Thermodynamics and kinetics on slag-
steel-inclusion interactions

Pengcheng Yan, M. Guo and B. Blanpain
Dept. Metallurgy and Materials Engineering
KU Leuven, Belgium

4/07/2013
* pengcheng.yan@mtm.kuleuven.be




Content

 Introduction
« Experimental & results

« Thermodynamics and kinetics
— Slag-steel
— Slag-steel-inclusions

e Conclusions

12/20/2013 KU Leuven| MTM |HiTemp 2




Introduction

Ladle furnace refining

Alloy Purposes
— Impurities removal

‘ — Temp. & comp. adjustment

Gas

Interactions
— Gas-slag-refractory-steel-

inclusions

Refractoxy
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Introduction

Non-metallic inclusions
— Oxides, sulphides & nitrides

MnO—Si2 Al, ?\ - # = MnS on (Mn,Si)O MnS on AlO,

) ‘V’ ¢
Seml klllﬂd‘ D Fully kllled :

Functions
— Harmtful Challenge: to control the inclusions by
— Positive playing with slag, alloy, operation etc.
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Experimental

Steel composition

C Mn P S Si Cr Ni Mo Cu Ti Co N Al B
003 12 003 0.0045 044 183 796 028 036 0001 0.166 0.057 - 0.0006

Slag composition

Test Slag Chemical composition (wt%) A_\I_ _A_r

No. type Remarks a0 ALO o0 S0 MgO o CaF addition stwn_ng
2V3 2V3 2 2 2 (9) (L/min)

1 A | Oxides 818 - - 213 126 - N o 0

2 B 6.0 | 1.0 I | 4.0 I - 0

3 C Oxides 55.0 - 5.0 - - - 3

4 C Oxides 55.0 - 5.0 - - - 0

5 C Oxides 55.0 - 5.0 - - - 3

6 C Oxides - 50 - - - 3

7 D 2.1 4.3 0.6 1.7 - 3
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Experimental

Sampling and measurement device
i 2y Ar

Loading chamber

Vacuum pump

Fluxes

Vacuum pump

Oxygen probe
Celox type B

Molten steel

mould container

15 kg steel Samp.2 J Samp.J Pouring out
p—
J
i

Repeat for Samp.3-5, a;o;-2

>
Time
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Results

Impurity: sulphur
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v All slags remove sulphur

[S] in molten steel / ppm
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b) Tests No.3t0 6

Tests No.

Time after first slag addition / min

v Deoxidation benefits sulphur removal
v Ar blowing worsens the desulphurization

KU Leuven| MTM |HiTemp

. CA oxides mixture 3 —.
4 —e—
5 &
6 —v—
':\--
—
Y
A I A L A 'S A J.
0 10 20 30 40 50 60




Results

Impurity: inclusions

(a) s )-MnO-Cr0,

L
MO,

ALOBSIO,-Cr.0),
Cr,04-Si0s :

fh

Al,0:-MnO-S10,

AKLO;-Si0,-Mn

v" Original inclusion with spherical and angular shape
v" New formed octahedral or plate like Al203 containing inclusion
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Results

Impurity: inclusions

\o | ‘ T . T T T T T T
)
~ 100 | (c) Test 3 with CA oxides =—ALD, |-
S —e—SiO,
MOSSIOL OO C_g 80 L Slag & Al addition —A— MnO S
(&)
£
©
MnO-510), pt 60 wl]
S
=
g 40 + |
()
AL, ©
& 20t d
MnO-S10 =
K7
8-
g O .
5 A N N N .
« MnS O 0 10 20 30 40 50

Time after 1% slag addition / min

v" Composition evolution after slag and alloy addition
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Thermodynamics on De-S

Sulphur capacity

: ( AG°) 4o |
(Szcxp’—R;_ [ [) , Cs
\ ) X sulphur capaci 1 . N
y Jgty /’ ty Ehz(g) N ((»)- )‘:\(.\- );E();(g)
Equilibrium
Slag-gas
1
P, | C
—(04Q ;| S
G =(%S)- _JV in new form
\ ~d I
GﬁctSage
Vﬁis <— output —l log Is = log K +log ( +log fi5, —loga,
( Ls
output > Sulphur
[ distribution
' 1 Equilibrium
[S]+(07) . =——[O] +(S™ )y, | Slag-Steel
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Thermodynamics on De-S

45 1 I I I I I I I 1 T T I
® Calculation using inital slag 5 Pre s R
40| m Calculation using final slag 5 Al @ e |
2 ! ol 1}‘0/ 1
w w 2 - - oy A . —
\j - - " 249
~ 3.0F - s ® Calculation using initial slag
o) D 1} e - "B =2
(o)
Q 2 5 e O - L 1 ' s 1)
8 E 5 L 1 L L} Ll =
S m - Y Mo |
2 20| {1 3
§ Z . | | . 2 4 - /_ Lo Y <
© [ ] i
2 15 = o . — O 3 ™~ /r L ? - B
. o ! i
] | | 2 = /“/ = e = X : -
1.0 - - 1 A ‘ ® Calculation using final slag
05 1 1 1 1 1 1 1 0 == | 1 | A |
-3 30 -25 -20 -15 -10 -05 0.0 0.5 0 1 2 3 4 5
Calculated log Cqg Measured log L

v" Linear relation between Lq and Cg
v" Linear relation cal. and mea. Lq
v" Under equilibrium

