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zZ=1 % 7
B Y
T=1 X3 8
B YZ
X i=12 3 I
G - K
a = 1-Y exp(C ) 9
¢ RT
K = 44650 : G
G
o = Xiexp(') 10
RT
C-Mn-Fe-9 A, 1.
Akn 2
1 C-Mn-Fe-Si Ay
Table 1 The boundary conditions used in C-Mn-Fe-Si
Boundary Information Reference
C-Mn The equilibrium with sdid MnO under different p,, and 1 628 K 2
C-Fe G 1873K 3
Mn-Fe G* 1863K 3
Fe-S G, 1873K 3
Mn-S a,, 1673K 4
Mn-Fe-S ay, 1700 K 5
C-Mn-9 %C o 1673K 6
C-Mn-Fe %C o, 1873K is0- a, =0.25 X, <0.2 7 8
C-Fe-§ %C , 1873 1823K is0- o, =0.25 Xy <0.2 7 9 8
C-Mn-Fe-S %C 4 1903K 10
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2 SELF-SReM4.0 C-Mn-Fe-Si Ay
Table 2 The evaluated 4, for C-Mn-Fe-Si melt according to SELF-SReM4.0
| e J/mo
3
= i k n=20 n=1 n=2 n=3 n=4
5| 2 0 | - 99631.98 0 0 0 0
~
(,g 1 70892.3 149 273.2 4 866 893 3875074 - 999619.9
(c:%« 2 2 11 188.69 - 6476583 10 451 850 - 624549 629 122.3
; 3 8 602. 09 9018 116 6522 831 - 287777 1973013
g 4 | - 5964.38 - 4449743 1619816 2243 857 - 1210548
- 0 | - 24960.3 0 0 0 0
1 269 816.5 - 5906 318 26 249 480 - 20974920 5151701
3 2 | -101181.5 30 216 970 49 750 090 22538070 |- 2791611
3 | -15032.05 - 37643380 26739 840 - 4854775 0
4 26 173.44 17 491 260 5 845 056 0 0
0 79471.32 0 0 0 0
1 | -221034.9 7013 604 24773540 19837160 |- 4728691
4 2 121382.5 - 25283520 40 333 950 - 15442 520 0
3 | -3284.73 28 009 580 13 858 880 0 0
4 | - 21359.98 - 12086 190 0 0 0
1.2 Fe-Mn Mn-Si ,
Si0,
40
Fe-Mn Mn-Si
=1 723K
-] 82
80 L L L 20
0 20 40 60 80
MnO Mass fraction, % Ca0
1 MnO-S0,-Ca0 C,-Mn-S
Mn-Si Fig.1 The equilibrium between MnO-SIO,-
Fe -Mn Ca0 dlag and C-Mn-S dloy
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k=1 =3 J - 1
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SReM4. 1 C-Mn-Si Ako
3 SELF-SReM4.1 C-Mn-Si Ay
Table 3 The evaluated A;, parameters of C-Mn-Si melt by SELF-SReM4. 1
J/mal
k=0 k=1 k=2 k=3 k=4
j=2 515766.7 - 43590. 46 - 179439.6 - 1126 557 1168 272
j=3 - 1064194 215307.8 1923129 866 079. 3 - 2226392
j=4 549 825.9 215307.8 - 2722537 1953612 0
10 ¢ C-Mn-S
—— Cs-Mn-Si Alloy C-Fe-S
08F oo Mn-Si Alloy . !
—.= Raoutian /_ S C S Ug
06} s 4 C-Mn-S Mn -
3; /'/ S Ug
04} /
7
0.2 '/
s
7/ Fe-
e
ol - : . Mn 5 SELF-
0 0.2 0.4 0.6 0.8 1.0
Xt X, X SRe4 1 773 ~
4 C-Mn-S Mn-S 1873K C-Mn-Fe-S
S %S oz.i,m/oz.:ej
Fig.4 Activity of S in C-Mn-S melt
and Mn-S melt at 1873 K
o o
o= K 18
s Ugo,
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Curve Alloy ac T K Calculation model
1 C-Mn-S 1.0 or Kgc/ag 1873 SELF-SReM3. 1
2 C-Mn-Fe-S  Mn/Fe = 4 1.0 or Kgclag 1873 SELF-SReM4. 1
3 C-Mn-S 0.5 1873 SELF-SReM3. 1
4 C-Mn-Fe-S Fe = 15% 1.0 1773 SELF-SReM4. 0
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The New Development of the SELF-SReM4 Model
and Its Application to the Quarternary
System of C-Mn-Fe-Si

Abstract On the base of sub-regular melt model SELF-SReM4. 0 mod-

a model SELF-SReM4. 1 was designed to solve the precipitate of carbide.

Taking C-Mn-Fe-Si quarternary system as an example the calculated results of

component activities by above mentioned two models are introduced and some e-

quilibrium rules of Si-Mn and Mn-Fe systems are also analysed.
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0.7 * - 0 99
o 0.1 0.2 03 0
€ Mole fraction Cr C Mass fraction,% Cr
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e — Y.

Fig.5 The component activities of C-Cr-Fe-P
dloys calculated under the condition
of 1 873 Kad C =1%. The
standard state for a. is graphite and

Fig.4 The component activities of C-Cr-Fe-Ni
alloys calculated under the condition of
1873K and x,, = 0.3 made fraction .
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Fig.8 The selective oxidation among Cr - P - C and critidl % C under different condi-
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CO
cuve2 P +2.5 0, PO, crve3d C +1.50, = OGO,
C
%C %C 8c
- aro- 82 1773K
BaO %C
%C 9
9 %C

Fig.9 The effect of carbon content on the dephosphori-
zation degree in the oxidational dephosphoriza-
tion pilat test of stainless stedl

Degree of dephosphorization

Curve Agent %Cr T K
1 BaO-based 15 1608
2 BaO-based 18 1813
3 BaO-based 15 1823
4 CaO-based 15 1573
0 ; . i 1 i 5 Na, O-NaF 18 1673

0 2 4 6
. 6 Na, O-NaF 18 1773

[%C],mass fraction%
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Cr Yield and Oxidational Dephosphorization
During the Bath Smelting Reduction Process

Abstract The pilot test of bath smelting reduction process producing
stainless master alloy was carried out in a 15 t complex blowing converter. It
was found that the yield of chromium is not high and the master alloy contains
too much phosphorous. It indicates that the bath smelting reduction process pro-
ducing stainless master alloy is indeed a process of C - Cr selective oxida-
tional dephosphorization procedure. Essentially it is a selective oxidation a-
mong C - Cr - P elements. Based on the model of SELF-SReM4 these

two problems were discussed quantitatively in this paper.
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A Sub-regular Solution Model for
MnO-Si0, -Al, O, -Ca0 Molten

1

Slag and Its Applications’

Abstract A high order sub-regular solution model for predicting the
component activities in a homogeneous region of a quaternary system was devel-
oped in the Shanghai Enhanced Lab of Ferrometallurgy which is designated as
SELF-SReM4.

SELF-SReM4 is composed of some polynomials of excess mole free ener-
gies vs content variable. A group of A parameters is included in the polynomi-
als. Along with the reliable known thermodynamic properties associating the
homogeneous region the AJkl parameters can be evaluated. And then the compo-
nent activities in that region are possible to be predicated.

This paper is devoted to illustrate the applications of SELF-SReM4 for
molten slag of MnO-Si0,-Al,0,-Ca0. The results provide a basis for the opti-

mization of the production of MnSi and the inclusion modification.

1 Introduction

It is emphasized that SELF-SReM4 is applicable to evaluate the thermody-
namic properties of a homogeneous region of a random quaternary systems. As
the matter of fact in SELF besides C-Fe based alloys an analysis of some Si
alloys were involved * . The purpose of the present paper is to predict the com-

ponent activities in the liquid region of the molten slag MnO-SiO,-Al,O,-

+ In collaboration with Zhang Xiao Bing Jiang Guo Chang. Reprinted from 5th Int. Conf. on
Molten Slags Fluxes & Salts Sydney Australia Jan. 5-8 1997 pp.259-262
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CaO * and then to optimize some associated processes.

Certainly SELF-SReM4 should be attributed to the category of thermody-
namics parameter model. It does not concern with the bond structure of the slag
does not intend to link up its macroscopic properties with the features of its mi-
cro-structure. So SELF-SReM cannot be used to substitute for the bond struc-
ture model of molten slag being developed in SELF. On the contrary it can

provide series comparison to the later.

2 The prediction of component activities by means of SELF-
SReM4

Takel 2 3 4 to denote MnO SiO, Al,0, CaO respectively. The fi-
nal form of SELF-SReM4 is as follows

f 2 2 ZAHY'Z T 1
f, = ZAoo/ 1-j + J; k; i;‘pﬁkl\ﬂ'sz'

1+ j-k/Y1-j 2
j K i K I" .
f, =- ;;Am/ 1- | +;;;Akmzkf
1+ j-k/Y1-] + k-1/YZ1-] 3
j' K I j K I ) )
f, = - Z;;AMY/ 1-j - ;;;AMYJZTJ
1+ j-k/Y1-j + k-11/YZ1-]
+ 1/YZT 1-j 4
I ook
f:-;A,mYll-j -;ZAMYZ/1-]
i K I"
;ZZ ANYZT] 1 - |
j K I
+Y Y YA YZET' 1 - 5
2 0 0

Jf, is the partial molar free energy of the component i and is the integral molar
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free energy of the quarternary system. The Ay involved in these equations are pa-
rameters which should be evaluated based on the known boundary conditions. j'
+ k' +I" is the order of the sub-regular solution. In this paper | k' |I' all are
taken to be 4. X is the molar fraction of the i component and Y Z T are the

variables of the molar fractions.

Y=1-X 6
Z=1- XY 7
T=1- X,/YZ 8

If the standard of the activity of the component i is taken as its pure solid

state then

a =X exp f - AG [RT 9

X is the mole fraction. AG? is the free energy during the state transferring from

liquid to solid. The values suggested by ISIJ ° was adopted in this paper as fol-

lows.
MnO | = MnO s
AG =- 52752 +25.67T  J 10
SO, | =80, s
AG =-10868 +5.55T  J 11
ALO, | =ALO, s
AG =- 124882 +53.63T  J 12
CaO | =CaO s
AG =- 99066 +27.63T  J 13

Table 1 lists the adopted boundary properties for the evaluation in MnO-
Si0,-Al,0,-CaO0.



Table 1 The used boundary conditions in MnO-Si0,-Al,0,-Ca0
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Boundary Information Ref.
MnO-SiO, a,o 193K 4
MnO-Al, O, a,. 193K 5
Si0,-Al, 0, a yos 1923K 6
Si0,-CaO a o, 1873 K 7
Al,0,-CaO a., 173K 8
MnO-SiO,-Al, 0,4 a,o. 193K 6
MnO-SiO,-CaO a,., 1923K 9
MnO-Al,0,-CaO a,o 1923K 9
Si0,-Al,0,-CaO a o, 1873K 7
MnO-SiO,-Al,0,-CaO a .o 1923K 1773K 9 10

The evaluated Ay parameters of the liquid region of MnO-SiO,-Al,0,-CaO
under 1873 K in Table 2. The total of A, parameters is 55.

Table 2 The A, parameters of MnO-Si0,-Al,0,-Ca0

i |k =0 =1 | =2 | =3 | =4
0 20364. 18 0 0 0 0
1 51407.31 | - 1512478 53 486.7 2374882 |- 964271.4
2 | 2 | -312982.2 7932143 | - 4701225 | - 4136081 1277958
3 604647.7 | - 12416530 10802550 | - 498074.1 1137433
4 | -330015.9 5948135 | - 5991563 1788065 |- 1091908
0 | - 155654 0 0 0 0
1 | - 154730 11904010 | - 14831350 3753345 |- 462286
3| 2 1207316 | - 44265340 41 896 160 4337970 |- 2895840
3 | -2297821 61696790 | - 56723820 | - 2520007 0
4 1179604 | - 28243810 26 295 560 0 0




=0 =1 | =2 | =3 | =4
151 995. 1 0 0 0 0
96188.2 | - 13304270 22119150 | - 12790780 | 3601156

- 894208.3 42869880 | - 48971320 6432 668 0
1645870 | - 55915010 55 255 200 0 0

- 775411.4 24992650 | - 24240480 0 0

Fig.1 is the curves of a, a, and a, under the restriction of 1 873 K and
Xao, = 0.1 0.25.

X(‘a('i
Fig.1la Activities of components in MnO-SiO,-Al,O,-CaO

at 1873K and X, = 0.1

Fig. 1b  Activities of components in MnO-SiO,-Al,O;-CaO
at 1873 K and XA|203 =0.25
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3 The comparison of the predicted equilibrium state with that
of the experiment

The apparent equilibrium constant is

_ 2 2
Ke = XMnOXS /Xsolevm 14
In Ko I' =exp - AG,, /RT 15
_ 2 2
r= Yuno?s /YSOZYMnO 16

The y and y, were calculated based on SELF-SReM4 Y the standard state
of them was taken as the pure liquid. Here AG‘;Mn denotes the standard free en-
ergy of the following reaction
SO, s +2Mn | =2 MnO s +8S |
AG =- 138300 +23.62T° 17

Fig. 2 indicates that K, observed by Ding 1823 K ** and Turkdogan 1
673K * is in a reasonable agreement with that calculated by this model. Mo-

reover Fig. 3 displays three groups of equilibrium curves for a comparison un-

der three different temperature of _ 10
5 L MnQ-8i0:-AL(%-Ca0 slags i ilibri
1723 1773 1823K and three =| 3 with Car Mn-Si ausys;:%sxlznse;uinldlitgsK
o} %« 8| o :IromDing(1823K)

various %S as1 3 10. Every E g * @ From Turkdogan (1 673 K)

. ~>< o o % -]
point on these curves represents the ~—2 (| . >

— ° 090° o
value of a %Mn for a given tem- o ,ﬁ%o
. awdd [3
perature and a given %S . Espe- 41 o278 W
. . [ - *®
cially the case of 10% Si and 1 | O
823 K leads to a clearly evident that
- 0 :
the curve resulted from SELF 0 5 3 ) T
SReM4 and the experimental curve Ln ( XunoXs )
2
of Ding are almost overlap each 50X cos
other Fig. 2  Comparision of calculated and observed
' X X
XW% in equilibrium at 1823 K
S0, 7 "Mn



40 60

10.5(obs.) 10(cal,

O\SX

ke

—1823K S
-=17713K
""" 1723K
= 1823 K From Ding

80 , , , 20
0 20 40 60 80

XMnO

Fig.3 Equilibrium relations in MnO-SiO,-CaO slags in-
contact with C,-Mn-Si alloys

4  The prediction of inclusion modification by means of
SELF-SReM4

The modification of inclusions is a key problem in the production of so
called clean steel. An investigation on this kind of topic concerns with the varia-
tion of inclusions during steel solidification. Arising from the vital difficulty of
sampling during steel solidification process the estimation as shown by Key and
Jiang **  Morales ® and this paper are quite significant for correct modifica-
tion of inclusions.

Fig. 4 is an estimation for the deoxidization by means of Al-Si-Mn. It indi-

0 100

the domain o
deformable

510038
Spessartlte 20
—[%Si] 7=1873 K
— ~{%Mn] @,,=70 ppm
1 00 1 1 1 1 0
0 20 40 60 80 100
%Al,0,

Fig. 4 Iso-content lines of silicon and manganese for MnO-SiO,-
Al, O, for Al-Si-Mn killed steel ata ;= 70 ppm
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cates the composition of deoxidization products for various %S in the case of
a,=70- 10° *% and under 1873 K. The a 4y a, —a,were calculated along
with the frequently used method of interaction coefficient. The standard of them
was taken as 1% dilute solution. The slag component activities were calculated
based on SELF-SReM4.

