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TANONGSAK YINGNAKORN : THE KINETICS OF
DEPHOSPHORIZATION OF MOLTEN IRON USING SLAG
CONTAINING BaO. THESIS ADVISOR : SAKHOB KHUMKOA, Dr.-Ing.,

93 PP.

DEPHOSPHORIZATION/ SLAG/ REFINING OF STEEL/ BARIUM OXIDE

The purpose of this study is to clarify the effect of BaO on dephosphorization
of molten iron, especially the kinetics of dephosphorization reactions of molten iron to
obtain low content of phosphorus in steel and minimize operating time. In this work
the molten iron and different slag composition of CaO-SiO,-FeO were prepared by
using laboratory induction furnace. Key factors of this study were basicity of slag,
melting temperature and amount of BaO. The kinetics of dephosphorization in molten
iron using the slag system of CaO-SiO,-FeO with and without BaO were investigated
and compared. Chemical compositions of slag were analyzed by using X-ray
fluorescence spectroscopy whereas chemical composition of steel were analyzed by
using emission spectrometer. Based on the findings of this investigation, it was
concluded that phosphorus in molten iron at a temperature of 1400°C is greatly
reduced with increasing the basicity of slag in the range of 1-2, whereas the slag with
basicity of more than 2 has no significant decreased of phosphorus in molten iron.
Phosphorus is highly reduced at 1400°C in comparison to dephosphorization at

1550°C. The amount of phosphorus in molten iron is decreased when the amount of



BaO in the slag increased. BaO played an important role on dephosphorization of

molten iron when compared with CaO.
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= <

4
sz Teaminnms ¥ lsfonas Tadsuaamsaadevounan luauanmiizanninan

Y v
¥ <

A ° ] 2 A [ o 1o Y o 1 H 3
ﬂ’J']JJ“H‘L!WU?JQfﬂmﬂ‘ﬂﬂ‘ﬁL‘Vfﬁﬂ‘VI@Qiuﬁllaﬂﬂﬁﬂﬂ\iguﬁmﬁﬂqﬂ ﬁWﬁﬁ‘]Jﬂﬁ‘iJ?\‘luuﬁﬁﬂIﬂﬂﬂﬁ
v W 4 o a 1 =} A (J 1 1 =\
ﬂl‘ﬂﬂ“ﬁﬁlﬂﬂi‘ﬂ%ﬂﬂummﬁiﬂEJﬂ”IiW‘L!"]J‘HSU”I’JLmSLHNﬂTHﬁ AT NN 2.4 AIDYWTIUNTUNNUAY

¥ S o ¥ o .
ﬂlﬂﬁuilﬁﬁﬂﬂ@ulm%ﬁﬁﬂﬂﬁﬂ?\iu%ﬂaﬂ (Rainer H. ttazame, 2011)

I~ o [l 1 =l ¥ < A [ [ o 4
ANTNN 2.4 G]'J'E)EJ’]\?ﬁ')uW’ﬁiJ‘VI'Nl,ﬂllGU'ENﬂ’IT]J?QHWLWﬁﬂLW@"U%@V\l@ﬁﬁ/\l@iﬁlla$“ﬁﬁw\|@§

(Rainer H. tazaug, 2011)

NRERIPR vumdn | Au Yury | Na,0, | [Sil | [P] [S] | guwngil | szeziIan
vunan WTLC) | (kgt) | (kgt) | (ke/) | (%) | (%) | (%) | (°C) | (min/TLC)
ADUAUHUNISG 0.12 | 0.085 | 0.023 | 1274
- 259.7 | 27.1 14.6 2.1 50
HAIAUHUNS 0.04 | 0.041 | 0.004 | 1,273
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2.5  mashulamtindueamsvdarloaesalininnan

9 J a J AN Y S A 7 v o [

%']ﬂall’E)‘JJ"ﬁVHQLVlﬂﬁTJJulﬂl‘!"mﬂﬁllﬁ&@ﬂﬁ”liVlllﬂllﬂ1§$v’lW3JWLﬂEJ'Jﬂ‘Uﬂ']ﬁ‘llﬁ]ﬂ“l/‘l@ﬁ‘l/\lﬂﬁﬁ
I { % 1 H [ o A g’/ ° a A 1
L‘]J'L!ﬁ‘ﬂﬁTUﬂu'J'] ﬁmazﬁmmzﬂumimmumsuu ﬂ'Jiﬂfluﬁﬂ'ngﬂﬂﬂ“b'vlﬂ“]ﬁﬁéﬂwu
a %’ < a 3 o A a ~ =

@ﬂﬂ‘ﬁflﬂuﬁ\‘ﬂuu"ﬂﬁﬁﬂLLﬁZLﬂﬂlﬁﬁﬂ@@ﬂll‘ﬂiﬂsluﬁllﬁﬂGLUﬂ%N"lmﬂlﬁﬁJ1$ﬁ3J Lﬂﬂﬂﬂﬁlwﬁﬂlﬁﬂﬂﬁ

A A Aaag o L ° o a A
Wi’t’)llLlﬂﬂ@]’Jﬁ“llﬂ\1W@ﬁﬂ@iﬁlwuﬂgﬂﬂﬂqcﬁﬂiuﬁuﬁﬂGI”I HASATUUNTIINGUHDUAN Iﬂﬂ

Y
=1

nnsanlunaazifadeldaq

2.5.1 UfRseunfismdumsvdarloanodalirinvdn
Ufnsenatinnertosnumsvtadearesd FeldlunsesuronsaisTouves

WoaneSaszvinnlavizuazauanlasna lae

2[P]+5[O]—)(PZO5) 2-1)
2[P]+5(Fe0) — (P,0;)+5[Fe] 22)
2[P]+5[0]+4(Ca0) > (4Ca0.R,0;) (2-3)

Tagh
A s A 3 <
[X] o mﬂﬂﬁzﬂaumgmﬂiummaﬂ

5
Y) Ao pendsznovluauan

d
2.5.2 nendiAvesasnsznevlumsaza

a 5 < v 2 ) a o I aaan =
lunszurumswaamanuazmannaiy esasduuazHand s lulgnsenall

& b e oA . .
Taon Iuaaslugdvesasazats Fanasnudaszvetesdlsznoni  feglumsazaie
1 o a J . Y =2 Yo Y < aad
HANANINNEINUBATEYRIRALTEN0Y | Meldanzunasguddlddualiiuendda
o aas 4 9 a I'd
¥9309A1/3zn01 TaguanAInYeI09A1lIeNoUVBIALANE1NBIINAN1ILUINIFIUYDITIgaN

