidation at 1550 °C for 6 h (#2).
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Figure appendix 1. 30. Microstructure of MgO dense layer formed in MgO-
14wt.%C (high C) refractory after oxidation at 1550 °C for 12 h (#1).
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Figure appendix 1. 31. Microstructure of MgO dense layer formed in MgO-
14wt.%C (high C) refractory after oxidation at 1550 °C for 12 h (#2).
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Figure appendix 1. 32. Microstructure of MgO dense layer formed in MgO-
14wt.%C (high C) refractory after oxidation at 1600 °C for 1 h (#1).
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Figure appendix 1. 33. Microstructure of MgO dense layer formed in MgO-
14wt.%C (high C) refractory after oxidation at 1600 °C for 1 h (#2).
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Figure appendix 1. 34. Microstructure of MgO dense layer formed in MgO-
14wt.%C (high C) refractory after oxidation at 1600 °C for 2 h (#1).
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Figure appendix 1. 35. Microstructure of MgO dense layer formed in MgO-
14wt.%C (high C) refractory after oxidation at 1600 °C for 2 h (#2).
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Figure appendix 1. 36. Microstructure of MgO dense layer formed in MgO-
14wt.%C (high C) refractory after oxidation at 1600 °C for 3 h (#1).
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Figure appendix 1. 37. Microstructure of MgO dense layer formed in MgO-
14wt.%C (high C) refractory after oxidation at 1600 °C for 3 h (#2).
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Figure appendix 1. 38. Microstructure of MgO dense layer formed in MgO-
14wt.%C (high C) refractory after oxidation at 1600 °C for 6 h (#1).
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Figure appendix 1. 39. Microstructure of MgO dense layer formed in MgO-
14wt.%C (high C) refractory after oxidation at 1600 °C for 6 h (#2).
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Figure appendix 1. 40. Microstructure of MgO dense layer formed in MgO-
14wt.%C (high C) refractory after oxidation at 1600 °C for 12 h (#1).
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Figure appendix 1. 41. Microstructure of MgO dense layer formed in MgO-
14wt.%C (high C) refractory after oxidation at 1600 °C for 12 h (#2).
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Figure appendix 1. 42. Microstructure of MgO dense layer formed in MgO-
14wt.%C (high C) refractory after oxidation at 1650 °C for 1 h (#1).
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Figure appendix 1. 43. Microstructure of MgO dense layer formed in MgO-
14wt.%C (high C) refractory after oxidation at 1650 °C for 1 h (#2).
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Figure appendix 1. 44. Microstructure of MgO dense layer formed in MgO-
14wt.%C (high C) refractory after oxidation at 1650 °C for 2 h (#1).
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Figure appendix 1. 45. Microstructure of MgO dense layer formed in MgO-
14wt.%C (high C) refractory after oxidation at 1650 °C for 2 h (#2).
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Figure appendix 1. 46. Microstructure of MgO dense layer formed in MgO-
14wt.%C (high C) refractory after oxidation at 1650 °C for 3 h (#1).
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Figure appendix 1. 47. Microstructure of MgO dense layer formed in MgO-
14wt.%C (high C) refractory after oxidation at 1650 °C for 3 h (#2).
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Figure appendix 1. 48. Microstructure of MgO dense layer formed in MgO-
14wt.%C (high C) refractory after oxidation at 1650 °C for 6 h (#1).
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Figure appendix 1. 49. Microstructure of MgO dense layer formed in MgO-
14wt.%C (high C) refractory after oxidation at 1650 °C for 6 h (#2).
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Figure appendix 1. 50. Microstructure of MgO dense layer formed in MgO-
14wt.%C (high C) refractory after oxidation at 1650 °C for 12 h (#1).
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Figure appendix 1. 51. Microstructure of MgO dense layer formed in MgO-
14wt.%C (high C) refractory after oxidation at 1650 °C for 12 h (#2).
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