Usually the compound of 3 MnO- Al,O;- SiO, is thought to be the most
suitable inclusion. Fig.5 exhibits the region of %Mn / %S corresponding

to the formation of this kind compound under various temperatures and oxygen

potentials.
10 2073 3
| 1773 K
3MnO-Al,0,-3Si0,
8t 2 2 1973+
[%Ca]=0.004
r [%A1]=0.005 .01
C+L
o 1823 K
B 6F M 1 873F
s | R £
= T it ] 5 1873 K =)
g 4p HighC, g 2 1773t CA+CA,
™ RSy 0_&,
; B _(‘+(‘:/\ C,A+L CA+L
2F 1673F CATCA
= | CoA+CA <
N & s 5
0 1 I 3 1 1 I 1 1 573 1 i 1 1
20 40 60 80 100 30 40 50 60 70 80
diopppm Aluminium,mass%

Fig.5  Effect of a , and temperature on Fig.6 Effect of temperature on the equilib-

the oritial %Mn / %S to ria for CaO-Al,O, system with Fe-
spessartite 0-Ca-Al

The purpose of calcium treatment is to eliminate Al,O,. Fig. 6 resulted
from the similar way as that used for Fig. 4 and 5 expresses the variation of the
composition of the treated product vs. the temperature in the cases of different

%Al and %Ca . If it is necessary to acquire a product of 12 CaO, -
Al,O; under quite lower temperature then the %Al and %Ca should be
controlled according to the curve® 4" .

For the service performance of bearing steel the spherical inclusions
mainly composed of Si0, Al,O,; and CaO are most harmful. Fig. 7 in-
dicates the steel composition associating the composition of the inclu-

sion.
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domain of
deformable
silicate

inclusions
T=1873 K
[%Si]=0.25

T T T 0
0 20 40 60 80 100

80

Fig. 7 Iso-activities of aluminium in the composition
domains of* deformable” silicate inclusions for
Si-Mn killed steels with aluminium at 1 873 K

5 Discussion and conclusion

1 The application of SELF-SReM4 to the prediction of slag is possible. Com-
paring the use for alloy the choose of boundary conditions ae more diffi-
cult. On the other hand inside the homogeneous space there are more a-
vailable information though the better to check their accuracy before use
it.

2 Inside the polynary slag where are the boundaries separating liquid and sol-
id this is a significant research task. By the application of SELF-SReM4
to the homogeneous liquid region and solid region respectively seems to be
an interesting approach to solve the mentioned task.

3 The optimization of the production of MnSi and the modification of inclu-
sions can be successful based on SELF-SReM4.
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In-Situ Composite Conductor
of High Strength

Abstract The directional solidification of Cu-0.8 wt. % Cr alloy was
investigated for high-strength conductors. An in-situ composite material was
produced in which the matrix had a cellular morphology and well-distributed eu-
tectic was formed around the cells in the directional solidification process. In
such a microstructure the cellular matrix is a conductor and the eutectics serve
the function of reinforcement. As a result the tensile strength of this in-situ
composite is more than two times that of the ordinarily cast one. In this paper
the effects of various processing parameters on the primary arm spacing and the

interface morphological instability were also discussed.

1 Introduction

Owing to its excellent conductivity copper has been used widely in the
production of varied electric conductors. Unfortunately its low strength has lim-
ited its further uses in the fields that require not only high conductivity but also
high strength so to improve both simultaneously is always of interest to re-
searchers of this material. With respect to the strengthening mechanism the re-
searchs may be divided into three groups 1 Alloying * . The strengthening
mechanism is either through solid-solution and/or aging. The alloying elements

include Sn Cd Cr Zr etc. in small amounts in some combination 2 Dis-

« In collaboration with H. Q. Wen X. M. Mao Z.H. Pan F.P. Qi and Q. Hua.
Reprinted from Proc. 4th Decennial Int. Conf. on Solidification Processing sheffield U.
K. 7-10 July 1997 pp.657-659
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persion Strengthening * . The dispersed particles are high strength oxides such as
Zr0, Al,O, MgO 3 Synthetic Composite °~* . Here the copper is rein-
forced effectively by bands or fibers of X Ta Nb Cr . The strength of these
synthetic composites may be up to 1 400 MPa far beyond that of the first two
methods. Research on Cu-X composites has focused on highstrength conductors.
However the room temperature conductivity of these composites is often re-
duced greatly by a large number of deformation defects formed in their manufac-
ture. In view of this directional solidification may be the best way to utilize the
strengthening effect of the second phase and so avoid these deformation defects
in synthetic composites since the strengthening phase is formed“ automatically”
or” in situ” during the directional solidification process. Moreover other prob-
lems such as interface contamination and reactions in synthetic composites no
longer exist in this directionally solidified material. This paper represents the
feasibility of using directional solidification to produce an in-situ composite con-

ductor of high strength.

. SiC heat;
2 Experimental Procedure e

melt

crucible
The binary Cu-Cr alloy containing O. . magnetic shiclder
8 wt. % Cr was used in the experiments. 0d 8 o~ induction coils

)3 heat shielder

>3\_water sprayer

|—water-cooled crystalizer

This was melted from copper with a purity

of 99.99 wt. % and chromium powder c€
with a purity of 99. 95 wt. % in a medium

frequency induction furnace. The sam- L
— water out

inn

} waterin

ples 6 mm in diameter and 150 mm in

length were made by investment casting.
The experimental apparatus is shown sche- Fig.1 Schematic diagram of
matically as Fig. 1. The radio-frequency the directional solidification apparatus
induction heating aims to increase the temperature of the high-temperature zone
in the chamber so that the sample can be melted and superheated sufficiently be-
fore directionally solidifying. When operating the sample in the crucible was
situated on top of the water-cooled base. The furnace temperature was held at

1 250C for 10 minutes before the water-cooled base was withdrawn and direc-
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tional solidification was initiated. Solid/liquid morphologies were quenched by
water within the water sprayer. The directionally-solidified specimens were
etched by a solution of ferric nitrate in ethanol and photomicrographed in a

Herlach microscope.

3 Results and Discussion

3.1 Solidification Characteristics

For the eutectic or even off-eutectic alloys as we know the crystals of two
phases can grow in a cooperative way in the coupled zone. Out of this zone pri-
mary dendrites will appear in the microstructure ° . When the temperature gradi-
ent in front of the S/L interface G, is 60C/cm and the growth rate V is
0.4 mm/min the directionally-solidified microstructure of the Cu-0. 8 wt. % Cr
alloy is as in Fig. 2.

. p— ’ %
5¥- . TR
. A WO
wmﬂ:"'.
;"’M»—-‘ ApIvN Gy
W‘IM a-dendrite Avo et it
. X g et W Y

W(b)"’i.%«‘ WLE. & 0.2 mm
1 g,m B it el

Fig. 2 Directionally solidified microstructure of the Cu-Cr Alloy G =60 /cm V =4

mm/min G, = 0.8 w. % a longitudinal section b transverse section

Fig. 2 shows that the microstructure presents a mixture of the « Cu + 8

Cr eutectic and primary and that the latter may be cellular or dendritic in
morphology. Of course a primary cellular o« morphology is desired in terms of
conductivity since there are no electrical discontinuities as would be the case at
dendritic branches. The material is also reinforced effectively by the high-
strength eutectic containing a large amount of chromium. As shown in Fig. 2
b the eutectic is well distributed around the cells. This forms an in-situ com-

posite material in which the cellular morphology acts as conductor and the well-
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distributed eutectic around the cells serves as a reinforcement. In this sense
such a structure is similar to that of the copper-steel composite cable in railway
transmission where the steel core acts as the reinforcement and the copper coa-

ted outside as the main conductor.
3.2 Primary Arm Spacing

The primary arm spacing of dendritic or cellular crystals A, has an impor-

tant effect on the properties of directionally solidified material. Different models
for the prediction of primary arm spacing are given by Hunt ° and by Kurz and
Fisher K-F '

Hunt A, =242 T,ID, %GL%V_%[mCO k-1 - @
V < 2V
6AT' (D, AT.k\1"
K—F/\=7(—L- °) V < Ves!/
1 q 1 _ kO V GL ] CSs kO

Hunt’s result shows that A, increases initially and then decreases with in-
crease of V with the critical point at V.. In contrast the K -F relationship
shows a monotonic decrease in A, with increase in V.

In the Cu-Cr alloy the experimental results for A, versus V are shown in
Fig.3 a and 3 b . When G = 30 /cmand V = 0.2mm/min A, =
0.1mm and when G = 30 /cmand V = 2mm/min A; = 0.2 mm. From
these results we can draw a conclusion that A, increases with increase of V
which is not consistent with the K-F model but is with the Hunt model. There-
fore a good microstructure with higher conductivity may be obtained with a
high growth velocity. The higher velocity will result in cellular « of increased A,

which possesses the higher conductivity.
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Fig. 3 Response of the primary arm spacing to velocity in a Cu-Cr alloy G =30 /cm
G =0.8wm% a V=02mm/mn b V =2mm/min

3.3 Solid/Liquid Interface

The solid/liquid interface morphology plays an important role in the forma-
tion of the directionally solidified microstructure. Only when the interface is pla-
nar and stable can a lamellar or rod eutectic microstructure be formed during di-
rectional solidification. Otherwise cellular or even dendritic crystals may oc-

cur. The stability criterion for a planar interface is °

m -1
V=" e, '
i.e. a planar interface is maintained when G, /V is greater than or equal to that
of the right-hand side in equation 1 . In this paper the S/L interface mor-
phologies of the Cu-0.8 wt. % Cr alloy are shown in Fig.4 where G, is equal
to 60C/cm and V is equal to 0.2 mm/min. The coexistence of two interfaces
under the same growth condition may result from disturbances in the directional
solidification. Despite that the effect of interface morphology on eutectic mi-
crostructure can be analysed. In Fig.4 a  the interface is cellular or near-pla-
nar the primary crystals grow forward with a regularly cellular shape with the
eutectic at their periphery. When the interface loses its stability and becomes a
coarse one the phases grow irregularly as shown in Fig.4 b .

Therefore as discussed in section 3.2 maintenance of a cellular interface
during directional solidification is essential for formation of an in-situ composite
conductor of high strength. Theoretically this cellular interface can be obtained

by either increasing G, at constant V or decreasing V at constant G, . Of course
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the latter is less useful in the production of the conductor.
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Fig. 4 S/L interface morphologies of the Cu-Cr alloy G = 60 /cm V =

0.2mm/min G, = 0.8 wt. % a cellular interface b coarse interface

4 Conclusions

An in-situ composite of Cu-Cr alloy for use as a highstrength conductor was
prepared by directional solidification. WithG, =60 /cm V =4 mm/min and
C, = 0.8wt. % the typical microstructure of this composite was a mixture of
cellular primary « with intercellular « Cu +8 Cr eutectic. The former acts
as a conductor and the latter serves the function of a reinforcement. The tensile
strength of this in-situ composite is about 500 MPa which is more than twice
that of the ordinarily cast one. In this directionally-solidified microstructure the
primary arm spacing increases with increase of the growth rate which is consist-
ent with the Hunt model. Finally it is also pointed out that the maintenance of
a cellular interface during directional solidification is essential to the formation of

an in-situ composite conductor of high strength.
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Appendix

~

>
i

primary dendrite/cell spacing

~

', melting temperature

Gibbs-Thomson coefficient

. solute diffusion coefficient in the liquid
. temperature gradient

growth velocity

I < Qb N

liquidus slope

0O

o composition

k, solute equilibrium distribution coefficient

Vg critical stability velocity

AT temperature difference in solid between the tip and the root of the dendrite

AT, temperature range of equilibrium crystallization
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Anisotropy of Electric Conductivity
in Single Crystal

Abstract The electric conductivity in single crystal of the Cu-0. 1 atm.
% Cr alloy was investigated with the two probe spreading resistance method.
An anisotropy contrary to that of the eutectic composites is shown in the conduc-
tivity i.e. the conductivity along the growth direction is less than that in the
transverse direction while the spreading resistance measured in the 45° orien-
tation shows that the transition in conductivity from the longitudinal direction to
the transverse direction is not linear. Moreover the anisotropic degree is in-
creased by the heat treatment at 350°C for 1 hour. All of these characteristics re-
lated closely to the solidification process of the single crystal were discussed in

the paper.
Introduction

As an effective method of the microstructure controlling for castings the
directional solidification technology has been used broadly in the production of
anisotropic materials such as the single crystal columnar crystal and in-situ
composite * . These materials are of great importance in manufacturing the high-
temperature castings as well as many functional devices ° . Therefore concerns
of a foundry-man should be paid not only to the mechanical properties but also to

the physical properties. In this paper the two-probe method developed for

+ In collaboration with Wen Hongquan Mao Xiemin. Reprinted from Proc. 5th Asian
Foundry Congress Sep. 23—25 1997 Nanjing China publ. by Southeast University
Press Changsha Hunan pp.397-400
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measuring the electric conductivity of semiconductor materials was em-

ployed to investigate the electrical property of conductive single crystal which
may help recognising the conduction characteristics of solid solution and using

the spreading resistance method in the field of conductors.

Principle and Method of Measurement

Two-probe method is a spreading resistivity measuring technology with high
spatial resolution which obtains the resistivity through characteristics at the
original point of current-voltage curve in the contact area between probe and spec-
imen. Since the effectively contact radius of the probe is of micron magnitude
this method can reflect the change of resistivity within a space of 10 **m®. The

scope of measured resistance
Probe covers five magnitudes and is
not restricted by the structure

Metal matix  Of sample. The principle of

the spreading resistance meth-
od is shown schematically in
Fig.1. The spreading resist-
ance R, is defined by the

following equation *
Fig.1 Schematic representation of the spreading
resistance method 1%

where p is the resistivity a is the contact radius between probe and sample V
and I are respectively the voltage and density of the electric current used. In the
case of two-probe spreading resistance method equation 1 can be transformed

into

In consideration of the errors in practical measurement a correction coefficient

C is added to equation 2 . Then
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RS = Ci 3
2a

In the experiment the value of C was determined through dividing the
measured resistivity of pure copper 2aR, by the resistivity of the International
Annealed Copper Standard TACS i.e. 1.72x10° Q- m. a was treated ap-
proximately as to equate the probe radius. Then the resistivity of the Cu-Cr alloy
could be calculated from equation 3 in which C was supposed to remain the
same value of pure copper.

The single crystals of the Cu-0. 1 atm. % Cr alloy were extracted from the
directionally solidified Cu-0.1 atm. % Cr specimens prepared by the Bridgman
method where the temperature gradient is 60°C/cm and the growth velocity is
3.2 mm/min. Before measuring the resistance the samples were annealed in
the tube-type resistance furnace under the argon atmospheric protection at 350C
for 1 hour. The spreading resistance R, was determined by the two-probe method
respectively along the longitudinal transverse and 45° orientations compared to
the solidification direction whose measuring distance is 10 ,m and the probe
pressure is 10 g. As a comparison the resistance of non-annealed Cu-0. 1 atm.
% Cr single crystal was also determined. After all the resistivities of these sam-

ples p were calculated from R with the method as indicated above.