(Raoultian standard state) ¥403118'18 lagaunIsn (2-4)
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a, =N, (2-4)

Taeh
A [ 1

N, fio daaauTuavesi luasazale

o a £ aa J
'Yi ‘ﬁ@ dullseansuenalInves i (activity coefficient) Gluamazmmgmﬁumﬂgaw

Y] a £ Aaan Y A Y 9
dulsz@nsuendda y, wilannmsnasewaziionnuuduvesasazasly
1 A
i Tanzi@e9191n 9
Aaag J Y aan =
uonAlnvesesnlsznoulumsazargaz 1duenaia ludnzans g Iuveusys
< v o ¢ y <
(Henrian standard state) a2 1oz lddgyanual h 1tlesoinanzmasgiuvessiganaoe
Aa A o v
annznasgiuvesdisazatelugaund laod h mudwlaain
— 0,
h = f,(wt%), (2-5)
Tash

h A9 LOAAIAYDI i TUANIIZUIATTIUVOUTUT

)Y

[

4
f Ao dulsza@nsuenaIAved i TUAN1IZINATTIUVOUIUT

Y
(mﬂ@@) Ao Sovaz Tasiminvosi luasazaie

i
9 = a I A o a £ Aaag Y
ﬂ']ﬁﬁaga"IEJﬂJWi]ﬁﬂiiiJL‘]JuUl‘]J@niJiJW]5;‘@11!51]@\1!,3145 dulszansuenain fi Wﬂ,ﬂ‘lﬂﬂ

logf, = > e/ (Wt% )+ > % (wt% )’ (2-6)

Taeh

[ an

j A o a £ . o A = g J ' Y
€ Ao duilszanTounTnNIeveaIs i AUTITOU 9 Fuuosnsznouiiunulu

#159201¢ (interaction parameter)



20

2.5.3 dadaumsnsznaiivesneanleSaluauannuiinydn (phosphorous partition
ratio: L)
I A ] 1% @ 3
L, dusmnlslumsdsventsnnuamnsalumsviadearedaluduaniagziin

< 3 Y
wman Iﬂﬂﬁ1ﬂ15ﬂﬂ’lu’3mulﬂﬁ]'lﬂ

L (%P) 2-7)
" [%P]

Taeh
(%P) Ao Sosaz Tasuravearloaesaluauan
Y
[%P] Ap Josas lasulraveareanoTaluinman
v Tuaveseadesaluauan = S Tuavosomaluauan

wiliInavesealeSaazgnoond lad lditlunila Iuarleaaduandluauns 2-8)

(%P) (Wpo%)

MP MPO}
UNUA (%P) adluaums (2-7) Fariy
W, 5
L, - M, 'OPOA (2-9)
MPO‘% [A)P]

INIUIIBVDI Wolfgang Urban tazame (2015) Tavldan L, Tumsiuiems
1] o sol <3 1 o 9 [ [ < 9
vianeaWesaluiunan  wulilaen uaedralsnain nsadreluaaaunisnig
A s A a 7 o o Y = ' Y )
adlasnaasiioauedsingmsaimsvdavleanesa ldimsanyieganieuns dwedaslu
~ ~ a o A < 79 9 ~ ' o '
M1319% 2.5 Taeliduyagiuniunes lu lawidinduazmslszgnd lgauiiuanaianu 1yu

a [ %’ < 1 o 1 a [
UNNU “]J%ll’l@]i AIUNTUUUYAN FIUNTUITESUUTLAN DATINITWUDDNHIIULASANHUENIT

Q )

=X o

W ¥ A
NIU i]\i‘i/lﬂﬂhlﬂﬁhﬂﬁﬂﬂﬁTﬂﬂﬁw
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{ a d o 1] a [ U o o
A1519% 2.5 auMsnNAtlamaasdMsumsesuedadIumsnszaeaveseanesdlae

1IN298919 9 (Wolfgang Urban ttazaAme, 2015)
N aumsaadIunisnszaeavesnealesd
0,
Gemma, 1987 | log E;’ 2 — 3113+ %— 0.2075-log[% C] + 0.3956 - log (% Fe,)
0
+0.6639l0g[(% Ca0) / (Si0, )]
Chukwulebe, log E Of’ :3 5.41—0.00218 T (K) +0.00382 - (% FeO) + 0.0228-[(% Ca0) / (SiO, )]
0
1996 +0.0029(% MgO)
0,
ESAL 2010 log E ;’ Ei _ 5.71- 1T3(59;) +0.38410g(%Fe, ) +0.431[(% Ca0) / (SiO, )]
s 0
—0.361log(% MgO)
. 0,
Meishan, 2011 log E 0;" Ei =-5.41- 1T0 (1;)3 +0.0088log(%C) +0.885log(%Fe,)
0
+0.346log[(% Ca0) / (SiO, )] - 0.144 log(% MgO)
0,
Turkdogan, 1996 | |og E ;’ E; =10.6+2.5l0g(% FeO) +0.5log(%P, O,) +5.0log(% Ca0)
0
0,
Ogawa, 1993 log2P) _ g 554 11102 5 5105(2F€0 .55 8) + 0.0715. (% Ca0+ % MgO)
[%P] T(K) 718

+[1O5'1+0.o723j-[%01
T(K)

.. 0,
Balajiva, 1947 log EO;O E; =5.9-log(%Ca0) + 2.5log(% FeO) +0.5- log(%P,0O; ) +0.5-C+0.36
0
0,
Healy, 1970 log P) _ 164220 55 log(% Fe, ) +0.08- (% Ca0) + 0.4
[%P] T(K)
Suito, 2006 log (0P) 1050411570, 2.5log(%Fe,) +0.072-{(% Ca0) +0.3- (% MgO)}
[%P] T(K)
0,
Bannenberg, (%P) =-0.69+2.5log(% FeO, )’
[%P]
1981 +(%FeO,) - (1.55-10° +9.12-10° - (% FeO, )")
0,
Tata, 2007 log (C6P.0;) 20,254 0.36381n(% FeO) — 0.0499 - (% MgO) — 6.299
[%P]  (T+273.15)
0,
Bannenberg, LM =-7.9517— 13958 _ FeO,’-(1.43-102+1.032-10™* -FeO,")
[%P] TK)
1994 +2.5-logFeO,’
Suito, 1995 Iogﬂ =-1052+ 11570
T(K)