Thermodynamics is not
enough, Kinetics
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Kinetics on De-S

J= k(c‘(s.) -c(s))

Molten steel i | | Slag Two film theory
Cs E I&;CLS‘ c
c | % S o _ LS =[S
% M i ® 2.5
£ c c M : Sulfur conservation «<—— I
8 ()] (0] : C|O| ) Z”’-‘l »
£ i T d[S] B ek ><d(b)'
o E J[ ? d dt W dr
] [S]
Al I removal rate
Interface 10/ Q ‘ 0
_“’[;‘;S] :%kﬂs {[%SJ—(;OS)}
« Assumptions
— Permanent contact
— Equilibrium at interface
— No species accumulated at interface
v Rate-limiting step: S transport in slag
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Kinetics on De-S
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v Predictable of [S] evolution through thermodynamic
and kinetic consideration
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Thermodynamics and kinetics on inclusions

Slag-steel equilibrium?

Comp. + T écﬁcﬂage > Q(Al203, 5i02)

45300

2[A3[O]=(ALO;) log Ky =———~11.62
[Si]+2[0] = (Si0,).logK, = “f,”” 84
2 ; r . r .
L| after FS Unity ]
1HA] o o= 2 i
[[S)] o e _
vV 0 2
5 -1 _
E - Not Eq. ]
6 = - 4
(L] o) |
Q. — © i
-4 _ o _
I o j

L 1 . 1 " | " | s
-2 -1 0 1 2

-5 . "
-5 -4 -3
L+ T S —_— Measured log a,
Comp GﬁctSage
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Thermodynamics and kinetics on inclusions

Slag-steel kinetics

i = 0015 s 1 v I ’ I 1 I 4 I I I y I
|
i i [T No. lc. Mea.
Molten steel : : Slag es1t ° Ca_c -ea
i i I
. 4 ey 2 e .
» : ;(Sl./\l)l O\o § ________ A
[Fel'i A\'i (Si,Al) ~ 0.010 F P T
s [Fe] VI 2 2
= i i 9 5 = 4
- ! i 2 &
| - — 1 g ’ ¢
[Si,All [siAl+R\| (Fe) s A
i\l E 0005, 0 ve e . -
! b =
! 1 (Fe) =
| | <
1 I
i i
i i
| I 0_000 L 1 N | N | N | N 1 N L X |
0 10 20 30 40 50 60 70
Interface

Time after 1* slag addition / min

v [Al] is oxidized with slag at interface
v Consumption of [Al] by slag
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Thermodynamics and kinetics on inclusions

Steel-incl. equilibrium?,/— Comp. +T écﬁctSage > A s vn, o

0]=(A1,0,)...10 K— - " 1162
2
[Si]—z[o1=£5iozzlﬂ:-.lngf:1:=‘4f,””—8-4
11070 .
[Mn]+[0]=(MnO),,,. log &, = T —4353
23 [01=(CEOs ), log K _3"5_;'”—16 00
Final sampéa |
OF| A0, = o | ~ -
SO, e o .
~ MNnO A A o .:
z CrO. v --
3-.'- 1 - : 273 '. ." +3
&0 5 £2-" e @
2 )
= RS v
§ 2+ v s
S v
E Not Eq. ¢
3k il
L " L " 1

-1

> Comp + T GdSage FactSage log Api0)
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Thermodynamics and kinetics on inclusions

Steel-incl. kinetics

A: MnO-SiO2-Cr203-MnS ‘ Slag: (Al) $ 1
B: ALLO.-MnO-SiO.-Cr,0, M: [Al] J
S: Pure/saturated AIZO3
F: AI203-MnO-Si02-Cr203
' M: Molten steel

100.0

y Conc.
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Thermodynamics and kinetics on inclusions

Slag-steel-incl. kinetics
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Thermodynamics and kinetics on inclusions

Sulphur capacity of incl.

1 ) (25 N2 ] ‘
! 53;(2%(_0 J=—(S )+50: (@)

( AEYN a5
Cy =8Xp —AC_T_ ] £ Cs
: T fISZ ’ sulphur capacity
.
Po \:J |
v p ) S
(S :(%S)' P ' in new form
S,
¢ J T
G&ctSage
Cs
Values < output _l
L

Equilibrium |
Slag-gas

log Is =log K +log ( +log fi; —logay,

output

L

[ST1 (07 e =101 (§"),y, |

1 Equilibrium

Inclusions-Steel
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Thermodynamics and kinetics on inclusions

Sulphur content

4 Y T . T ¥ T
= Equilibrated log L
® Exp.loglL,
3 > P | -
P -] : .‘.
= ()
' 2F i
o &
°
1+ =
0 L 1 L 1 " 1 "
-5 -4 -3 -2 -1

log C/'
v' Linear relation between Lg and Cq: predictable
v' Extreme condition: discrepancy
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Conclusions

* Thermodynamics
— Sulphur capacity calculation
— Partial Eq. at slag/steel interface
— Steel/incl. close to Eq.

 Kinetics
— Slag-steel model to predict steel: [S and Al]
— Slag-steel-incl. to predict inclusion chemistry
— Sulphur content calculation
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Thanks for you attention