Results and Discussion

Experimental Results

The electric resistivities of the single crystal of Cu-0.1 atm. %Cr alloy in
the conditions of annealing and non-annealing are illustrated in Fig. 2 and Fig. 3.
From Fig. 2 it can be seen that the resistivity along the solidification direction is
greater than that perpendicular to this direction. In other words the conductivity
is of reversed anisotropy which is contrary to that of the directionally solidified
eutectic materials ° . The resistivity measured in 45° direction suggested that the
transition in resistivity from the longitudinal direction to the transverse direction
is not linear. Moreover the degree of the conductivity anisotropy is increased

by the annealing treatment at 350°C for 1 hour when comparing Fig. 2 with Fig.
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Fig.3 Spreading resistivity of non-annealed Cu-0. 1 atm. % Cr single crystal

Discussion

From the Bloch model about the electron movement in solid the conductiv-
ity can be represented as '

o, = ezj TVVp &  ds 4

F

Here T, is the conductivity tensor ¢, is the Fermi energy 7 is the re-
laxation time p & is the density of electron energy distribution ds is
the integral unit on Fermi face. Seen from equation 4 it is the anisot-
ropy of electron velocity at the Fermi face that causes the anisotropy of
the resistivity. Of course the velocity anisotropy does not imply a direc-
tion dependence of the resistivity in real space. This is because of the re-

sistivity determined from an average over all scattering directions
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which for example will thus be isotropic in a cubic system in real
space. Despite that the resistivity anisotropy in real space could be
shown for the highly perfect and anisotropic crystal ©  especially when
measured by the spreading resistance method which has a high spatial res-
olution.

As we know the copper crystal is a fcc structure. During the
growth process of the single crystal the crystal face near solidification
interface should be close-packed so that the free energy is the lowest and
the interface can be maintained stable. So the face perpendicular to the
solidification direction is the close-packed face 111 . Therefore an ani-
sotropic structure is formed with characteristic of that the crystal face per-
pendicular to the growth direction is close-packed. A few Cr atoms less
than 1 atm. % are generally thought to form a dilute replacement solid so-
lution so that the original anisotropic characteristic is remained. Because
of the scattering effect of more ionic bodies of the copper and chromium
atoms the free electrons moving along the solidification direction will be
scattered much more than that along other directions. So it is not diffi-
cult to understand that the resistivity along the longitudinal direction is
greater than that along the transverse direction which is shown as
Fig. 2. In addition the anisotropy in crystal structure also causes the
non-linear transition in conductivity from longitudinal direction to trans-
verse direction.

On the other hand the incorporation of Cr solute in Cu matrix will result in
a large number of crystal defects. According to the maximum entropy principle
these defects caused by solute atoms tend to well-distribute in the copper matrix
which will conceal the anisotropy of electrical conductivity to a certain extent.
In the case of annealing treatment the crystal defects are deleted in some de-
gree and the original anisotropy of copper single crystal is revealed. So the

anisotropy of resistivity or conductivity is increased by the annealing treatment at
350C for 1 hour.



Conclusion

An anisotropy contrary to that of the eutectic composites by directional so-
lidification is shown in the conductivity of single crystal the Cu-0.1 atm. %Cr
alloy i.e. the conductivity along the direction perpendicular to growth direc-
tion is greater than that along the parallel direction and the spreading resistance
measured in the 45° orientation suggested that the transition in conductivity from
the longitudinal direction to the transverse direction is not linear. Moreover the
anisotropic degree is increased by the heat treatment at 350°C for 1 hour. These
characteristics relate closely to the solidification process of the single crystal and

thus to the crystal structure.
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. CaCo, 400 1g
30mm 80 mm 50 g
1550 %2
3
B ALLO, MgO
CaF,
L, 4° H

2.

11 by 3 K Ry

K J I j ki

2

B CaO/SO Al, O, MgO CaF, H mm s
1 2.0 5 6 4 25 19.2
2 2.0 10 8 6 32 21.5
3 2.0 20 10 8 45 26.0
4 2.0 25 12 10 42 24.5
5 2.5 5 8 8 32 21.0
6 2.5 10 6 10 38 22,1
7 2.5 20 12 4 35 21.7
8 2.5 25 10 6 40 24.0
9 3.0 5 10 10 30 20.8
10 3.0 10 12 8 32 20.7
11 3.0 20 6 6 25 19.0
12 3.0 25 8 4 22 18.5
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16 3.5 25 6 10 30 20.5
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QE :QT' Ql' Qz' Qs' Q4 = 3.61.

CaF, MO . K K CaF,
Al 0O, CaF, Al 0O, MgO
3
2.0 Ca039.3% S0,19.7% Al,0,25% CaF,

10% MgO6%.
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Refining Slags Used in Ladle
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experiment and theoretical analysis. Factors influencing the stability of foamy
slag have a descending order of the basicity the composition of CaF, Al,O,
and MgO and the optimum composition is CaO 39.3% Si0,19.7% Al,O,
25% MgO6% CaF,10% B =2 .
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MnO 7 ~ 10 .

1 MmnO-SiO,-Al,0,-Ca0
Table 1 The boundary conditions and evaluated parameters in MnO-Si0,-Al,0,-Ca0

Boundary Information Parameter Ref.
MnO-SIO, ., 1923K @ 11
MnO-Al, O, Qo 1923K @ 12
S0,-Al,0, Wy, 1923K @ 5 13
S0,-Ca0 ag,, 1873K @ 14
Al,0,-Ca0 ag, 1773K Q 15
MnO-S0,-Al, O, @, 1923K By s 13
MnO-S0,-Ca0 Qo 1923K By 12 16
MnO-Al,0,-Ca0 Qo 1923K By 16
S0,-Al,0,-Ca0 ag,, 1873K By 14
MnO-S0,-Al,0,-Ca0 o 1923K 1773K Ay 16 17

ik o+l >9 Ay 11 10 A, 30
A, 8 ~ 10

;
A == By ! 1-k + YA 1-] 2<ks<sk 2=<lI</
3
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Table 2 The Aikl parameters in MnO-Si0,-Al,0,-Ca0
j k I =0 =1 =2 | =3 | =4
0 20364.18 0 0 0 0
1 51407.31 1512 478 53486.7 2374882 - 964271.4
2 2 - 312982.2 7932143 - 4701225 - 4136 081 1277958
3 604 647.7 12 416 530 10802550 | - 498074.1 1137433
4 | -330015.9 5948 135 - 5991563 1788 065 - 1091908
0 | - 155654 0 0 0 0
1 | - 154730 11904010 | - 14831350 3753345 - 462 286
3 2 1207 316 44 265 340 41 896 160 4337970 - 2895840
3 | -2297821 61696790 | - 56723820 | - 2520007 0
4 1179 604 28243810 26 295 560 0 0
0 151995.1 0 0 0 0
1 96 188. 2 13304 270 22119150 | - 12790780 3601 156
4 2 | -894208.3 42869880 | - 48971320 6 432 668 0
3 1645870 55915 010 55 255 200 0 0
4 | - 775411.4 24992650 | - 24240480 0 0
4
12314 1 A S0,-Al,0,-Ca0
MnO-S0,-Ca0 MnO-Al,O,-Ca0  MnO-S0O,-Al, O,
5 MnO-S0,-Al,0,-Ca0 X =0.1 0.25
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Fig.1 Caculated activities of components in SO,-Al,O,-Ca0 sag
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Fig.2 Calculated activities of components in MnO-S0,-Ca0O sag
a 1923 K

Mole
3 198K MnOAl,Q,-CaO

Fig. 3 Calculated activities of components in MnO-Al,O,-CaO
slag at 1923 K
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with the reliable known thermodynamic properties associating the homogeneous
region the parameters can be evaluated. And then the component activities in
that region are possible to be predicated. This paper is devoted to illustrate the
applications of SELF-SReM4 for molten slag of MnO-SiO,-Al,0,-CaO and its
sub-ternary systems. The evaluated results were very close to those of slag-metal

equilibrium experiments and the Chipman’s and Pelton’s results.
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gion of equilibrated with carbides. Activities of Mn Si and C in Mn-Si-Cg, ter-
nary alloy has been evaluated by the new proposed calculation procedure. The
calculation results show a good agreement with the experimental values. The

slag/metal equilibrium relation between Mn-Si-Cg, alloy and MnO -SiO, binary
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Calculation of Activities in
Mn-Si-Cg,, Ternary Alloy

Abstract SELF-SReM3 model has been extended to evaluate and predict

the component activities of carbon saturated ternary alloy in the composition re-

slag at various temperature were predicted.
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Self -SReM4 Model and Its Application in Evaluating
the Component Activities of C-Cr-Fe-P System

Abstract The sub-regular solution model SELF-SReM4 developed in
Shanghai Lab of Ferrometallurgy was introduced. By means of this model the
component activities of C-Cr-Fe-P quarternary alloy and its sub-systems C-Fe
Cr-Fe Fe-P C-Cr-Fe C-Fe-P and Cr-Fe-P were evaluated.
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Table 1 Evaluation of interaction coefficient for Fe-Cr-Mn-Ni system
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Several Theoretical Problems in N, -Pressurized

Melting of High Nitrogen Steel

Abstract The solubility of nitrogen in Fe-Cr-Mn-Ni system is modelled
and the influence of surface active elements on the absorption of nitrogen is dis-
cussed. The segregation of nitrogen the minimum pressure to keep nitrogen in
melt and the solidification process of nitrogen-containing melt are precisely cal-

culated.
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Table 2 The material balance
t m t t m’ t
%Cr | %C
9.7 13.8 8100 2.7 14.7 | 5.7 17.7 3.2 897 8.1




3

Crl3

Table 3 The material consumption and the yield of Cr in the smel-

ting
reduction process for stainless steel master material Crl3
kg kg kg| O, m* | N, m’ kg % %
548 11.5 152.5 456. 2 37 780 5.9 85.36
@®
@
MgO-C
3.7
1
2~5
1.17~1.58 1.5
1.02 ~1.10 4.3m’/ t- min
2
PC
4
1992 ~ 1993 15t
Cr13  Cri18Ni8
. 0.16 %Cr /min
0. 25. 0.2%. 0.1 kmd O, /

%TFe - m’- min .
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PC=24% ~48% 1pc 80%

Pilot Test of Bath Smel Ting Reduction
in 15 t Converter

Abstract During 1992-1993 a 15t combined blown converter was used to
run the pilot test of smelting reduction of Cr-ore Ni-oxide and iron ore at Shang-
hai Steel Works No. 5. Two kinds of stainless steel master material Crl3
Crl18Ni8 and hot metal were obtained. The process for stainless steel was adopted
the carbon bearing Cr-ore lump ard Ni-oxide. The resulting rate in average was
found to be 0.16% —0.25% /min. For the process of hot metal the iron-ore pel-
lets produced by Brazil as raw material were added in the converter in cold state.
The average reaction rate was shown to be about 0.1 kmo O, /

%TFe - nf- min . During this pilot test the post combustion ratio reached
24% -48% and its heating efficiency was 80%. Through this pilot test the effec-
tive mean to monitor slag behaviour was established and an operating procedure to

match all the parameters was reasonably optimized.
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TiO, 10, SN, AIN TiN.
MnO=0.017% SO, =0.031% Al,O, =0.045%.

Ti Zr TiO, ZrQ,
TiO, ZrQ,
0. 015 3%.
S;N, =0.002% AIN=0.006% TiN ZrN =0.02%.
6
1 Leco TC-436
2

Measurement of Oxide and Nitride
Component in Metal

Abstract The simultaneous measurement of oxide and nitride component
in metal by inert gas pulse heating in Leco TC-436 oxygennitrogen determination
Instrument was introduced. The oxide and nitride can be decomposed at different
temperature through adjusting heating rate. The influnce of heating rate on test

results was also analyzed.
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Chrome ore 303 kg——

. Mixing ore pel- [<——Coal 241 kg
Lime — 56kg letizing 25°C ~—— Waler 140 kg
Sticker 8kg —
I
Raw pellets 1748 kg
[ G:
Coal 152 kgg;'g Drying, preheating as C
§ Gas B
580C and prereduction
| |
Hot pellets Packing
1387 kg,f 350C 372 kg,‘l 350C
Packing 322 kg
Hot nirogen Cooling 700C
1287 Nm* 7
Prereduced pellets Nitrogen
1387 kg, 6541C 1287 Nm?,25C -
Gas treating
10% and storing
580°C . o
Oxygen 403 Nm?, zs'c—* | Air 99 Nm?, 25C 90% [10%
Coui 05—
1me & i Ash 30 kg,1790TC
Iron scraps 350 kg, 25C — Reduction ke
Lining 10 kg, 25C —| — Alloy 1 000 kg, 1 680C
Remaining alloy 150 kg, 1 600°C

Remaining slag 100 kg, 1 600°C —?
Coal power bottom injected 416 kg, 25C

1

—Slag 487 kg, 1 680C

Remaining carbon in slag 24 kg, 1680C
Nitrogen bottom injected 23 Nm®, 25C

Fig.1 The chart of the process and the material balance

PRO=58.7
PCR=40
HTC=66
%Cr=40
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Cr,0, 1%

Cr,0, 3% ~5%.
2 @
@
650
3
3
20% ~60% Cr 7.15% ~8.17% C
1. 2.
3 4,
1
Table 1 The component of alloy
%Cr %Fe %S %C %S < %P <
1 20 72.26 0.5 7.15 0.030 0. 025
2 40 51.75 0.5 7.66 0.032 0. 030
3 60 31.24 0.5 8.17 0.040 0. 035
2
Table 2 The component of materials
To | Te | Mo | Mg | C P S H N | CaO | SO, | MgO | Al,O, | Fe,0,
Ore |31.64|14.12 0.3913.62|9.92 |13.21
Coal 79.45/0.01 | 0.66 | 4.38|0.82|0.35|2.240.14 |11.03 | 1.37
Lime 0.015 93.0| 39|27 |02

694



To | Te [ Mo [ M| C | P | S | H| N |CaO|SO, | Mg |AlO,|Fe,0,
Liner 5.0 0.01 54.0 | 2.55 |41.94| 1. 50
Ash 24.43(11. 11 1.73 |13.02|19. 96 |15. 28
Dry pellets |25. 62 |11. 44 11.92|0.009| 0. 10 3.63|3.74|8.14 |10.79
Pre-reduced|29. 70|13. 27 |14. 85(11. 94| 7. 37 |0. 011 0. 115 4.21 | 4.34|9.44 |12.52
pellets
Sag 1.0 |0.10 0.48 20.46|12.83|29. 64 34. 98
3
Table 3 The component of gases in the process
V Nm/t T % CO % CO, %H, %H,0 %N,
Gas A 985 1790 55. 19 29.04 3.28 9.9 2.39
Gas B 1062 1828 48.59 29. 47 1.70 10.54 9.53
Gas C 2703 165 24.20 16. 60 3.53 11.09 44.58
4

Table 4 The coefficients related to the calculation

Cc* CO— H2~> Cr203—> Cr"— | FeEO— | Fe" — SOZ—> C“‘me—y 902*H 0203Fe0—>

—C0 | CO, H,0" Cr Cr, 0, Fe” Fe,C Sh C Ca0g0, G0,

2

AH,q |- 9201 |- 6413|- 13678/ 10851 | - 489 | 4644 | 142 |32087 | 1881 |- 1518| 2526

Pellets | Sag Ash Coal Iron Alloy Gas Air

C.|0.8778| 1.254 [0.9948| 1.212 | 0.836 | %C, i% | 3.C- jo | 0.233C7 +0.767C}?

#  Theunit of AH is kJ/kg. The unit of slag formation heat is kJ/kg SO, .
# % All Cpvalues are fromRef. 3 . ItsunitiskJ/kg- . Thei% and the j% are represented as the weight
concentration in aloy and in gas respectively.