[%P](% Fe,)?
+0.72-{(% Ca0) +0.3- (% MgO) +0.6(% P,0, + % MnO)}

Turkdogan, 2000

log(y P,O;) =—9.84—0.142-((%Ca0) +0.3- (% MgO))
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2.5.4 anailuarsvesauan (slag basicity)

1 I 1
Tuganansdl a.a. 1920 Henry lataualdiimslganuiuaisvesananlums
o o a 3 <3 Y Y
MruaanbazmmzvesauanlunszuIUMINAAMANLAZIANNA1 1A Henry  lAlaue
Aas ° [l I~ [ ° o 1 1 J < 14 %‘ Y]
FEmsmnuasanuiluasvesauanlasmuirusasdiuluniretlesidud lastimiin

s A wa & ' ' P L K o s Aa
ve0anlsznoundautatluaaelsuna lunilelesgsua lasriviinveseeatlssneund
Y

va g 2 I 1 Y o @ L4 A =)
’dll‘ljmﬂuﬂiﬂ ‘1/]\‘11!?]1?]’JHJLﬂ‘uﬂ1Q%ﬂﬁﬁllaﬂ®1ﬂ1%ﬁq‘laﬂym V 1390 82 UAUNITNI

J v

Y
ANAMANTAIL

4\, %Ca0

B, nsoV=—-—— 2-10
? %SiO, (210

= I~ 1 4 [ [ 3’_, Y =
lumsfnyimavesnnuluasvesaanaemsvianearesativ launsAn
1 1 1 I J
1Ay Wolfgang Urban wagame (2015) waiudaalusdi 2.4 nuhdrszuuiianuiuasues
o Yo 1 o o Y o A a a
auang wzmIndadiunsnsznealvedeareiaunyuale uune Ussansninluns
QU dﬂf

[ a < o = a ] A A
yianoaweTagaiy msAumaneon lyd ludSmnaimunzauszsomuanurilatazan

a ann @ [ Y 1 ¥ <3
mnalfnsndeunavveseaesanduasguuvan’la
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100 7 7
— 1680-1710°C Fe 18-20%

g0 || === 1710-1740"C Fe 18-20% -
7 | —1740-1770°C Fe 18-20% —
< >1770°C Fe 18-20% //
< 80 —
[N / .
£ 70 e |
_Iﬂ / _...li"-/
c 60 —
5 50 / /
o /
w
E 40 'A /
N
8 30
£
* |

20 |

2.6 2.8 3 3.2 3.4 3.6 3.8 4

Slag Basicity B1 = (%Ca0)/(%Si0,)

A I ' Ty @ [ ¥ <
31]1/] 24 Wﬁ"llf)\‘]'ﬂ'ﬂiJ!']Juﬂ’NﬂlfNﬁlLﬁﬂﬁ@ﬁ@ﬁjufﬂﬁﬂigi]'lEIQ‘]'J"U@Qﬂ@ﬁﬂﬂiﬁiuunﬁﬁﬂ!lag

auan (Wolfgang Urban LagAME, 2015)

2 P o ' Q1
UONING Ghosh LazAME (2010) ladnyimsmvuamanuiuaisvesdian
' ! A . I
Tag 14 optical basicity ¥ataua Iag Duffy 182 Ingram aumMIAdiamansnususnaNuiuy

a1avesauan Iaglda optical basicity, A e

A=Y %A uaz % =N;(x) (2-11)

Tagh
A . .. L
A; 00 optical basicity Y9300n 1A i

J
N, o dadiuluavesosntlsznouludian

(x) e uuvesezaoneondaulueen lud i

Toshisada M. (1984) 1@na17199A15NAABIVBY Young 1ag Floridis N IaANHINA

o 1 o @ K < J o d .
vosdadIuminszneanegwosd luatanuazduvan sereduanduns ey (synthetic
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slags) 1182 Cu-P alloys viaouvanfigaivigll 1823K nwldufanay Ar-H-H0 #ifvua
P, /P, A1 5.42 Taeilszinnvesdianieo Ca0-Si0,, CaO-ALO,, CaO-SiO,-CaF, BaO-SiO,,

BaO-Al,0,, BaO-Si0,-CaF, BaO-Ca0-Si0,, MgO-Si0,, NaO-Si0,, Na,0-ALO, 118% ALO,-CaF,

]
=1

wad lauanalugiii 2.5 Fuaasde ePyP] nazanuiluavesauan Taouaasluglauns

5 3\ o .
P(g)+(zj02(g)+(§)0 =(PO;") (2-18)

I T
O CaD—5i0z—Pz0s

8 - Cao_‘rﬂ”ng_PzOE —
& CaD—Si0z—CaF2—P20g P
a BaO—SiOE_CaFg_Pags d'.\d:;"'
@ Ba0—Si0,—Ca0—P20s /"q"‘
a AIZOE-—CaF;—F’EOE ~ \i\\q‘

a8
¢ e o
P >

(%P).(P)

BaO—Si0z—P20s

Bao_.&JaOg - PZDE

Mg0 — Si0z —P20s

Naz0O— S|02 - pzDg’,

Naz0—Al20;—P20g
I

4<4d4bw0O

0 l
0 | 2 K] 4

Basicity ratio

=i I 1 @ @ 1
1 2.5 anudlusanazmsnszaeiveslealesaluszvuauanais
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2.5.5 masanganivesanmimsvdareanesa

aaa ! ¥ < Y Yo 2
']Jg]ﬂimim’i’JNE‘TLLE]ﬂllazuWIﬂﬁ%ﬂJﬂﬂ!ﬁﬂﬂﬂﬂW!LﬁﬂQ]lﬂ JU

5 3o _
[P]+ZO+§(OZ )=(PO;")
mnaiaugainiuandldaail

K _ (WPQ? ) fPof;
(2-12) [ap].(Poz )% .(aOP )%

Taeh
(wpog, ) Ao Sovaz Tasuravesoaresandunomaluauan
4

(POZ) v ANUAULDY (partial pressure) YBIDDNHIU

A 1 A A
K(z_lz) Ao AMAINANYAVDITUNTN (2-12)

2.5.6 anugoavla (phosphate capacity) Tuauan
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(2-12)