40% 66% 58. 7%
Cr =40% 1. 23
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Fig.2 Chart of the thermal balance in the process of prereduction
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Fig.3 Chart of the thermal balance in the process of reduction
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Fig.6 The influence of the past combustion rate on energy consumption
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1692 kg/t 122 kg/t
3.4%. 1990 18
2.2 6 120

1988 10 2 3-12

19901 10 162-181
3 H. A.

Two-steps Production of Chromite and Pregnant

Solution of Chromium Alloy

Abstract The two steps process was selected to produce chromite or
pregnant solution of chromium alloy in which the pellets containing carbon
were prereduced in a turning furnace then they were reduced in a converter
bath. The process was used as a close system to calculate mass and heat and the
gas from the converter was used as main fuels to prereduce pellets so that the en-
ergy can be fed back. According to the calculated results it was indicated that
the total energy consumption was only 1692 kg standard coal per ton of high

carbon chromite.



Some Advances on the Theoretical
Research of Slag

Abstract This paper is a review and a comment regarding slag models
and optical basicity. It was thought to be better to establish slag model and ba-

sicity concept based on the cell structure of slag.
1 Introduction

It has been long that the development of metallurgical technology relied
upon a lot of experiment-sieving procedures. The development of materials was
in a similar situation. During many years it always originated from a“ flavour-
ing” experiment in a laboratory small furnace. Nevertheless in recent years the
invention of new materials changes its way to rely on the so called composition
design. Certainly the principle of theoretical estimation in advance should be
also abided for the creation of a new metallurgical technology.

To perform such a theoretical estimation the support of a thermodynamic
data base particularly the systematical activity data of melt components in vari-
ous cases is needed first of all. Based on the now available activity data of metal
for ironmaking and steelmaking it is at least possible to carry out many esti-
mations even if some interesting problems as component activity in concentrat-
ed alloys and the relationship between activity and microstructure of liquid metal

are waiting to be studied. However this is not the case for slag. There are man-

+ In collaboration with Jiang Guo-chang and Wei Shou-kun. Reprinted from ISIJ Int.
Vol. 33 No.1 pp. 20-25 1993
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y instances that many reliable estimations are failure due to lack of slag data.
Perhaps this is why many metallurgists nowadays focus their attention on the re-
search regarding slag.

The International Conferences on Molten Slags and Fluxes held in 1980
1984 and 1988 collected and exhibited the results of this field. Moreover as
glass and magma are silicate similar to molten slag a number of glass-chemists
and geochemists run some corresponding studies with almost the same approa-
ches. It is doubtlessly worthwhile for a metallurgist to know something about
their contributions. This paper intends to give a brief review concerning some re-
sults of these three fields.

2 A Review on Slag Modelling

The process of gradually understanding slag is just the process of develo-
ping of various slag models. Based on Mysen’s opinion ' it is reasonable to di-

vide the slag models into three categories
1 The Physical Parameter Model

The essence of this kind of slag model is an inference on microstructure of
slag from the measured physical properties. For example the bonding energy of
Si-O bond is estimated according to the activation energy of viscous flow and
based on the presumed relationship between microstructure and the physical

properties.
2 The Thermodynamic Parameter Model

The ultimate aim of these models is to deduce an equation group from the a-
vailable thermodynamic experimental data and by means of this equation group
to evaluate interpolatingly and/or extrapolatingly. The foundation of these mod-
els is a set of presumed microstructural units. And the relationship between these
units and experimental data is stipulated to follow the basic principle of thermo-

dynamics.



3 The Structural Model

According to this approach the properties are related to the microstructure
which is either measured by some of advanced instruments or determined along
the theoretical approach of chemical bonding.

In ferro-metallurgy the well known molecular theory the complete ion
theory the molecular-ion coexisted theory and the regular solution theory all
are thermodynamic parameter model. Apart from these the sub-regular solution
model which is recently used in slag research as well as the latest developed
models of Gaye and Pelton also belong in this category. Among the mentioned
three categories the progression of this category is the fastest. The following is
a brief comment on the models involving in this category.

Regular Solution Model

Since Lumsden adopted regular solution model in his slag investigation 30
years ago this model has been used quite well in equilibrium calculation for oxi-
dation slag. Particularly for the redox equilibrium of iron in slag and the parti-
tion of O Mn P between slag and metal. The calculated results were found in
harmony with measurements in a comparatively large composition region. >~*

Nowadays the most contributions to the use of regular solution model in
slag are given by Ban-ya. As he indicated the basic point of this model is that
O~ anions compose of the main microscopic lattice in slag. Various cations dis-
tribute in the gaps among them to form different kinds of cells i-O-j . Here i
and j denote cations. The equation for the calculation of activity coefficients in
fact is an extension of the quadratic form from Darken. However many o, pa-
rameters including in this equation were evaluated by Ban-ya. * Further-more
an assumed pure liquid is taken as the standard in regular solution model. Ban-
ya pointed out a conversion of standard must be included in the equation. *

On the other hand so far the following weak points still limit the use of
this model in slag.

1 Generally the deviation of calculation from measurement is in a degree
of 10%. ° Eventhough the error of this kind of experiment perhaps arrives 10%
~ 30% ? it seems that some effects arrise from the model. The Darken’s

quadratic form modified by Ban-ya for activity coefficient evaluation is

703
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_ 2
RTIn’yi = Zaijxj + Z ; aij +aik +ajk X]-Xk
FAG i %]~k 1

According to the theory of regular solution 5 a = %ZNo 2U, P - u,-Uu

Here bonding energy of cells U; U; U all are assumed to be independent on

i

slag composition. So as the approach of Darken and Ban-ya some a, could be
evaluated pursuanting to the data of binary and ternary systems. Considering that
actually there are interaction between different kinds of cells the bonding energy
in binary or ternary systems should be not the same of that in multiple compo-
nent system. Thereby it is difficult to keep the evaluated o, in constant. Moreo-
ver Ji pointed out that at least in some cases o oy 6

2 As Ban-ya’s idea one of the premises of regular solution model is an
assumption that the coordination number of cations is constant. In contrast this
is possible only if it is referred to an intermediate concentration region. Hence
the component which content is lower than 5% is neglected by Bab-ya in his e-
valuation of y, for multipul component systems. * Perhaps this is just the rea-
son to explain why regular solution model is not so suitable in simulation the be-
haviour of reduction slag.

3 Till now based on regular solution model it is impossible to treat the
behaviour of slag containing S© F° Cl°  which are used more and more in
ironmaking and steelmaking.

Sub-regular Solution Model
By means of sub-regular solution model Shim published his results con-
cerning oy, of steelmaking slag * and Fe,0-Na,O-SiO, slag. ® The following

is the basic equation of this model.

— 3 2
RTiny, = 2}4 eX + 9+ LT X+ D Z{ g T e XX,

k>

X +X +0.25 + (19”. + 9, - %ﬁjk - %ﬁkj)xjxk +

({ij +§ik - %gjk - ;fkj)ijxk}
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The approach of evaluation & 1 and / parameters is quite similar to that used in
regular solution model. The merit of this model essentially superior than regular
solution model is that the bonding energy is assumed to be changeable in some
degree to follow the variation of composition. The apy of Shim ’ is obviously
closed to the experiment than that given by regular solution model.

The following equation was used by Jiang to calculate the component activi-
ties of molten C-Fe-X X = Cr Ni S Mn alloy ’

RTlny, = > > AYZ" 3
k

]

Here Y and Z are variables of composition. The evaluation of A, parameters
through value fitting is based on the thermodynamic data of the boundary of lig-
uid region. It is thought that this approach should also be possibly useful for
slag simulation. The problem is that some of the data is either in shortage or no
generally accepted value. Thereby the process to evaluate Ay parameters is just
the process to distinguish and judge which are the reliable boundary data.
Molecular-Ion Coexisted Model

In China the leading exponent of molecular-ion coexisted model is Zhang
Jian. Based on the concept of* effective concentration” the basic assumption of
this model the activity of Al,O, in basic slag used for steel refining was evalua-

ted. ©

In contrast regular solution model has not given the value of ag s
and oy ,p- So far the molecular-ion coexisted model was also claimed to be
useful for the description of the oxidational ability of CaO-MgO-Fe,0,-SiO,
melted slag ™ as well as the partition of sulphur between this slag and molten
steel. ©

The so called associated solution model ** or two-sublattice model with hy-
pothetical vacancies ** are based on the similar assumption as the approach of
Zhang. However this category does not to be widely accepted in metallurgical
field. On the other hand several researchers belonging to other specialities work
with the similar approach. For instance Hastie ef al. ™ and Bottinga et al. *°
all take the idea that it is not necessary to declare whether the presumed micro-

structural units are ion or molecular. And they all choose some of the intermedi-
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ate compounds of the concerned systems as microstructural unit. In addition it
is thought by Hastie that various microstructural units mix together ideally so
component activity equivalent to the concerned unit content which is namely the

effective concentration” defined by Zhang. Hastie’s approach has been applied
to simulate a system of 8 components including elements such as Na Al B
Cl Br. The difference between them is Zhang aims at the behaviour under
steelmaking temperature and so calculates directly based on equilibrium constant
under 1 873 K. On the contrary minimizing free energy of the system is the
way of other two research groups. This makes an important achievement in de-
scription of phase diagram.
Pelton’s Model

This is a modified quasi-chemical approximation model based on Yokoka-

wa-Niwa’s model " which is one of the classical and standard ways in lattice-
like modelling of slag. So far it was used in simulation the equilibrium between
S10-Ca0-MgO-MnO-FeO-Na,O slag vs. solid oxide or molten metal or gaseous

B Tts feature is as follows

phase.
1 Take various i -O- j cells including the cells of i = j as microstructural
units.

2 During mixing the following reaction happens
i-O-i + j-O] =2 i-0 4
The relative amount of cells is determined by the variation of free energy of the

mentioned reaction. Namely

i-O-i
oV =4exp - 2W,./ZRT =K 5
Y i-0ri Y -0 :
Y denotes mole fraction of cells. Z denotes coordination number. W, = @

1
1T w;; denotes the variation of mole enthalpy m);; denotes the variation of
mole non-configurational entropy. Both of them are related to slag compositron
in a polynominal form. The parameters involved in these polynominals are eval-
uated through value fitting with the published thermodynamic data. Thereby the
equilibrium constant of the mentioned cell reaction is changeable to follow the
variation of slag composition.

In fact the equation used to determine the mole fraction of cells is just the
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characteristics of quasichemical approximation model. The Pelton’s modification
is that to involve the variation of non-configurational entropy.

3 Through the so called asymmetrical approximation the W, deduced
from various MO-SiO, and Na,O-SiO, was used to describe M*O-M " * O-SiO,
ternary system. An additional item taken from ternary data is needed only in
several cases.

Gaye’s Model

As the further development of Kapoor-Frohberg’s Model *° Gaye’s Model
has been widely adopted at least in Europe. Provided at present this is the
most successful thermodynamic parameter model. According to the paper pub-
lished in 1984 a slag containing 6 oxides can be treated. ©* Moreover in
1990 the result of the cooperation of IRSID with NSC was published. # Tt ex-
tends the application to the slags in which multi-anions as O~ S~ F’ are coex-
isted and to the slag containing P,O..

This is also a modified quasi-chemical approximation model. Similar
to Pelton’s approach it just uses binary system parameters to simulate mul-
tipul component systems. The difference from Pelton’s Model is that not
only the formation energy V\/f] of i-A-j cell but also the interaction energy EiAJ.
and EiAB between various cells A and B denote O™ or S™ or 2F ~ are
taken into account. The binary parameters involved in this model were
suggested to be a linear function of slag composition and to be independent
on temperature. In slag two kinds of sub-lattices were assumed. One is
composed of anions the another is composed of cations. Various cation
entities distribute on the cation sub-lattice. This is an assumption to deal
with P,Og and Al,O,. For example it is presumed that the cation entities
of P,O, are PO®" and P°*. But as pointed out by Gaye himself dealing
with Al, O, with this approach needs further improvement.

It is worthwhile to note that dealing with C, data of SiO,-Al,0,-Fe,O,-
FeO-MnO-MgO-CaO slag by means of Gaye’s model is much superior than the
treatment based on optical basicity. ® Moreover a number of researchers use
Gaye’s Model to estimate C, * melting point * of some slags and the modifi-
cation of non-metallic inclusions. *

Polymer Model
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Masson is known widely due to his great contribution * to polymer model.
In metallurgical field this model has been highlighted. A plenty of metallurgists
study slag behaviour along this model. As they trust that the slag microstructure
should be a polymer. And anyhow in description of polymerization of some bi-
nary silicate in part of their liquid region the adoption of polymer model is suc-
cessful. On the contrary this model was criticized a lot by geochemists. As
Mysen * and Bottinga ** indicated

1 The experiment polymer model depends on the results of which as ev-
ident is not reliable.

2 Generally it is just possible to deal with binary silicate of either chain-
like or branched-chain-like microstructure. Namely it is limited in the region of
mole fraction of SiO, is lower than 0. 5. It seems to be difficult to deal with the
slag containing some elements the valency as well as the coordination number of
which is changeable.

3 The following polymerization reaction is assumed as the foundation of

polymer model

SO, +5,0."" =9

3n+1 n+10i+2+2 -+ 07 6
This reaction claims that the mole fraction of O~ should be larger if the polymer-
ization degree becomes larger. Nevertheless the real mole fraction of O~ is al-
ways a small quantity. And the equilibrium constant of this polymerization re-
action becomes larger to follow the increase of temperature. This claims that an
increase of polymerization degree results from an elevation of temperature. Ob-
viously this could not be in reality.

Magma which is the objective of geochemists is a silicate based material as
slag. So it should be a polymer. The microstructural unit of magma is consid-
ered as a ring which is composed of 3 to 6 monomers ' by geochemists. At
present it seems no theoretical model is available to describe this kind of ring-

microstructure.

3 A Review on Slag Basicity

In spite of that basicity is a concept frequently used in metallurgy it en-
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tered into the hall of modern theory just after the appearance of optical basicity.
It was first suggested by Duffy and Ingram in their research on glass-chemis-
try. ¥

to metallurgists. ® Later on Nakamura ef al. suggested a new optical basicity
29

Together with them Sommerville made efforts to introduce this concept

In
30

theory based on photoacoustic spectroscope and average electron density.
1987 Jiang introduced the concept of optical basicity in a national seminar.

Nowadays optical basicity has been utilized by a number of metallurgists to
sum up various capacity data of many slags as well as the solubility of MgO
and redox equilibrium of Fe,O . * Intrinsically the reason is that the chemi-
cal characteristics of slag has to be concerned if one refers to slag-metal reac-
tion. However basicity is just the brief and practical index reflecting chemical
characteristics of slag. This function is not replaceable with slag modelling.

On the other hand some weak points were found during utilizing optical
basicity

1 Various cells asi -O- jand i -O- i are taken essentially to be microstruc-
tural units in optical basicity. But for calculating optical basicity of a practical
slag the basicity characteristics of oxide molecular in stead of that of cells is uti-
lized.