(2-13)

anuasanedesdazgngaduogluauan auwsneiuieldainarug

Woanla Tasianugroarlofa (C,, ) nansluaunis (2-15) Tao Wagner Ta1#1o113a%

[

waadlulgnsen (2-14) aall

1 5 3 a3
EP2(9)+ZOZ(9)+EO :PO4

(Wt%PO) K, 82

C _ _ (2-12) 0%
PO phpl f
PP22P024 PO}
Taod
A aan Ia
a.  feuenAIAveIDEN WA
P, Ao ANuandesvesleanesaluaisazaw

(2-14)

(2-15)
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fo: fD duszAnsuendinves PO,
’
a 9 Y [ g [ a A P
eI ay anugearlefasziuegnuyiiauazsuavetesdilsznoy

I ' A
1ummﬂ mmrﬂumwmmmﬂuazqmwgmlmizuu

(Y] a a d
2.5.7 NadNUda I sNUa (Gibbs free energy)
o a a I ¢ A R < Y
Wa\i\ﬂu@’ﬁi$ﬂ‘UﬁL“]JHﬂW]NWIfJiT?JVlﬂu'HJﬂﬁ “]NﬁnJ']iﬂ‘U@ﬂﬂ'JHJLﬂuulﬂhlﬂ“U@Q

a aan I a a J [ a
ﬂTﬁLﬂﬂ‘ﬂ{]ﬂﬁfJT’lJEJ\?IﬁW%LLﬁ%fl@ﬂll%'ﬂﬁQﬂ!ﬁﬂlI@N 9 TagaumMsnaMaaTUoINaIIUDHTY

a

a 4

Audae
AG =AH —TAS (2-16)

Tagfi

AG #e minfasumlamdinudassiud
AH  #e nmsuldeuntlaaousiadl (enthalpy)
AS  #e msuldeuuilawenTnsl (entropy)

a

T Ao quugll
dy 9 A (2 a a = N~ = aan = g}.;
GI,HL'U’fNGlul,ilf)‘WE‘N\?']uE]’tffi5ﬂ‘]J’ﬁlIﬂ']L‘]Juﬂ°Ui]$ﬁiJ'lElﬂ\?’]Jaﬂifl'lLﬂiJuuﬁ'liJ'l‘iﬂ
a da! Y A a t{lrlsl A @ Aa a E= U IR~ =
lﬂﬂ"llullﬂﬂ‘iﬂ!ﬂ@fﬂiﬂi%ﬂﬂ‘ﬂ@@ﬂ"l“lfﬂ a Ll,azm’awmammﬁzﬂuﬁumgﬂun’mwmaaﬂawz
a ) l a Y
FUAUU 9 hlilﬁnﬂiﬂlﬂﬂﬁ’liﬂigﬂﬂﬂﬂﬂﬂhlclf@ﬂ@
4 ] A a 4 [
lﬁ@i$ﬂﬂ@§!1uﬁﬂ13$ﬂ1ﬁiﬁ1u AWITONISUAAITUNITAUATITATUDINAINTU
a a N Yo A . A QA v A
@ﬁi%ﬂﬂﬁqﬂﬂﬂﬁuﬂ'ﬁﬂ (2-17) Az HUNIN Richardson mazﬂu‘nmmﬂuiu%uwumw

Ellingham 03000 lesdiang 9 dananalugili 2.6
AG® =RTIn(PR,, ) (2-17)
Tagh

! [ a a s A 1
AG® fAp minldsumlasndsnuddsznudiloszuuegludnzmnaigiu

A 1 d’ (4
R a9 masnuna



27

Oe¢ O 1 —
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6Fe + Oy =2Fe3044 -2 —
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51 2.6 umuAMLEAINE IR ATTAUFURAT 019000 lassA1a 9 (Gary MLP., 2004)

1 ] a 1 %’
mﬂﬂﬁﬁﬂ‘lﬁ“ﬂ@ﬁ Wolfgang Urban tiagame (2015) WU ITWUDINFLIUAIGU

3 S 1 o v a o @
wanlagasain liansovianeaesmiailurearesmwuazoon lad (,0,) Ialuna
J a < [ A A ] = aaan A a é’ A
maﬂu“lﬂumﬂﬁ ﬂﬂLLﬁﬂquﬁNﬂﬁ% (2.1) Luﬂﬁiﬂﬂﬂiﬂll]llllﬁﬂﬂiﬂl@ﬁﬂgﬂim‘mﬂﬂﬂ]u‘ﬂ

a a 3 <3 Y o A o A Aa J a é] Yy Y
Qﬂ!ﬁ{]llﬂ?iWam‘l’iﬁﬂlmzlﬂﬁﬂﬂﬁ”lﬂﬁuﬁﬂ\ﬂug‘ﬂ‘ﬂ 2.7 HUAND ﬂ?iiﬂ?%ﬂglﬂﬂﬂluqﬂﬂﬁﬂﬂjuﬂﬂl
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A = o ' =< 9 Jyan I A
nasuLyian LW]Lu@\ﬁ)']ﬂﬂuualnﬁilﬂqﬂ‘ﬁa@llﬂ')iﬂﬂﬂ'ﬂ 2,800 °C ﬁ]\?ﬁﬂ\ial“])'“h'ﬁﬂ1lﬂuﬁ13ﬁ5a’]mWﬂ
o =\ 9 < s A ] o o o [ @
anYAaDNA~ llagﬂJﬂ']iﬂlﬁlﬂwﬁﬂﬂ@ﬂulcﬁﬂ LW@%331UﬂT§m%ﬂwaﬁwaiﬁ AUNTAINITVUIA

WoaledaTaoma ) 1duaas I3 luaums (2-1), 2-2) uag (2-3)

o
-200 PN 2

-400

-
X
£
ON
o
=
f—
o
2
*0
o O- e
ce all
1000 2= g B
Ne» o o
OO il
2 o F
-1200 =725
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Temperature in °C
Change of state Element Oxide
Melting point M E
Boiling point B
Sublimation point 5
Transformation point T