2 Neither Duffy’s approach nor Nakamura’s approach is ideal in elucida-
tion completely the influence of* environment” on anion activity. The compari-
son of bonding energy of Al-O in variant MO-Al,0,-SiO, systems MO =
Na,0 CaO MgO is a typical example. Appen ¥ and Varshal * indicated
that of Al-O in Na,O system is the strongest one and that in MgO is the wea-
kest one. This is however in contrast to optical basicity. Yokokawa also
doubted the basicity characteristics of Al,O; given by the theory. * The charac-
teristics of Na,O needs to be improved further yet. **

3 For transition metal oxides the characteristics given by Duffy ef al. is
successful in description of phosphorus capacity only. On the contrary that giv-
en by Nakamura et al. is successful just in simulation of suephur capacity. It

seems that a transition metal oxide should have a variable characteristics.
4 Discussion

1 In history molecular theory ionic theory and molecular-ion coexisted
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model were used to describe slags. The later does not get wide support in metal-
lurgists. One of the possible reason is that some molecules used as microstructur-
al unit in this model could not be detected with experiment. On the other hand
it was understood earlier that the ions in slag are far from the completely inde-
pendent state. Experiments indicated all the ions are involved in this or that kind
of cells. As already mentioned many modern slag modelling take various cells
as the microstructural units. Hence it is reasonable to say this is the Cell Theo-
ry era.

2 In reality slag should be a polymer made up of many cells. Unfortu-
nately even the real polymerization feature of CaO-Al,0;-SiO, slag so far does
not be understood thoroughly. Nevertheless the polymerization degree might
effect directly on physical properties such as viscosity. For simulating chemical
activation of slag it seems fairly to undertake study based on cell characteristics.
This is also the view point of Bottinga. *°

The so called cell characteristics is essentially two items. Namely the rela-
tive amount of cells and the bonding energy of them. In Gaye’s Model and
Pelton’s Model these two items determine the mixing free energy of the slag ex-
actly. In fact in a slag system the variation of composition is just the variation
of the amount of cells with different bonding energy. One of the contributions of
molecular-ion coexisted model is it indicates that the thermodynamic activity of
component does not have a meaningful relationship with the apparent concentra-
tion it is a function of the relative amount of concerned microstructural unit
supposed to be mixing together with others ideally. According to optical basici-
ty the basicity characteristics B given for compounds is intrinsically just an
extent of bonding intensity of some cells. Thereby its stipulation of taking ox-
ide compound as calculation unit is a weak point which must neglect or screen
the influence of other cells. The” bonding basicity” concept suggested by Jiang
* Tt is thought that the bonding
basicity B;;Y;; of cell i-O-j should have essentially a relationship with the

is a step aiming at modify on this weak point.

thermodynamic activity of related component.
3 Even it is limited in the term of cell characteristics several topics need
to be talked over further.

a The existing state of sulphur is changeable to follow the variation of
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oxygen pressure. ° If sulphur in oxidational slag is contained in cell Ca-O-S

in reductional slag it may become to Ca-S-Ca or Ca-S-Si . Similarly dur-
ing dephosphorization with reduction slag phosphorus might also be involved in
cell Ca-P-Ca and so on. Provided from this point it is able to sum up the ca-
pacity data of both of oxidational and reductional slags.

b Alumina is a typical amphoteric oxide the coordination number of it is
variable. And through the formation of complex cell i-O-j becomes to i-O
<J.k . % In addition different cations could have different effect on this triple-
bonded oxygen anion. Perhaps these are the grasps to understand the behaviour
of alumina and so on.

¢ As a typical transition metal oxide the behaviour of Fe, O is difficult to
be described satisfactorily at present with optical basicity. The complexity of
this description concerns the redox equilibrium together with the amphoteric fea-
ture of Fe,O,. Recently it has been found that some kinds of metallic bonds
might affect this oxide also. *

4 The research on cell structure depends upon the progression of modern
detection instruments. Meanwhile it cannot help paying special attention to the
improvement of preparation technology for slag samples. A typical instance is
that the experiments regarding activity of iron oxide are always performed un-
der a lower temperature due to the strong corrosivity of the slags.

Considering that the experiments so far are not so reliable it is essential to
approach the reality from both sides theoretical way and experimental way and
to rely upon the agreement of them. Nowadays some estimations about the ener-
gy characteristics of cells by means of quantum chemistry and so on seems to be
noticeable.

5 For metallurgists it is too early to develop an actural structural model.
The thermodynamic parameter models are more practical. Whether these models
are successful or not it all depends on whether they are able to sum up reasona-
bly the known thermodynamic data. And it does not concern the assumed micro-
structural units whether they are of reality or not. From this point the molecu-
lar-ion coexisted model should have its suitable status. But in every sense it is
not to say the assumed microstructural units are proved to be of actuality pursu-

anting to that the model can describe the concerned activity. If a thermodynamic
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parameter model is used widely and its microstructural units for various slag sys-
tems are assumed not to follow the desire of getting agreement with experimental
results but in accordance with a seriously universal stipulation then the as-
sumption of this model might close to reality in a closer degree. From this
point the molecular-ion coexisted model is not so satisfied.

The molecular-ion coexisted model usually takes some unstable compounds
as microstructural units and then subjects criticism. From the view point of cell
theory these moleculars factually hint the clusters of some cells and different
molecular relates to different cell cluster. Eventhough the existence of unstable
compounds under high temperature is not easy to acquire evidence the existence
of many cells is now proved. In the liquid region of CaO-Al,O, 1873 K the

cell reaction which governing the thermodynamics of this system is
CaO-Ca + AI-O-Al =2 CaO-Al 7

The formation free energy of unstable compound 3CaO-AL,O, but not of other
stable compound was chosen by Jiang to calculate equilibrium constant of the
cell reaction. ® This is a reasonable selection because only 3CaO -Al,O, con-
tains just cell of Ca-O-Al . This unstable compound was also taken as micro-
structural unit in molecular-ion coexisted model but this was only for getting
agreement with experimental results. *°

After all a thermodynamic parameter model may acquire more reliability if
its microstructural units are more closer to reality. Perhaps from this view point
to undertake the next improvement of Gaye’s model is beneficial. The amphoteric
behaviour of alumina and the variation of environment of S = have not been dealt
with quantitatively in Gaye’s model. And provided for P,O. and so on one have
to take double bonding into account.

6 To compare the approaches of Pelton Gaye and the author Eq. 5

can be useful in binary system. According to either Pelton or Gaye the energy
parameters for calculation of K are evaluated through value fitting of thermody-

namic data. As the idea of the author however
K=fB, G" 8
and then the data of microstructure as bonding energy can be adopted. For lime-

alumina-silica ternary system the governing equation suggested by the author

12|
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Here « B 6 V o 7 wv all are stoichiometric parameters in cell mixing re-
action. Subscripts 1 2 3 4 denotes Si Al, acid AI’* Al basic AI’"
Ca respectively 12 denotes Si-O-Al cell and so on.

5 Conclusion Remarks

This paper is a review and a comment regarding slag models and optical ba-
sicity. It is possible to say undertaking the research from the following two as-
pects might be beneficial. One is to elucidate the cell structure depending on
both experiment and theory. Based on this the precise evaluation of basicity
characteristics in various cases can be given. The another is establishment of a
model to calculate the relative amount of various cells taking the influence of
the variation of coordination number and chemical valency into account. And fi-

nally to correct the research by experiment.
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The Kinetics of Reduction of MnO
in Molten Slag with Carbon
Saturated Liquid Iron

Abstract This investigation devotes to the kinetics of the reduction of
MnO with carbon-saturated liquid iron. The experiment condition involves
high content realm of both % MnO and % Mn. It was found that the reduction
is limited by the interfacial reaction. By means of a X-TV dynamic metallurgi-
cal phenomena displaying device the slag-iron interface was proved to be the
essential site for evolving the reduction product CO. The content variation of
surface active agent S affects obviously on the reduction rate. If no carbon is
added in slag then a hump emerges on the curve of %FeO vs. reaction
time. In this case the apparent reaction order is 2. If there is a carbon addition
in slag the process is of apparent first order. Based on the three step model of
reactions in series the aforementioned phenomena and regularities were elucida-

ted unitedly.

1 Introduction

The production of HC-FeMn through smelting reduction process gained
high light of metallurgists. As the basic reaction in ironmarking and steelmak-
ing the regularity of oxidation and reduction of manganese has been discussed

in a lot of text books. These however limited themselves in the lower region

+ In collaboration with JIANG Guochang DING Weizhong GU Liping GUO Shugiang
and ZHAO Baixiong. Reprinted from ISIJ International Vol. 33 No. 1 pp.104-108
1993
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of %MnO and % Mn. To grasp the process technology of smelting reduction
of HC-FeMn this investigation is devoted to the discussion of the kinetics under

the condition involving much higher content realm of both % Mnand % MnO .

2 The Experiment

Some of the experiments were carried out in a resistance furnace. Fig.1 is
the installation system. The metal in predetermined composition was composed
of chemical pure iron and electrolytic Mn metal. After the graphitecrucible con-
taining metal addition was put into the furnace and an Ar flow of 1 N//min was
input the heating started. The premelted slag was spreaded on the surface of
molten metal several minutes after the temperature had reached the settled goal
with an accuracy of +5K. The premelted slag was composed of pure chemical a-
gents according to the given composition shown in Table 1. In few experiments
the slag included some coke slices. Slag sampling of 6-100 mg started from the
moment of slag addition and performed according to the given time interval. Af-
ter separating from metal the slag samples were analysed by means of atomic ab-

sorption spectrophotometer.

Table 1 The condition of experiment in resistance furnace

Run Slag Metal Temp.
%MnO , | %FeO | %MgO , | B |wt g |C-add. Content wt g | K
021| 52.85 7.0 % %Ca0 [0.9" | 20 | O |Mnbase %S =0.027| 80 | 1823
022| 51.74 7.0 % %Ca0 |0.9°| 20 | 0 |Mnbase %S =0.048| 80 | 1823
023| 50.67 7.0 % %Ca0 |0.9°| 20 | 0 |Mnbase %S =0.079| 80 | 1823
111| 40.00 0 5 1.1 /200 | © %Mn, =0 600 | 1823
112| 40.00 0 5 1.1 1200 | 0 %Mn, = 10 600 | 1823
113| 40.00 0 5 1.1 /200 | © %Mn, = 30 600 | 1823
213| 42.78 5 6 1.3/ 20 | 5 %Mn, =0 80 | 1853
214| 42.78 5 6 1.3/ 20| 5 %Mn, = 30 80 | 1853
217| 42.78 5 6 1.3/ 20| 0 %Mn, =0 80 | 1853

B* = CaO +MgO /SiO, B = CaO/SiO,"“ {" denotes initial moment.

717



(¢ ASmpelow snougy uo pueny] nx JO SUOAR PARS

15 16 =
L= |
1
5
) 11 o o
KI“_ 12 3 o o
6
o ]
7 5
4 o o
o o
14 i3 10 o o
i onho o o)
- 8
Fig.1 The experiment set in resistance furnace Fig.2 The experiment set in

induction furnace

The other experiments were performed in an induction furnace as shown in
Fig. 2. After melting down the metal premelted slag was added. In some heats
some coke was added together with the slag addition. And then started carbon
injection for keeping % C through a graphite torch. Temperature fluctuation was

up to £ 25 K. The experiment scheme is shown in Table 2.

Table 2 The condition of experiment in induction furnace

Metal Slag
Run No. Temp. K
Base % Mn, % MnO B C-add. g
301 Fe 0 42.78 1.3 80 1893
311 Fe 0 42.78 1.3 0 1893
B= CaO / SO, *“ " denotes initial moment.

3 The Reaction Mechanism

It was found that if the initial slag contains no FeO  an increase of
%FeO then emerges in the initial stage of MnO reduction. And the curve
of %FeO vs. reaction time frequently exhibits a hump as shown in Fig. 3. It
is indicated in this figure the higher the % Mn the lower the hump and the

slower the reduction rate of MnO . Pomfret ' Plashevsky > and Shinoza-
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ki ® studied this behaviour under different conditions. Pomfret’s investigation
centred on the influence of changing CO pressure and Plashevsky’s research con-

cerned the effect of temperature and initial % MnO . Their results are similar to

Fig. 3 especially to the curve of Run 111.

Runl 11 ) Runli2 2 Runli3 )
s
50F 15 sof 15 sof 15
g 20 © 20 § 2.0
%30 S é30 pSIN 520 ‘N""’*\
< I € 1 e i ~ T o AUT ]
fx \?Mﬁ: 1 \.‘“_\\?;0;—
] 0 1.0 1.0
NS
10 . 10 /ﬂa\i,\ . 10 fps® .
\‘\,w 2o, 7d‘° bﬁ"w. o
i 3 5 i 3 i 3 '

5
H(X10%s) H(X10%s)

Fig.3 The Reduction ratio of MnO and the behaviour of FeO

Fig. 3 points out that the reduction of % MnO in this experiment progres-

ses following a model involving three sub-reactions in series.

MnO +Fe = FeO +Mn
FeO +CO = Fe + CO,
CO, + C =2CO

The suggestion of reaction 3  will be illustrated in next section.

1823 K assuming reaction 1 is in equilibrium

o
0.26 Jumoy Fe

N =
FeO ,yFeO MnO aMn
Here 0.26 comes from
logK, = - @n.gs

1

2

3

Under

Table 3 is the calculation result corresponding to Fig. 3. The equilibrium

%FeO is larger than the %FeO |, shown in Fig. 3. This makes sence that

reaction 1 is possibly in thermodynamics.

Table 3 The possibility of reaction 1 in thermodynamics
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Parameters for calculation N, %FeO *
Run No. d
%MnO * Mn"* e g _— Yreo 5 calcd. measd.

111 36.3 1.25 79.00 1.0 2.0 5.25 1.60%

112 33.7 11.60 7.62 1.0 2.0 0.34 0.77%

113 33.5 31.80 2.13 1.0 2.0 0.094 0.53%

1 “ %" denotes the moment of d %FeO /dt = 0.

2 assume ap./ay, = %Fe/%Mn.

3 Mn was calculated according to %MnO ; - %MnO *.

4 yyno and yg.o were evaluated according to B = 1. 1.

In order to display the rate limiting step of the overall reduction experi-

% Run021
[=}
g —®
S 40 s
g L~
3 ® Run022
@ >//‘O" 0
g 20 W - Run023
0 10 20 30
min

Fig.4 The effect of initial % Son

MnO reduction ratio

ments using metal with different % Swere
designed. This is intended to influence
the reduction of MnO through the sur-
face active function of S. Fig. 4 shows
that reduction ratio abates following the
increase of % S This is surely an evi-
dence indicating that rate limiting step is
not MnO diffusion but the interface
reaction.

Usually whether an interface reac-
tion is the rate limiting step or not is

judged by means of the variation of inter-

face area. Nevertheless it can also be judged through the variation of the con-

tent of surface active agents. It seems superior than the way of changing crucible

diameter due to the fact that the depth of molten metal and the thickness of slag

can be kept without change when the content of surface active agent to be varied

a lot.

The basic regularity of reactions in series is a useful mode in analysing

which one among the three subreactions gets the slowest rate. The three step

model can be simplified as follows
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- ki | oxygen in | Ky -
oxygen in MnO |—— FeO —— | oxygen in CO 6
e

k, denotes the apparent rate constant of reaction 1 . And K, denotes the o-

verall apparent rate constant of both reactions 2 and 3 . In accordance with

the pattern of the curve shown in Fig. 3 the relation of k; < k,; is possible. In

other words the rate of reaction 1 is likely the slowest. °

As well known the reaction mechanism can also be revealed through the
study of reaction order. Figs. 5 and 6 were acquired with a differential method
to deal with the experimental data. It was found that carbon addition could cause
the variation of reaction order. If there is no carbon addition all the experiments
show apparent second order characteristics. If some carbon is added it is the ap-
parent first order in the initial stage no matter the experiment is carried out
whether in resistance furnace or in induction furnace. Following the consumption
of carbon in slag the apparent second order appears again. Different curves get
different turning point which is caused by different carbon addition as well as
different oxidation rate. Thus it is clear that the reaction mechanism for slag in-
volving some carbon should be not the same of that for the slag involving no car-
bon or only a little carbon.

° T
0 / 0 @Q’Q\/{‘
ol / /é / 3 0 09
SY A 1 47

//,Wo o
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y | /<
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lg{—d(%MnO)/dt}

-0.4 9/ )'/r\;\b‘ h

lg{—d(%MnO)/d¢}
&
'S

™ p;f ’ ; /D / 2
0.8 08
/ 1 é ‘ 1
4
1.0 1.3 1.6 0.6 1.0 1.4
1g(%MnO) 1g(%MnO)
Fig.5 The apparent reaction order when Fig.6 The apparent reaction order when

no carbon addition in slag carbon is added in slag

Whether reaction 1 can exhibit an apparent second order characteristics
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If it can this should be another evidence to show that reaction 1 is the rate
limiting step for the overall process. Suppose the reverse process is possibly to

be neglected then its rate is
r=kl-6 %MnO 7

Here @ denotes the occupied ratio along interface by surface active agent Se.
The content of Se in the used electrolytic Mn is 0.056% . Its surface active
function is known to be as more strong than that of S. * And the boundary sin-
gle molecular layer of molten steel is of a FeS-like structure even % Sis only
0.02%. ° Hence in this experiment Se may show its influence on the reaction.
On the other hand as Wagner’idea 6 is not a constant but a variable due to the
change of CO evolving. ° And the stronger the stirring caused by CO evolved
the smaller the . '° Probably the apparent second order of reaction 1 is just
caused by the variation of 1- 6 .

In this investigation %FeO is quite low. And so along gas-slag-metal
interface the overall reaction of Eqs. 2 and 3 can be considered as apparent
first order. ' But reaction 1 along slag-metal boundary is of apparent second

order. Therefore if C denotes the mole amount in a slag then

dCMnO _ 2
e k1CMno 8
dC 2
d:eo = KC, - KnCro 9

As apparent rate constant k; K, includes the factor of interface area finally ac-

quire the following equation. See Appendix

_ ks Q" Cyno i
Coo = jc{nz + 3 [ Ffew - @ - =

k Q" -
o ke _ (7Q)}ex - kgt 10
[ MnO i kl 21, non.- Znexp Z p 23
_ kyZ
Q - kl' CMnOi =
Z =1+Cyo;:" k,t 12



Here the subscript i denotes the initial condition.
Equations 10 ~ 12 were used to describe the experiments. At first k;
was calculated pursuating to Eq. 8 . And taking dC,,/dt =0 from Eq. 9
k,, was evaluated. The result is given as Table 4. Finally the variation of
%MnNO and %FeO during the whole process can be calculated as the doted
curve in Fig. 3. Surely the agreement is quite well. Of course this model neg-
lects the reverse processes so not the effect of % Mnis involved in Eq. 9 .
But in fact it is involved through the evaluation of k; and k,;  which depends
on experimental results. The agreement is the another evidence indicating the re-
duction of MnO is composed of three sub-reactions and the rate of the
overall process is limited by reaction 1 if no carbon is added in slag. Pom-
fret recently published a new idea which is similar to us. ** The agreement also
points out that the evolution of CO under this experiment condition unlikely

plays a role to limit the overall process.

Table 4 The rate constant in three step reaction model

Run k1 kzs

111 8.17 x10°%/s 6.70 x10°°/s
112 7.60 x10°%/s 11.21 x 10°%/s
113 7.22 x10°%/s 15.13 x 10°°/s

4 The Observation of the Reaction Site

The X-TV dynamic metallurgical phenomena displaying device as Fig. 7
was used to observe the reaction site during the smelting reduction of MnO .
As shown in Fig. 8 under the condition of % Mn < 60% and even the co-exist-
ence of the slag-crucible and slag-coke interface it was found that the reaction
product CO usually evolved along slag-metal interface. This leads us to suppose

the reaction 3 .
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Fig.7 The X-TV set for dynamically displaying Fig.8 The evolution site of the

the metallurgic phenomena reaction product CO

This is a result different from that of Fujita et al. * however it coin-
cides with the relevant measurements of reaction rate constant. For example
Fuwa “ and Sato ef al. * pointed out the rate constant relating to the reduction
with C is much larger than that with solid carbon.

5 Conclusion

1 The rate of MnO reduction with carbon saturated iron is limited by
the interfacial reaction. This is deduced from the following results. Increasing %
Smakes decrease of interface area and then causes the relevant lowering down
of the reduction rate. Under the condition of % Mn < 60% it was viewed by
use of the X-TV dynamic metallurgical phenomena displaying device that the re-
duction product CO usually evolves along slag-metal interface. This is true even
in the case of coexistence of slag-crucible and slag-coke interface.

2 The mechanism of MnO reduction with carbon saturated iron was
revealed according to the feature of the %FeO curve. This indicates that the
reduction progresses to follow a three step model. Among the three interfacial-
reactions the rate of reaction 1 is the slowest. The apparent order of this re-
action is 2 and that of the overall reaction when no carbon addition in slag is al-

so 2.
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3 According to that reaction 1 is of apparent second order the basic
kinetic equation of reactions in series was deduced. And it was used successfully

to describe quantitatively the progression of the reduction process.

Appendix

Suppose the reactions in series are as follows

A 2nd apparent order B 1st apparent order

ky kas
Thus
dcC,
o TNG
C
Co=
Cpkur +1
dCB - leon - K.C
dr Cpkar +1 S
kG,
Cs =exp - kyr fﬁexp keor dr +C
1
=exp - kyr [ exp Ky CAOeXp ks T +C
= ko G Co kit +1 Cplar +1

=Cexp - kyur + exp[ C Cplur +1 ]

K, Cikr+1" C
x{InC kr+1 + 2 ot - =
[ no 17 nz:{ Cyky - n Cykr +1
whenr =0 C; =0 then
c=cC _kﬁexp(_ Kss )2( ke ) 1
ok Cyki/ =\ Cyk,/ NN
Finally
. ] Ckr+1"
C, = s In Ck7+1 + —
k, exp Cikr +1
A, M
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Q¥ = iA}lY*z + iAakzk(W - 2¥)

PIAZ(r-g¥)e TaZ(v-Gv) e

AZl ~A51 A32 ~ Ass A42 ~ A44 A52 A53 13 . k=2
2
> 1
Feas = AZk_;j-lAlk k=2 7
A~ As 21 A, 1
K+f"
a = 1-Y exp( 1) 8
€ RT

1 C-Fe-Si 1873K Aik
Table 1 A].k Parameters for C-Fe-Si under 1873 K

k

0 1 2 3 4 5

6. 541 006 1.865 051

2 | -116427.3| 3199422 2534759 - 6199 956 E +07 E +07

3 | 19311.33 | - 8913055 | - 7687770 | < 243218 | - 298773 | - 3.732128

E +07 E +08 E +07
1.431 189 2.520 774
4 106 608. 7 8657 84 - 1817260 E+08 E+08 0. 000 000
5 | -56220.31| - 2917971 7 621 668 i 1I'El+938688 0. 000 000 0. 000 000
1.2 fire fu — LD
fre s
1] I_Dl
G=flY

G=f,+Z fg-f, -f. 1-Y" 9
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C-Fe-S under 1873 K

183K o ag

fS
YZexp — 16
PRT
ac g 1 2
1.0 — 0.01
0.8 S —0.008
o
o
0.6 £ 0.006
o
s A1 ”
s -‘é{:" 3
0.4 /4 0.004
2 0.002
: |
g 0
0 0.1 0.2
XSI
2

Fig.2 Comparison about C-Fe-S§ X, =
0.05 under 1873 K

This sudy ¢ ag
Ref. 8 - -
Ref. 7 eseses ...
2 183K CFe-Mn C-Fe-Cr
C-Fe-Mn C-Fe-Cr
5~7 9 10 .
A 2 3.0ty £y CFes
2 C-Fe-Mn 1873K A,

731



Table 2 A],k Parameters for C-Fe-Mn under 1873 K

_ k
‘ j
S 0 1 2 3 4 5
g
£ 2 |-116427.3 | 343123.8 | 681719.3 |- 293934.8 | 191799.2 |- 58506.10
7
. P 3 19311.33 |- 75072.0 |- 4492809 1289622 |- 626198.3 |+ 116 806.3
A~
o 4 106 608.7 | - 1225317 7347861 |- 1174718 364597.2 | 0.000 000
g 5 |-56220.31 | 958957.6 |- 3533950 162 036 0.000000 | 0.000000
£
2
g, 3 CFeCr 18K A,
E Table 3 A, Parameters for C-Fe-Cr under 1873 K
_ k
i
0 1 2 3 4 5
2 |-116427.3 |- 36834.45 | 54165.6 |- 59723.01 | 19013.37 |- 76774.93
3 19311.33 | 18826.26 |- 213305 171583.9 | 157823.2 | 146298.9
4 106608.7 | 25080.29 | 233149 |- 245962.5 |- 264286.1 | 0.000000
5 |-56220.31 |- 26375.2 |-80139.28 | 181128.1 | 0.000000 | 0.000 000
3
1 Pdton 2 C-FeMn *# .
a a X=S- Cr- Ni “1-D
c X
o
X
2
C-Fe-Ni 1873 K e 21
AJk 4. Dreder
C-Fe-Mn
o C-Fe-S Dreder Ina 8
s
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4 C-Fe-Ni 1823K Ajk
Table 4 A].k Parameters for C-Fe-Ni under 1823 K

k

0 1 2 3 4 5

2 |- 117516.5 264 255.8 120913.2 |- 78978.9 63716.63 | - 16 010.22

3 20960.51 | - 780249.1 |- 744449 346860.5 | - 169624.8 36937.11

4 106 910. 2 809197.5 1227123 |- 487757.4 42 447.28 0. 000 000

5 |-56964.08 | - 277700 - 637322.8 290710.3 0. 000 000 0. 000 000

K = 44735.568 7

Ina_ = A+BX_ +CX; + DX +EX +FInXg +GnX,
s 3 - S c - -

A~G . .
C-Fe-S-Mn  C-Fe-Cr-Ni
3 Pelton ' 2
j k AJk 2~8

1 ~ 7

4
C-Fe-X
X =S Mn Cr Ni
W. Dresler
W. Dresler

1 Pelton A D Flengas S N. Can J Chem 1969 47 2283-2293
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Evaluation of Component Activity in
C-Fe-X X = Si Mn Cr Ni Melts

Abstract The parameters in the polynomial expression of partial mole

free energy of C were evaluated by value fitting method on the basis of boundary

conditions of liquid domain on the system C-Fe-X X = Si Mn Cr Ni . Then

the activity coefficient of the element Xmay be calculated with the I-D method.

The approach suggested is proved to be useful for the activeity evaluation of ev-

ery element in the whole liquid domain of the concerned 4 C-Fe-X ternary sys-

tems. The results are found in a good agreement with those of cited provious lit-

eratures.
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The Equilibrium of Nitrogen
between Gas and Slag or
Slag and Metal

Abstract The thermodynamic behaviour of nitrogen in gas-slag lime-
alumina-silica system and slag-metal system is studied in this paper. The dis-
solving reaction of nitrogen from gaseous phase to the molten slag is

3 1 3
7Obr + 7N2 =N, + 702

br denotes bridging. Based on this the relationship between nitrogen capacity Cys-
and slag basicity can be elucidated. The relationships of yg . and y,y vs. slag
composition in lime-alumina and lime-silica binary systems and the influence of

temperature on them a discussed.
1 Introduction

The dissolution of nitrogen in slag is making itself a new reaserch focus in
metallurgy. This results from several reasons. First it is well known from steel-
making that slag can prevent nitrogen pickup of molten steel. Surely this func-
tion concerns the dissolvability of nitrogen in slag. Secondly a new technique
idea about using slag in denitrogenation of steel was proposed following the devel-
opment of nitride ceramics. This undoubtly brings a lot of profit to the production
of ultra pure ferrite stainless steel. Thirdly nitrogen is an important alloy ele-

ment in austenitic stainless steel. Perhaps it will be an economic process that

+ In collaboration with Jiang Guochang Lin Tianying. 4th Int. Con. on Molten Slags and
Fluxes Sendai Japan ISIJ 1992 pp.221-226
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feeding nitrogen through slag. As a fundamental study this paper is devoted to
the research of nitrogen behaviour in lime-alumina lime-silica and lime-alumi-

na-silica systems.

2 The experiment method and the results

Fig. 1 shows the equipment used in this investigation. For the equilibrium
experiment in gas-slag system graphite crucible was used. 5 g slag material was
put inside it. The atmosphere is 0. 40 CO-0. 60 N, which is generally utilized as
a standard for the calibration of analytical instruments. The flow rate of this gas
was 4 cm®/s. The reaction temperature was 1773 1823 or 1 873 K. A pilot
experiment was arranged to determine the time needed for equilibrium experi-
ment. It was performed as adding some Si;N, into 0.4 Ca0-0.4 SiO,-0.2 AL O,
slag for making the intial %N to be either lower or higher than the estimated e-
quilibrium value. Fig.2 indicates the approaching of nitrogen from both sides to
each other needs about 14 hrs. Thus experiment time was chosen as 18 hrs for
gas-slag equilibrium. The results of gas-slag equilibrium experiment is shown in
Table 1.

— 0 ) . ) .
L— 6 t(Hr)
Fig.1 The experimental set Fig.2 The variation of % N*
. alumina tube 5. thermocouple vs time under 1823 K and
. graphite heater 6. CO + nitrogen 0.4CO +0.6N,

. graphite crucible 7. the set for gas de-O, de-H,O

A WONPE

. thermal insulation



Table 1 The results of gas-slag equilibrium experiment

dag %
Temp. K %N exp. |Cys. x10°%
CaO Sio, AL O,
1823 55.0 45.0 0.63 4.78
1823 40.0 60.0 1.97 14.32
1823 40.0 60.0 0.28 2.14
1823 35.0 65.0 0.37 2.78
1823 40.0 40.0 20.0 0.92 6.92
1823 50.0 10.0 40.0 0.27 2.04
1823 30.0 40.0 30.0 1.38 10. 47
1823 45.0 25.0 30.0 0.53 3.98
1823 55.0 45.0 1.24 9.32
1873 40.0 60.0 0.56 4.32
1873 50.0 10.0 40.0 0.60 4.49
1773 55.0 45.0 0.29 2.17
1773 40.0 60.0 0.13 0.98

For the equilibrium experiment in slag-metal system alumina crucible was
used. There were 5 g slag and 15 g iron. At most either 0. 5% Si;N, or 0. 4%
AIN was added in slag before experiment. Iron was killed with Si or Al and its
initial nitrogen content was lower than 0. 02% . Ar atmosphere was used in this
experiment. The time for this kind of experiment was determined according to

Ito * 2

and Inoue et al. as 6 hrs. The results of equilibrium experiment in

slag-metal is shown in Table 2.

Table 2 The results of slag-metal-equilibrium experiment

Temp. Sag % Metal % .
K Ca0 S0, | ALO, | N Si Al N )
1823 | 40.0 | 60.0 0.07 | 158 0.0062 |11.92
1823 | 40.0 | 40.0 | 200 | 0.073 | 0.73 0.013 | 5.60
1823 | 40.0 | 50.0 | 10.0 | 0.081 | 1.51 0.0074 |10.94
1823 | 30.0 | 40.0 | 300 | 0.06L | 0.74 0.01 | 6.03
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cont d

Temp. Sag % Metal % .