511 2.7 uHUAW Ellingham Y0400 148714 7| (Wolfgang Urban tiazamiz, 2015)
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d
2.5.8 Sanaunaneenlaa (% Fe,0) lussuuanan

a I L A a ] Aa v ¥ < &
HavoslSuananoon lad luduaniinannnsnueonFauaIguunan a9
= ~ ' I I
Anb11ag Wolfgang Urban tazame (2015) udaalugdi 2.8 aznunifnaaneen loan
A é’ ' ' 9 A 49! ] @ I s A g
minduluauanluyie 15-22% dawald L, iWindu uanasain 22% wmanoon la@minuiu
1 I = 4 1 I
dawal L, anas ornilumauinindSunauusmilaeenlad (% MnO) luauan ag1alsn
a [ Y A = " 3 Y
awlunszurumssaamannaimsnruaulSunaveswnsmiasen lad laomsimua i

v _a { ¥ v
Punavesnnmilaluingauaidesms1a

100 I ;
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4 o .
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o 80 /
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=
E 60 —
& /
w
2 50 /
o
- /
o
7]
2 40
o
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(%Fe) Content in BOF Slag, %

A < A 1 @ [ 3 <
E']J‘Vl 2.8 Waﬂl@ﬁﬂ%ﬂ’lmﬂlﬂ\nﬂﬁﬂGlufffl,l,aﬂ‘ﬂllﬁ'EJ?nﬂ’liﬂi3%18@3%@Qw9ﬁw@5ﬁ1uu1lﬁaﬂ

pagauan (Wolfgang Urban Lagaale, 2015)

2.5.9 UszansmwlumsvaareanoSa (remove efficiency, 7,)
Aa oA [ [ o <
Tumalgiaudinszurumsviareanesazgnimualasinsavearanna

A J [ U a A a ¥ 3 J ¥ <3
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4CaQy, +5[0]+2[P] = (4Ca0- P,0;,) (4-6)
AG® = -1459.800 + 0.6164T (kJ/ mol) 4-7)
3Ba0,, +5[0]+2[P]=(3Ba0O- P,O;) (4-8)

AG’ =-1613.500+0.6096T (kJ/ mol) (4-9)
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Abstract

Phosphorus in steel causes hot shortness, temper embrittlement, reduction of ductility and
reduction of toughness. It is one of the most sensitive elements for grain boundary segregation.
With rising demand of higher quality steel and productivitie, so dephosphorization of steel has
become very important metallurgical techniques to produce high quality steel. Hot metal
dephosphorization is performed to reduce steelmaking costs, reduce the quantity of
steelmaking slag, and improve steel quality. The processing of hot metal dephosphorization
involves a step about injection of flux into the bulk of hot metal in the ladle. In previous studies,
NayO-based and CaO-based slags were used as fluxes for removal of phosphorus from molten
iron and liquid steel. These techniques are widely used but a long refining time is needed and
metal yield is decreased. However, there are few studies that mention the use of BaO as a flux
to eliminate phosphorus in molten iron and liquid steel. Therefore, the purpose of this study is
to clarify the effect of BaO on dephosphorization, especially the kinetics of dephosphorization
reactions of molten iron to obtain low phosphorus steel and low operating time. In this work
the molten iron and different slag composition of CaO-Si0;-FeO were prepared by using
laboratory induction furnace. Main variable of each test were basicity of slag, melting
temperature and amount of BaO. The kinetics of dephosphorization in molten iron using slag
system of CaO-Si0,-FeO with and without BaO were investigated and compared. Slag
compositions were analyzed by using X-ray fluorescence spectroscopy whereas chemical
composition of steel were analyzed by using emission spectrometer. The goal of this study is to
gain more information of reaction kinetics of dephosphorization when slag system contains
BaO and the results could be applied to iron and steel manufacturing.

Keywords: dephosphorization, slag, refining of steel, barium oxide (BaO)

1. Introduction

In recent years, steelmakers are facing a very significant increase in raw material prices,
coupled with high demand of very “clean” steel production [1, 2]. Moreover, the phosphorus
content of molten pig iron has tended to increase due to changes in the raw materials used in
blast furnaces.

It has become difficult to manage this problem through an electric arc furnace (EAF) and basic
oxygen furnace (BOF) to produce low phosphorous steel [3]. Reducing practice of phosphorus
in steel, the so-called “hot metal dephosphorization”, is done in a torpedo car or bucket during
transported from the blast furnaces to the BOF. Sequence of dephosphorization in molten
iron/steel, is shown in Fig. 1. The general equations for the reaction of phosphorus in molten
iron are described as follows [4]:

2[P]+5[0] »(PO,) (1)
2[P] +5( FeO_] - (.ons ] —S[Fe] 2
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2[P]+5[0]+4(Ca0) —(4Ca0-PO;) €)
Where, []is solution in molten iron

() is component in slag
The equilibrium constant for Eq. 3 is:
_6L110
logK, = A 233 @
Hot metal dephosphorization of steel have become very important metallurgical techniques in
steelmaking process to produce high quality steel. The fundamentals of the process are widely
discussed in various publications. Dephosphorization of hot metal is known to proceed more
efficiently at a lower temperature, higher oxygen potential, higher basicity and low silicon
level (<0.2%wt) [4, 5]. One important step of the process involves an injection of
dephospherization flux into the bulk of hot metal contained in the torpedo car or ladle. In
previous studies, CaO-SiO,-FeO based slags used fluxes for removal of phosphorus from hot
metal and liquid steel. However, this technique was accompanied by the increase in operating
time and the decrease of metal yield. However, only few studies are available about the use of
BaO-flux to eleminate phosphorus in liquid steel. Therefore, the purpose of this study is to
clarify the effect of BaO when used as flux for dephosphorization and also to study the kinetics
of dephosphorization reactions of molten iron by using slag system containing BaO-flux to
obtain extra low phosphorus steel and low operating times.

Blast _,| Desiliconization H Dephosphorization |_, Basic oxygen
Furnace .

Fig. 1: Pretreatment route of molten iron
2. Experiment

2.1 Apparatus and Procedure
Experiments were carried out by melting of iron in an induction melting furnace. Pig iron of 10
kg and ferrophosphorus of 50 g were added in the crucible of 14 mm inner diameter to melt and
provide the desired amount of phosphorus levels in the molten iron.
Schematic description of the equipment is shown in Fig. 2. The temperature of molten iron in the
furnace was monitored by using a Pt/Pt13-Rh thermocouple and was controlled manually by
adjusting the induction furnace controlling system. The melting temperature was measured
approximately every 20 minutes and maintained at 1400 + 20°C through induction heating. After
the melt was kept at approximately 1400 C, 800g of the dephosphorization agent was added into
the molten iron contained in the furnace. Molten and slag samples were taken every 5 minutes
through the experimental period. Slag compositions were analyzed by using X-ray fluorescence
spectroscopy whereas the chemical composition of the steel was analyzed by using an emission
spectrometer.