K Ca0 si0, | ALO, | N* i Al N "
1823 | 40.0 | 60.0 0.065 | 0.90 0.0085 | 7.65
1823 | 45.0 55.0 | 0.063 0.018 | 0.010 |6.30
1823 | 40.0 60.0 | 0.065 0.017 | 0.007 |9.29
1823 | 55.0 45.0 | 0.059 0.023 | 0.016 |3.68
1823 | 45.0 55.0 | 0.041 0.012 | 0.019 |2.16
1823 | 45.0 55.0 | 0.082 0.035 | 0.0075 |10.93
1873 | 40.0 | 50.0 | 10.0 | 0.070 | 1.50 0.007 | 7.61
1873 | 55.0 45.0 | 0.035 0.18 | 0.019 |1.84
1773 | 40.0 | 50.0 | 100 | 0.080 | 1.51 0.0054 |14.81
1773 | 55.0 45.0 | 0.073 0.018 | 0.011 | 6.64

Note Ly = %N /%N

The Kjeldahl method was used in these two experiments for analysing both
%N and %N . So this paper does not concern % CN~  but %N*

3 Discussion

3.1 Gas-slag reaction

Under strong reduction atmosphere nitorgen can dissolve in slag through a
chemical reaction. Referring to this dissolving reaction however some contra-
dictory points of view may be found in literatures. Summing up there are two
aspects. One is in what way the partial pressure of nitrogen affects the dissolva-
bility. The other is in what state the nitorgen dissolving in slag behaves. Davies
et al. ° and Schwerdtfeger e al. * reported that the relation of %N* vs. par-
tial pressure of nitrogen is in equilibrium. As the idea of Ref.3 %N* is in

12

proportion to Py /P, however Schwerdtfeger ef al. claimed it should be

in proportion to Py /P, Y2 When the slag is in equlibrium with CO- N atmos-
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phere and the partial pressure of nitrogen is high enough the slag is saturated

with Si;N, and AIN. The chemical stoichiometry indicates that the reactions are

250, + 3N, = S, xN+ 50, 1
AlO, ; + %Nz =AIN +%O2 2

Hence so far the view point of Schwerdtfeger is the generally accepted one.

And it was thought that the dissolving reaction should be

1 3 . S
N *5 O

-1gCy
WM
? £
/
>

Then the nitrogen capacity

T \ -
was defined as E

©
3/4 F ©
3- o,
Cy+ = %N 7 4
14 . . .
N, 0.4 0.8 1.2 1.6
Ca0+MgO/Si0,+AL 04
The Cy- listed in Table 1 was e- Fig.3 The relation between Cys. and basicity
valuated pursuant to Eq‘ 4 signal ref. experimental condition

Fig. 3 shows the relation of © thiswok 1823K lime-alumina

. O thiswork 1823K lime-silica-alumina %40
these Cy values together with @ thiswork 1823K limesilica-alumina %30
the results quoted from litera- a th?s work 1823 K I?mesfl?ca—alumina %20
x thiswork 1823 K lime-silica
tures ' % *? vs. slag basicity. o 1 1823K lime-silica lime-silica-alumina
cq. A 1 lime-silica-alumina-magnesia
It was indicated by Ito and oth- . 3 1823 K lime-silica-alumina %20
ers that this curve is contrary to 4 8 1873 K lime-alumina
E 3 @ 1 1873 K lime-silica-alumina sat.
q. O 1 1873 K lime-silica-magnesia sat.
The key problem here is in () 1 1873K lime sat. -alumina
. . lineA  sumup 1823K lime-silica
what state the nitrogen dissolves B sumup 1823K limesilicaalumina %10
in slag. Several different Opin— C sumup 1823K lime-silica-alumina %20
D sumup 1823K lime-silica-alumina %30
ions were suggested. It is well E 4 1873K lime-alumina
F 8 1823 K lime-alumina

known in Si;N, AIN nitride
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ceramics nitorgen exists in the cell of Si-N-Si or AI-N-Al Furthermore a TEM
investigation claimed that Si,N,O was found inside high nitrogen bearing Ca-Si-
Al-O-N and Mg-Si-O-N systems ° . This proves that the dissolving nitrogen is
existed in Si-N-Si cell in these systems. According to these reports the nitrogen

dissolving reaction in lime-alumina-silica slag is thought to be as follows

S0, + 5N, =N, +50, 5

2

br denotes bridging. Then based on the concept of bonding basicity ° the nitro-
gen capacity should be defined as
I:)02 K 5 BOh,YOhv .

Ce = %N = OO0 6
P Yo

B, Y, is the basicity charateristics and mole fraction of the bridging
O~ anion respectively. As the following Fig. 6 in lime-alumina binary

slags Y e is constant. On the other hand it was proved ° in these slags

3/2

v . is in proportion with B, Y, . This is an evidence for the correc-
N br br

tion of reaction 5 . Mulfinger © Shimoo et al. ° and Davies et

3

al. all considered that the dissolving nitrogen is in N, state.

3.2 The effect of optical basicity and temperature on nitrogen capa-

The effect of optical basicity A on 7y, is shown in Fig. 4. Both the re-

sults of this experiment and some literature informations are involved in this rela-
tion and it gives Eq. 7 for 1823 K.

IgC =- 11.5IgA - 14.28 7

As the bonding basicity is a revision of optical bsicity so Eq. 7 coin-
cides with Eq. 6 . But it surely gets some differences from that relation sup-
posed by Sommerville. ° The variation of C against temperature is shown in
Fig. 5. And it is deduced as
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'\o\ 1251 N A _
L ° i 8 ~
Q \
L > i
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-1 . . |
eA 13:5 52 5.6
1T X10*(K™)
Fig.4 The relation of Cys. Vs. Fig.5 The effect of temperature
optical basicity under 1823 K on Cys-
22 135

lgC, =- 11.51 IgA - 2.04 8

T

3.3. The yg y and y,, in nitrogen bearing lime-alumina and lime-sil-
ica binary slags
The dissolving reaction of nitrogen in lime-silica slag is supposed as

%Nz ¥ %Sio2 = S, N+ %oz 9

Hence the activity coefficient of this nitride is

114MK g o "
= : 10

yso. N CN3—

Here M denotes the sum mole amount of components in 100 g slag. K is the e-

quilibrium constant.

21926

T +0.737 11

IgK, =

The dissolving reaction of nitrogen in lime-alumina slag is supposed as
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Thus

And

the variation of y calculated according to equation

AlO, ; +

yAIN B

%NZ = AIN + %oz 12
UMK, o,
— 1.5 13
Co
=. 27014 5 o5 14

IgKIZ

10 and 13 ws. slag

composition is shown in Fig.6. The

5 T T T

value of o and « are quo-
. w A Sio, s
= A% ted from Rein ef al. ° . This result is
4r O/ 1 in good agreement with that of Ito et
a_AN | gl ' The constant y in lime-alu-
—A—a——, AIN

N | mina system lahich mightbe resulted
from the cell structure between Al**

1 | |
04 0.6 cations and N°  anions in this slag

Nsio, Na1L 0

Fig. 6 The relation of nitride activity
coefficients vs composition

mation of double bond between Si** cations and N°" anions

vary vy

SioN

4 Conclusion

does not to be changeable. On the
contrary in lime-silica slag changing
%S O, might possibly cause the for-

and this in turn to

The dissolving reaction of nitrogen from gaseous phase to molten slag is the

process in which nitrogen replace the bridging oxygen anion.

%Obr +

1

2

30,

N, = 4

Nbr +

The corresponding nitrogen capacity should be

750)



P3/4 3/2
CNS- - %NS— 0, - K 9 Bovaobv
Ve

1/2

PNQ

Here B, Y, is the bonding basicity or an activity index of bridging oxygen
anion.

The variation of yg  in lime-silica and that of Y i in lime-alumina vs.

slag composition are in good agreement with that of Ito ef al. * . The reason of
these variation is considered as to be possible whether the relevant cell structure

is changeable or not.
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Kinetic Study of Desulphurization
Along Metal-slag Interface

Abstract An electrochemical model directly deduced from the principle
of electrochemistry together with the calculation method for initial oxygen po-
tential along the metal-slag interface may be available to quantitatively describe
the plot of % Svstime. It was found that during desulphurization both the distri-
bution constant of S along metal-slag interface L: and distribution index inside
the bulk Lg vary with the descending of oxygen potential along metal-slag in-
terface. But the plot of L; vstime is quite different from Lg vStime being of pa-
rabola or hyperhola type respectively. The variation of the driving force parame-

ter vStime obtained either calculated or experimental plotted as a camel hump.
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Thermodynamics of Nitrogen
in Ca0O-Si0, -Al, O, Slags

Abstract The stability of nitrogen as the nitride in CaO-SiO,-Al, O, slags
was studied in this paper by means of optical basicity concept. The results
showed that nitrogen did not react with® free” oxygen ions but with network for-
mer i.e. SiO, or Al,O; and then entered into slags. A new definition of nitride
capacity was proposed based on the reaction between nitrogen and the network
formers. This capacity could consistently explain the experimental results. The
empirical calculating formula of nitride capacity and the iso-Cy lines diagram in
Ca0-5i0,-Al, 0, slags at 1 823 K were developed based on the behaviour of ni-
trogen in CaO-Si0O,-AlL, O, slags.
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Abstract

1988 1 15

Method for Examining Reduction
Process of Carbon Bearing
Chrome-Ore Agglomerate and

Manganese-Ore Agglomerate

An on-line method for decteting the degree of reduction in re-

ducing process of carbon bearing manganese-ore agglomerate and chrome-ore
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agglomerate is described. The degree of metal reduction and metallization may
be determined respectively by chemical phase analysis. The mineragraphic meth-
od can reveals progress and mechanism of the reducing process. The determina-
tion of gas porosity chracter in these agglomerate and the importance of om-

nibearing information in solid reduction are simply introduced.
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The Catalysis in Reducing Process of Carbon
Bearing Chrome-Ore Agglomerate and
Manganese-Ore Agglomerate

Abstract Research achievements of catalysis in reducing process of car-
bon bearing chrome-ore agglomerate and manganese-ore agglomerate are sum-
marized. The addition of catalyst such as Na,B,0; etc can facilitate the reduc-
tion. The main viewpoint of catalystic mechanism is that the catalyst promote
the Boudouard reaction and improves the diffusion condition of gas and solid

phase.
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A Kinetic Study on Nitrogen Pick-
up of Ca0-Si0, -Al, O, System

1

from Furnace Atmosphere

Introduction

Nitrogen is harmful for most kinds of steel. During steelmaking process
covering steel bath with molten slag is frequently used to restrain the nitrogen
pick-up of steel. Unfortunately it is impossible to completely avoid nitrogen
pick-up because nitrogen will penetrate through the slag layer. So far only few
of basic research concerning this utilized technology has been published. Hence
it is quite difficult to optimize this technology.

The nitrogen transferring from atmosphere to steel through molten slag
is such a process composed of two sub-processes in series. One is nitrogen
pick-up of molten slag from atmsphere and another is nitrogen pick-up of
steel bath from molten slag. For simplification it is better to analyse the
two sub-processes separatively in advance. This paper is devoted to the ni-

trogen pick-up of molten slag from atmosphere.

+ In collaboration with Jiang Guochang Lin Tianyin. Reprinted from NEUTISUT-HUT
Symp. on Process Metallurgy P.R. China May 23-25 1990. pp.119-125
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1 The Experiment Installation and Method

The experiment installation is shown in Fig. 1. In every small graphite cru-
cible there were 6 g pre-melted slag which was made of pure chemical materi-
als. After the furnace was sealed the crucibles were heated under Ar. When the
given temperature was reached a pre-deoxidized and dried CO-N, mixture was
used composition of which is X, = 0.4 Xy = 0.6. Then the experiment star-
ted and for every one hour one crucible was taken out from furnace. The nitro-
gen content in slag was measured by means of Kjeldahl method. Therefore in
this paper only N°® s involved.

10
— g

Temperature controller

Graphite heater

Bottom sealing device

Thermocouple

Gas outlet

Crucible for protection

Small crucible

Top sealing device

. Gas inlet
M

. Orifice for observation

© © N O U~ WwDN PP

W
[}
=
o

Fig.1 The experimental installation

2 Experimental Results

2.1 The Influence of Gas Flow

For acquiring the influence of gas flow rate just along slag surface an ex-
periment involving 40% CaO-20% Al,O,-40% SO, slag and various gas flow
was carried out.

Fig. 2 shows that the nitrogen pick-up rate under 1 550°C is a constant even the
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0.3r X
04 cmr/s
®3cm’/s
0.2
2 .
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<
0.1+
o
0 1 2 3

#(hr)

Fig.2 The influence of gas flow on nitrogen
pick-up of slag 40% Ca0-40%
S0,-20%Al,0,

4-8 cm®/s. Of course

gas flow is changed from 4 cm®/s to 8

cm®/s.

d A%N

a !

Toshio Shimmo ef al . * ran a
similar experiment with50 % CaO -
50%AIl,0,. The pure nitrogen gas
flow was varied in 4-33 cm®/s. They
claimed to find an influence of gas
flow on nitrogen pick-up of slag even

the gas flow is limited in the range of

this is a completely contradict result. This may be

caused by that the experiment conditions are different. Among several factors

perhaps the most significant one is that the nozzle for nitrogen blow was fastened

above the slag surface only 40 mm by them. In that case the variation of gas

flow might cause different stirring in molten slag not only the gas flow rate a-

long slag surface was changed.
2.2 The Influence of Tempera-

ture
Under 1 500 1 550 1 600C

the variation of nitrogen content of the
slag versus time is a line as shown in
Fig. 3. Fig. 4 indicates the relation of
rate constant Kk of nitrogen pick-up
against temperature. According to this
way the active energy is 180 kJ/mol.
This value is almost equal to that of
Shimmo et al. In fact this value lo-
cates in the diffusion active energy

range of slag components ° .

°
03F @ 1600C
e 1550°C
°
o 1500C
021
z
=
Z .
)
0.1F
0 1 2 3

#(hr)
Fig.3 The influence of Temperature on
nitrogen pick-up of slag 40%
Ca0-40% S O,-20% Al, O,



1600 1550 1500(°C)
-0.8 0.3} © 50%Ca0-40%Si0,-10%AL0;
® 40%Ca0-40%Si0; -20%A1L04
N ® 30%Ca0 -50%8i0,-20%A1,0;
1.0
x z
Y . X
1
-1.21 .
-1.4 L . . s
5.2 5.4 5.6 5.8
1TX 10%1/K) t(hr)
Fig.4 The influence of temperature on rate Fig.5 The influence of slag composition
constant of nitrogen pick-up of slag on its nitrogen pick-up

2.3 The Influence of Slag Composition

Fig. 5 is the variation of nitrogen content of slag with different composition
under 1550°C. It is clear that nitrogen pick-up ratio is a constant in every case.
The influence of variation of slag composition comes from two aspects. One is the
change of slag viscosity. Fig. 6 indicates that the viscosity under 1 800C of the
three slags shown in Fig. 5 gets a linear relation-ship with the corresponding nitro-
gen pick-up rate. On the other hand however the nitrogen capacity does not

concern the corresponding nitrogen pick-up rate reasonably.

03r o0 620cm?
0.10} ® 254 cm?
L \ 0.2 °
S0.05F % .
= 0.1}
0 0.01 0.03 0.05 0 1 2 3
N(Pas) #(hr)

Fig. 7 The influence of interface area on
nitrogen pick-up of slag 40% CaO-
40% S 0,-20% Al, O,

Fig.6 The influence of slag viscosity
on rate constant of nitrogen
pick-up of slag
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2.4 The Influence of Interface Area

Under 15507 if the slag amount is kept unchangeable the variation of ni-
trogen content in slag caused by the changing of gas-slag interfacial area is
shown in Fig. 7. It is noticed that the increase of nitrogen pick-up rate is not in
proportion to that of interfacial area. Shimmo et al. studied the same influence
under 1 550°C with 40% Ca0-40% S O,-20% Al, O, and got a nonlinear relation

1
too " .