2.2 Choice of Slag Compositions

The amount of CaO and SiO, were adjusted with respect to weight ratio of CaO and SiO,, the
so-called slag basicity B,, as shown in Eq. 5. An initial composition of hot metal and amounts of
flux are shown in Table 1. By this experiment, CaO, SiO, and FeO were carefully added into the
furnace in which the molten iron with a specific amount of phosphorus was already provided.
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(%Ca0)
B'\ &=
z l%SiOz)
. /Thermocouplc
0 101 Slag
0 0L~ Metal
o g = Induction coil
— F——1— Crucible
Fig. 2: Experimental apparatus
Table 1: An initial composition of hot metal and amounts of flux
.| Initial composition of hot metal Flux addition Bl
Tria s %) ® Basicity
: € Si P S Ca0 Si0; | FeO | CaO/SiO;

1 ]340 0.035| 0.218 | <0.0002 | 3200 | 320.0 | 160.0 1.0
2 (3380035 0220 | <0.0002 | 384.0 | 256.0 | 160.0 15
3 13390034 | 0220 | <0.0002 | 426.67 | 213.33 | 160.0 20
4 1336|0036 | 0218 | <0.0002 | 457.14 | 1829 | 160.0 25

2.3 Preparing of BaO

The flux additives, BaCOj3, SiO,, CaO and FeO, are used to form the slag system in the furnace
and were prepared by using laboratory scale grade. BaCO; is provided as raw materials to
produce BaO by decomposition at 1400°C. BaO is used instead of CaO in the slag system to
study its effect on dephosphorization. The effect of CaO-based and BaO-based slag on
dephosphorization were investigated and compared.

3. Results and Discussion

3.1 The Effect of Basicity

Phosphorus equilibrium was approached from slag to metal and metal to slag, and they agree
well with each other. In previous work, most investigations mentioned varied widely on
dephosphorization of liquid steel in the temperature range of 1680-1770°C. It can be found that
increasing of slag basicity to 4.0 will improve the phosphorus partition [5]. However, at very
high basicity, the amount of CaO in slag, (%Ca0), is too much to be dissolved by FeO in slag,
(%Fe0), and difficult to transform to liquid CaO. This result to increases the viscosity, reduces
the reactivity of the slag significantly and high melting point. In this study, the tests were carried
out at temperatures of 1400+£20°C. Phosphorus and silicon content of beginning molten iron were
0.20%wt and 0.60%wt, respectively. In Fig. 3 the [P] in molten iron after 50 minutes of forming
of slag is plotted with different slag basicity. It indicated that phosphorus can greatly be reduced
when the slag with higher basicity is used. But reduction of phosphorus has no significant since
the basicity was 2. With increasing slag basicity the melting point of the slag is increased, this
may lead to increase viscosity and effects on lower transfer of phosphorus from melt to slag.
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Fig. 3: Phosphorus in molten iron and Basicity (B;)

3.2 The Effect of Temperature on Dephosphorization
Fig. 4 shows the change in the phosphorous content in molten iron at 1400 and 1550°C. We
consider the mass transfer in the liquid metal as rate controlling, the rate of change of
phosphorous concentration in the liquid metal is given by equation as follows [4]

d%P] kpA([%P],) o o o
i s (G D ©)

Separating the variables and integrating gives

1:{ [oP), —[°°_P1ﬁ' o 2 =k ?
6Py, [, [P, ) 7. 4)

A similar treatment for the condition of mass transport in the metal yields

' ’ 4 »
ln[ [%P], - [%P], J [%P],~[%P], [ 7, ) ==l t @®
[%P), -[%P, I, [%Pl, Jloyd) -~
Where [%P] is the phosphorus content in melt; 7 is the time; and the subscripts ¢, 0, and ¢ denote
bulk, initial, and equilibrium concentrations, respectively. W is the weight of phase, and the
subscripts S and M are the slag and metal phase. It can be found that the experimental results of
dephosphorization in this study seems to comply with results of thermodynamics calculation as
described in Eq.4. By thermodynamics point of view, the dephosphorization reaction becomes
more active as the temperature decreases. However, the molten iron temperature should not be
too low to guarantee proper handling and attributed to acceleration of the iron oxide reaction at
higher temperatures [7].

3.3 The Effect of BaO Content in Slag

The phosphorus content in molten iron decreases as the amount of BaO in slag increases, as
shown in Fig. 5. In this experiment, the SiO, and FeO content in slag were fixed at 30 and
20%wt, respectively, the ratio of BaO to CaO was varied to compare the dephosphorization
efficiency. As shown in Fig. 5, when CaO is replaced by BaO, the phosphorus content in
molten iron dramatically decreases.
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Fig. 4: Changes of phosphorous content in molten iron at 1400 and 1550°C.
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Fig. 5: Phosphorus content in molten iron treated with Ca0-Ba0-Si0;-FeO slag,
with constant %Si0; and constant FeO, basicity =2 and at 1400°C

From this study, it is clearly shown that BaO has an effect on decreasing of phosphorus in molten
iron than that of CaO-based slags. From the view point of thermodynamics, it can be explained
by using Gibbs free energy term. The chemical reaction of dephosphorization corresponding to
standard Gibbs free energy can be described as follows [6]:
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4Ca0, +5[0]+2[P]=(4CaO-P0,) ©)
AG® =-1,459.80+0.61647(kJ/ mol) ®)
3Ba0,, +5[0]+ 2[P] = (3Ba0-P,0) 0]
AG® =-1,613.50+0.60967 (kJ/ mol) ®)

It can be seen that the standard Gibbs free energy at 1400°C of dephosphorization using CaO flux
is fairly difficult to realize oxidative dephosphorization without oxidizing. However, this is
feasible in the system of highly basic BaO based slag.

4. Conclusions
This investigation has been carried on the kinetics of dephosphorization of molten iron using
slag containing BaO. Key findings of this study can be concluded as follows:
1. Phosphorus in molten iron is greatly reduced with increasing basicity in the range of 1-2,
over slag basicity of 2 and at 1400°C phosphorus in molten iron has no significant decrease.
2. Phosphorus is highly reduce at 1400°C when compare with 1550°C.
3. The amount of phosphorus in molten iron is decreased when the amount of BaO in slag
incresed. BaO has a higher effect on dephosphorization when compared with CaO.
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Corrosion Behaviour of Submerged Entry Nozzle (SEN)

During Continuous Casting of Steel
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Abstract: Submerged Entry Nozzle (SEN) 1s a type of ceramic or composite tube, This tube used in continuous
casting machines is installed between the reservoir (ftundish) and the copper mold. The main function of this
tube is not only deliver and control the flow direction of liquid steel into the mold but also to protect reoxidation
of Liquid steel during transfer from the tundish into the copper mold. In general, SEN should be durable and
stable at high temperatures during long sequence continuous casting. One important factor on life time of SEN
during operation is by preheating of the SEN itself. In this research, effects of preheating temperature and
preheating time of different commercial SEN grades are taken into consideration. To observe the corrosion
behavior and life time of the SEN during continuous casting, each preheated SEN is installed in a real plant
during casting of various liquid steel grades. Results of this study can be used to select a suitable preheating
condition of the SEN to minimize any trouble for long sequence of continuous casting process of steel,

Key words: Continuous casting of steel. Submerged Entry Nozzle (SEN)

INTRODUCTION

The occurrence of Submerged Entry Nozzle (SEN)
corrosion is often a phenomenon determining the duration
of the continuous casting sequence. Flow of hquid steel
through inner wall causes erosion and finally, leads to
corrosion of the SEN. This problem leads to lower
productivity and higher production costs. To avoid
corrosion problem or extend the life time of SEN during
casting, the SEN must be properly prepared before it is
nstalled into casting machine. Suitably, preheating
temperature and preheating time are consideration for
preparation of SEN. Too low preheating temperature leads
to clogging problem and fracture of the SEN may occur.
Too high preheating temperature leads to oxidation of the
SEN itself. Termination of sequence contimous casting
due to clogging and shape design of SEN to prevent any
clogging problems are widely reported (Dekkers, 2002,
Zhang et al., 2008, Wanschoor, 2001). However, only few
has mentioned to the relation of preheating process and
degradation of SEN during casting of steel. In this study,
therefore, the effect of preheating method on corrosion of
SEN during casting of steel 1s taken mto consideration.
Test series are made in a real Continuous Casting

Machine (CCM) to produce a billet of steel
MATERIALS AND METHODS

Size and shape of SEN: Two types of commercial SEN
grades, type A and B are used m this study. Figure 1

shows a scheme of shape and size of SEN samples which
were used m this study. Main properties are given in
Table 1.

Preheating process

To compare the physical change: The samples of SEN are
preheated at 750-900°C then these samples are installed in
CCM. To compare the change of physical property during
casting, 3 pieces of SEN type A and 2 pieces of SEN
type B are installed to produce the same chemical
composition  of steel simultaneously. Corrosion
behavior and leakage of SEN during casting will be
menitored and documented

Type A Type B
B K \[&J' Slag line
| ()
i V Body
{

TS =
,
| /
1 490 _é 4
17 a0 650 ,__4

Fig. 1: The shape and size of SEN type A and B

Corresponding Author: Sakhob Khumkoa, School of Metallurgical Engineering, Institute of Engineering,
Suranaree University of Technology, Muang, Nakhon Ratchasima 30000, Thailand
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Table 1: Chemical composition and properties of SEN type A and B

Physical property

Material and component Composition (w%) e

Condense Perosity

Type, part Materials Main component Bonding AlLD $i0, 210, LOI  (gem™®  (vol.%)
Type A, body Alumina-carbon  Graphite, brown fused alumina ~ Carbonbond 714 19.7 - 323 236 1120
Type A, body Zirconia-carbon  Zirconia, graphite Carbon bond 07 0.5 N7 120 400 1570
Type A, body Alumina-carbon  Graphite, brown fused alumina ~ Carbonbond ~ 59.0 11.0 - 200 251 1600
Type A, body Zirconia -carbon __Zirconia, graphite Carbon bond - 0.5 82.0 12.5 4.00 14.00

To adjust the proper preheating temperature: The SENs
are preheated with different temperature in between
500 and 1000°C before they are mstalled in CCM. The
physical change of each SEN during casing are monitored
and documented.

To adjust the proper preheating time: In order to
determine, the preheating time to homogemze the
temperature of SEN, the temperature during heating up is
measured every 5 min.

RESULTS AND DISCUSSION

Corrosion behavior and life time of SEN: Data of physical
change of SEN was collected from two sequences casting,
set 1 are given in Table 2 and set 2 are given in Table 3.
These SENs were installed in the same CCM to produce
steel billet with the same chemical composition and the
same casting conditions

With preheating at 750-900°C, SEN type A showed
that corrosion occurred at the outer surface of SEN
around slag zone. Inner surface of SEN type, A showed
only shallow local corrosion. By the same preheating
temperature, SEN type B showed the intensive corrosion
at inner surface. Finally, leakage of SEN is appeared and
lead to stop the casting sequence. [t can be observed that
the whole slag zone of SEN type A is made of
zircoma while type B is made of zircoma only at
outer surface.

We can indicate that zirconia is a necessaty
component of SEN slag zone. This 1s due to its high
resistance against corrosion. Moreover, the leakage data
of SEN of 13 casting sequences (65 pieces used) were
documented. It was found that 7 of 48 pieces or 14.6% of
SEN type A is leaked but 7 of 17 of 41.2% of SEN type B
15 leaked. This 1s indicated that life service time of SEN
type A is longer than that of SEN type B.

Proper preheating temperature: To study the effect of
preheating temperature on corrosion behavior the
different types of SEN were preheated at different
temperature.

~#-SEN2 4 SEN3
& SEN] —-SEN4
- SEN3

Temperature (°C)
S
z
=

T T T
0 20 40 60 80 100
Preheating time (min)

Fig. 2: Heating curve of SEN

SEN type A were preheated in the range of
temperature between 900 and 1100°C. Test conditions
are given i Table 4. It is found that SEN at strand
2 (preheated at 1100°C) has a higher corrosion level in
compare with strand 3 and 4 (preheated at 1000°C). SEN at
Strand 5 with preheated at lower temperature (900°C)
shows a lower corrosion level.

SEN type B were preheated in the temperature range
of 500 and 1000°C. Test conditions are given in Table 5. Tt
is found that SEN at strand 1 preheated at lower
temperature (560°C) showed the higher corrosion level in
compare with other 4 SENs. SEN at strand 2 with
preheated at 990°C revealed the high corrosion level at
inner surface and moderate corrosion level at outer
surface. SEN at strand 3-5 with preheated in between
700-900°C showed a little corrosion level at imer and
outer surface.

Re-test series to study the effect of preheating
temperature on corrosion behavior of SEN type A were
done. Results in Table 6 indicated that low corrosion level
is appeared when the SEN are preheated in the
temperature range of 750 and 900°C

Proper preheating time: Relation of preheating
temperature with time is shown in Fig. 2. It indicated that
the temperature of SEN is quickly raised within 10 min and
then slowly increased. After 40 min, the temperature of
SEN was increased very slowly and 1s then relatively
constant. Therefore, to ensure the homogenization of the
SEN temperature, the duration of preheating process
should be at least 40 min but should not exceed 90 min.
This 1s due to too long preheating period may cause
oxidation of the SEN itself (Hanse, 2000; Vesuvius, 2000).
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Table 2: Comparative data of SEN of casting set 1

Strand number-SEN type
Data of casting 1-Type A 2-Type A 3-Type A 4-Type B 5-Type B
SEN preheating temperature (°C) 760 820 790 850 780
Casting time (h) 17.59 17.57 18.04 1518 1422
No. of heat in sequence 24 2% 24 21 20%
Appearance of corrosion \n‘ rl [ -] |-\, I,,-,ol | [
] ] g )
'. I I I SEN tip is lost SEN tip is lost
Height of SEN afler stop sequence (mm) 680 680 470 460
Inner diameter after stop sequence (mm 36 37 as 72 70
Table 3: Comparative data of SEN of casting set 2 ANRE
Strand number-SEN type
Data of casting 1-Type A 2-Type A 3-Type A 4-Type B
SEN Preheating Temperature (°C) 719 609 890 566
Casting time (h) 156 16.0 15.6 16.0
No. of heat in sequence 21 21 21 21
Appearance of corrosion -‘ ]éll .-‘ f‘l -‘ rl u\\ 2
|
| \I ” || i
I‘ | i l I | SEN tip is ost SEN tip is lost
Height of SEN after stop sequence (mm) 630 680 680 550 475
Inner diameter after stop sequenice (imm 33 4 32 67 70
Table 4: Effect of preheating temperature on corrosion behavior of SEN, trial 1 SEN type A
Strand number-SEN type
Casting details 1-Type A 2TypeA 3-Type A 4Type A S-Type A
Preheating temperature (°C) 1,100 1,100 1,000.00 1,000.00 900.00
Preheating period (h) 0 1249 1248 1243 1243
No. of heat in sequence (heat) 0* 16 16.00 16.00 16.00
Appearance of corrosion - a o | [ —} [S— |
v |/ \/ \J
[ i
SEN tip is lost -" | L l‘ |
Height of SEN (mm) - 600 680.00 680.00 680.00
Inner diameter (mm) - 48.0 34.00 34.00 33.50
Quter diameter (mm) - - 59.50 60.00 62.00
Table 5: Effect of preheating temperature on corrosion behavior of SEN, trial 2 SEN type B
Strand number-SEN type
Casting details 1-Type B 2-Type B 3-TypeB 4Type B S-Type B
Preheating temperature (°C) 560.0 990.0 900.0 800.0 770.0
Preheating period (h) 82 82 82 82 82
No. of heat in sequence (heat) 1.0 11.0 11.0 11.0 11.0
Appearance of corrosion [C—] ] (o] [ -] [ —

f _ \/
| S
1

\/

|

Lk il ] i
Height of SEN (mmm) 680.0 680.0 680.0 680.0 680.0
Inner diameter (mm) 300 390 350 34.0 3.5
Outer diameter (mm) 57.5 65.0 74.5 78.0 71.5
*Leak before the casting is finished
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Table 6: Effect of preheating temperature on corrosion behavior of SEN, trial 3 SEN type A (retrial)

Strand number-SEN type
Casting details 1-Type A 2-Type A 3-Type A 4-Type A S-Type A
Preheating temperature (°C) 640 900.0 810.0 730
Preheating period (h) 11.1 1.1 11.1 8.6
No. of heat in sequence (heat) 13 13.0 13.0 11*

Appearance of corrosion

SEN tip is lost

Y4 A/ \J
|
i

SEN tip is lost .
Height of SEN (mm) 570 665 680.0 680.0 680
Inner diameter (mm) 60.0 51.0 328 326 340
Outer diameter (mm) - ! 63.0 660 62.0
*Leak before the casting is finished
f 1 CONCLUSION

!

T
} ’/
I
2

|

7 y Corrosion at boundary
5 7 of different SEN
material
680
' }/ ’ Corrosion at slag

—_—F zone
= 5
\Slag zone \
ANUAN

Liquid steel i Corrosion at the
e tip of SEN

Fig. 3: A schematic representation of the installation of
SEN in CCM during sequence casting

Simulation of corrosion behavior of SEN: A schematic
diagram of the installation set up of SEN n the CCM 13
shown in Fig. 3. During casting the outer surface of the
SEN contacts directly with liquid steel and slag. The
interaction between slag and SEN’s body at high
temperature for long sequence casting will lead to
corrosion of the SEN materials. At the tip of SEN, the
boundary of SEN’s materials and slag zone are often
found the higher corrosion level. It was found that the
critical area always comes from the boundary of different
SEN material. This area composed of different chemical
composition and easily reacts with liquid steel or with slag
at high temperature. The corrosion of SEN is originated in
this area. Other critical corrosion area of SEN is around
the slag zome. According to investigation, the
corrosion mechanism of this area 1s based on dissolution
of the refractory oxide phase dissolve in the slag. This
leads to breakage of the SEN and finally stop
sequence casting,

This investigation has been carried on the corrosion
behavior of commercial SEN in a real contimuous casting
machine. Key findings of this study can be concluded as
follows:

+  Resistance against corrosion and lifetime of SEN type
A are higher than that of SEN type B. This is due to
the body of slag zone of SEN type A is made of
zirconia while slag zone of SEN type B composed of
zirconia only on outer surface

+  Proper preheating temperature for both SEN type is in
between 750 and 900°C. This temperature range gives
lower corrosion level of SEN

+  Proper preheating period time for both SEN type is
40-90 min

»  Corrosion originated at the boundary of SEN
materials is the primary degradation of SEN. This
corrosion type often appears. Corrosion at slag zone
of SEN 1s also observed
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