3 Discussion

It was pointed out by the authors that the desolving reaction of nitrogen

from atomosphere in molten slag is
1/2N, +3/2 O, = N, +3/40, 2

Here O, N, denote bridging oxygen and nitrogen respectively.

Shimmo et al. claimed that the rate limiting step is the interface reaction.
As well known to judge whether the interface reaction is a rate limiting step
the best way is to measure the variation of reaction rate following the variation of
interface area. As aforementioned our result and the result of Shimmo et al.
both indicate the variations are not in proportion. So the interface reaction can
not be the rate limiting step.

According to our results the rate limiting step is mass transfer inside slag.
This is because

1 The active energy of nitrogen pick-up falls on the diffusion active ener-
gy level of slag component.
2 The rate is strongly influenced by slag viscosity.

Shimmo et al. ran an experiment about the influence of mechanical stirring
on nitrogen pick-up rate and found there was an obvious effect. Notwithstand-
ing this experiment was run under a gas flow of 33 cm/s. As the matter of
fact in this case the molten slag got a sufficient agitation even there was no any
mechanical stirring.

If the rate is limited by mass transfer inside the molten slag then
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d A%N
dt

=k %N °

%N

3

Owing to the fact that interface reaction is not the rate limiting step

%N " the nitrogen content of slag
along interface can be considered as a con-
stant. Therefore the relation in Fig. 8 is
acquired. And Fig. 1-7 are all the the ini-
tial periods of Fig. 8 under different condi-
tions.

Adopting Eq. 3 and k' = A/V K
it is possible to calculate the nitrogen mass
transfer coefficient. In this calculation

%N can be acquired by means of the

following equation ° .

e

jv)

K]

lg %N =- 11.51

NE

gv)

Z

A(%N)

_ _oavy ]

#(hr)

Fig.8 The relationship of nitrogen
content in slag versus

lgA -

reaction time

22135
T

- 214

Here A denotes the optical basicity. The calculation results for this experiment

is shown as follows

Slag CaO Si0, | ALO;, CaO Si0, | ALO;, CaO Si0, | AL O,
Coposition 50 40 10 40 40 20 30 50 20
TK 2823 1773 | 1823 | 1873 1823
-5
k> 10 3.19 1.81 1.97 2.27 0.78
cm/’s

4 Conclusion

The nitrogen pick-up process of molten slag from atmosphere of 40% CO +

60% N, is limited by mass transfer in slag. The active energy is 180 kJ/mol.

The mass transfer coefficient is 0.78 - 3

.19

x 10°° cm/s.
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A Discussion on Basicity of
Ca0-Si0, & Ca0-Al, O, Binary
Systems Based on Bonding Structure

Abstract A modification of optical basicity based on bonding structure

is developed in this paper. The bonding basicity is defined as

B = B;X;
Here X denotes the mol-fraction of oxygen anion in bond i—O—j . B; de-
notes its basicity characteristics.

A thermodynamic model is developed to calculate X;; in the whole liquid
region. Some XPS and Raman-Spectroscopy results agree with this calculation
very well.

In the liquid region B, X is just the activity of that bond. Some linear reg-
ularities between them were deduced theoretically. And the agreements with the
data published in literatures all are good.

A discussion on desulphurization in CaO-SiO, is performed pursuanting to
bonding basicity. The sulphur in slag behaves in two states ~ Si—S—Ca and

Ca—S—Ca . An equilibrium relation between them is shown to be decided
by basicity. This can be used to explain the variation of vy, versus basicity.

The equilibrium constant of dissolving reaction of H,O in CaO—SiO, is
calculated based on bonding basicity.

A linear regularity between B,,X,, > and the reported capacity of N* is
found. Here 22 is used to denote Al—O—AIl . This regularity proved that
the N°" dissolving in CaO-Al, Oy is just the one inside the bond Al—N—AI .

+ In collaboration with Jiang Guochang. Reprinted from Proc. 6th Int. Iron & Steel Congr.
ISIJ Oct. 21-26 1990 Nagoya Japan Vol.1 pp.123-130
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1 The Contribution of Optical Basicity and Its Inadequacy

In pyrometallurgy slag basicity is one of the essential and frequently used
concepts. Since long before however it has been only possible to be calculated
with emperical equations due to a poor knowledge on microstructure of slag.

The optical basicity which is introduced into metallurgy by I. D. Sommer-
ville made a great progress. According to this concept basicity is considered as
the binding up force acting upon oxygen anion in slag and it can be detected by
using of ultraviolet absorption spectrum as well as photoacoustic spectrosco-
py ' . From the view point of slag microstructure the binding up force depends
on that the oxygen anions present in which bond and how much they are. For
example in optical basicity the” ionic bond” Ca—O—Ca and" covalent bond”
Si—O—Si are considered with A¢,, and Ag, . In fact it was proved through
XPS or ESCA NMR Raman spectrum and infrared emission spectrum that
the bond Si—O—Ca exists in CaO-SiO, system yet * .

Besides all of SiO, exist as Sin' only in the region of Ny, <1/3. Where
N, >1/3 more complex Si—O anions in chain or ring are formed through
polymerization. Several kinds of polymer can be found in a slag with a given
composition. The influence of this structure variation was described with* group
optical basicity” introduced by J. A. Duffy * . Certainly the bond energy of
Si—O—Me will be different for different basic cation Me. If Ca Mg Mn Fe
coexist in slag then a Si—O complex anion must have several values of* group
optical basicity” . Therefore the practical utilization of“ group optical basicity”
will not be easy so we prefer to attribute all kinds of complex Si—O anion to
the relative amount of different bonds. As do so the argument of molecular the-
ory ionic theory and which degree of polymerization is avoided and the basic
point is put on some bonds which are doubtless. On the other hand the calcula-
tion is simplified.

Using 11 14 44  to denote Si—O—Si Si—O—Ca Ca—O0—Ca
respectively the* modified optical basicity” or“ bonding basicity” of CaO-SiO,

binary system can be defined as
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B = B,yXy +BuXy +BuXy 1

According to Eq. 1 the calculation of basicity is attributed to the relative a-
mount of different bonds X, and the characteristics of oxygen anion in these
bonds B;. In addition Eg. 1 makes sense that the difference between optical
basicity and bonding basicity is the different element. Optical basicity takes vari-
ous kinds of compound as its element but bonding basicity takes various kinds

of bond or various enviroments of oxygen anion as element.
2 The Characterisitcs B;; of CaO-SiO,

As R. Dron’s opinion * the variation of polymerization degree causes the
bond energy to be changed. For example the bond energy of Si—O—Si in
SiO:5 should be different from that in SO, .. And the same is for Si—O—Ca.
It seems that By, and B,, should vary with the increase of Ny, . On the other
hand the increase of Ly, , and Ly, , in Na,O-SiO, system caused by changing
Ny, from 1 to 0. 33 all are smaller than 1/16 ® . Here L is the length of Si—O
bond. The subnote” »” and“ nb’ denote bridging oxygen and non-bridging ox-
ygen respectively. Thus the variation of bond energy in CaO-SiO, system
caused by changing N, can be neglected. Therefore in liquid region we take
B, =1 B, =0.74 B,, =0.48to follow that in optical basicity.

3 The Calculation of X; in CaO-SiO, System

Under the condition of that the slag is solidified in glass state the values of
X, can be measured with XPS or Raman spectrum 2% Apart from this several

7~10

theoretical models are possiblely used in the calculation X . Here it is a

model based on thermodynamics.

The summary mole amount of oxygen anion in CaO-SiO, system is
No = Ngo +2Ng0 2

Take
Xeo =Neo/N o 3
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Xso, =2n302/n o 4

Xy =ng/ng 5

1

And from the balence of bond amount get
2Xo =2X, + Xy, 6

2Xg0, =2Xy *+ Xy 7

As C.J. B. Fincham et al. pointed out among three bonds inside CaO-SiO, melt

the following reaction existes
11 + 44 =2 14 8

The prior thermodynamic study of this reaction was performed by G. W. Toop
and his colleagues ™ . Nevertheless this model has to be revised. Pursuanting to
C.R. Masson’s opinion * the variation of standard free energy for Eq. 8
should be taken into account and it should be developed to be possiblely used in
high N, region involving ring-shaped Si—O complex anion. Besides in that
model mol fraction was used but not activity. This also should be revised. Con-
sidering that B;X; can be taken as another type of activity as it will be dis-
cussed in following section thus we took.
Bl4xl4 ?
B, X, BuXu

=exp - AG/RT 9

Here AG’ is the variation of the free energy of Eq. 8  the standard state of
which is pure liquid CaO and SiO,. In addition under different slag composi-
tion the same Eq. 8 represents different polymerization reactions. So this AG’
should vary itself to follow the increase of N, .

In a binary system AB the standard free energy of formation of a mole in-
termediate compound A,. B, is

&, = RT(Ina® + InaP 10
A B

Owing to the fact that the variation of polymerization degree is possibly to be con-
sidered as the formation of corresponding intermediate compounds so Eq. 10

can be used to calculated AG’in Eq. 9 . The following items were also taken in-
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to account in calculation.

B were used. And Kappor’s

a The a¢,, and ag, reported by Rein er al.
data ** was used in convertion of standard state.

b In some intermediate compound as CaO SiO, the included 11 bond
does not take part in the reaction 8 . It only give a contribution to the entropy
of formation of that compound because the existence of 14 bond causes it to
be polarized in some degree.

The AG’ which can be used directly in Eq. 9 is given in Fig. 1.

1.0

liquid

T
liquid \ | region
ok region 08F '\ 4.? *\ ¢ Xu
Lol X \ / | - .
G <L i : P
(10cal) ° | U \ 3
is| ‘
0.4
25 i
| 02 \
1/3 172 1/3 ; g .
NSiO, L
0 1/3 2/3
NSiO,
Fig.1 The value of G used Fig.2 The comparison of calculation and
inEq. 9 16007 experiment of X;; in liquid region

1600C of CaO-SiO, system

Raman spectra

Based on Fig. 1 and Eq. 9 X, can be calculated. The result and the mea-
surments through Raman as well as XPS spectrum were shown in Fig. 2. They
coincide with each other pretty well. And it was proved that the calculation de-

veloped in this paper can be successfully used in high N, region.
4 The Bonding Basicity in CaO-Al,O, Binary System
The bonding basicity in CaO-Al,O, system is defined as

B = BpXy + ByXy + BuXy 11

Here 22 24 44 is used to denote the bonds of Al—O—Al Al—
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0—Ca Ca—O—Ca respectively.
When melted CaO and Al,O; are mixed together a reaction as follows is

suggested

2 + 4 =224 12

In spite of that complexing bond exists in a melt containing Al,O, it does not
take part in reaction 12 . Consequently as the first step complexing bond

need not to be accounted in the calculation X;. In this case get

BuXu
ByXy  BuXa

13

- el 59)
Because the calculation of X; in CaO-SiO, indicated it could be simplified the
G° of Eq. 13 s taken as the free energy of formation of 3Ca0O-Al,O, using
pure liquid CaO and Al,O, as standard.

In molten CaO-Al,O, one Al** ion gets one complex bond. For this com-
plex bond the oxygen anion in 24 acts as a donor. Once a time the comple-
xing bond forms no difference can be found between it and the corresponding
covalent bond. Therefore two complex bond O—AIl can be considered as

one 22 . The mole fraction of complex bond is X = 2/3X, . Thus

1
Xy + EXCP
Xp = ——"— 14
1+ EXCP
X 1
X = ——7 15
1+ ?XCP
X !
X, = “1“ 16
1+ 5%

Here X, , X, X, X, were defined either similar to Eq. 4 or to Eq.
5 . The calculation result of Eq. 14 — 16 was shown in Fig.3. B,, B,

B,, was evaluated pursuanting to Table 1 as
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B, =0.67 B, =0.82

Table 1 The basicity characteristics of bonds in Ca0-Al, O,

combining energy of 1st

basicity characteristics based

optical basicity

bond of oxygen atom e.v. * | on combining energy of O given i; Ref.@
Ca—0—Ca 528.53 1.0 10 1.0 10
Al—0O—Ca 529. 80 0.82 0.85
Si—O0—Ca 530. 61 0.72 0.74
Al—O—Al 531.00 0.67 0.61 0.68 0.70
Si—O0—Si 532.38 0.48 0.48 0.47 0.48

Note * The data was taken from J. of JIM 1984 48 12

1152-1158

—2rd Int. Symp. on Met. Slags & Fluxes 1984 1015-1026
0—1J. of JIM 1986 50 5 456-461
©®—]J. Non. Cryst. Solids 1976 21 373-410

5 Discussion

1179-1186 and J. of JIM 1987 51 12

5.1 The relation between bonding basicity and component activity

inside liquid region

Just as optical basicity

the bonding basicity is a measure of binding up

force acting upon oxygen anion. In other words bonding basicity is another ex-

pression of oxygen activity in slag. So there should be some coverting relations

among B; X and a,, as well as ag, -

Certainly in liquid region of CaO-SiO, a,, uniquely concerns bond 14 .

On account of that the binding up force acting on oxygen O,, caused by Si*" is

much stronger than that caused by Ca* " thus

1
Cao

Guo = G +RTIna” = G +RTIn B,X,, 17



il 1o 055 045 " o34
Xjj "X
%
e o ~
& ' é 2.5
£ ) O
5’7 [ Xy ~ %}
|2 < ¥
S 0.2 Xy 1.5
£ ~— .
fsp; 0.2 0.3 0.4 0.5 NALO; 0.2 0.3 0.4 0.5 “g(pa X 1)
=
i Fig.3 The calculated value of X, in Fig.4 The bonding basicity relationship of
éi liquid region 1600C of CaO- By, Xy, and ac, in liquid region
& Al O, system 1600C of CaO-SiO, system

Here ECaO is the partial mole free energy of CaO G is the free energy in stand-

ard state. According to Eq. 17  get
aslaco =19 ByX, + AG(; 18

Fig. 4 is the evidence indicating that Eq. 18 is correct.

It is suggested that o, uniquely concerns B, X;; . However the data pf
0, 18 given in pure solid SiO, standard and the standard of B, X,, is solid
CaO. Obviously they have to be converted to use 2CaO- SiO, as their standard.

In this cases ago, and  B;;X;;  were used. Pursuanting to R. H. Rein s

atgo, = 0. 084ag,, 19

On the other hand it was supposed that

Bll
B, =-—=0.65 20
Bl4
Taking 55102 to express the partial mole free energy of SiO, from
Gyo, = G +RTIna""
’ SO,
=G, + RTIn B,X, * 21

got



0

legaso: =1g By Xy, +AG,
22

Fig. 5 is the evidence showing that

Eq. 22 is correct.
Fig. 6 & Fig. 7 are the similar re-

lationships in CaO- Al,O, binary sys-

tem.

~lga'sio,)

o

wn

T
L]

0.4 0.6 0.8 1.0
—lg(B'1 X))

Fig.5 The relationship of bonding
basicity B,; X;; and activity
ago, in liquid region 1 600TC

of Ca0O-SiO, system
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region of CaO-Al,O, Ca0-AlL,0, system 1600C

system 16007C

Through the analysis in this section the following can be concluded that the

characteristics B is another type of activity coefficient.

5.2 A discussion about desulphurization with Ca0-Si0, system based

on bonding basicity

As the general accepted point of view the species taking part in desulphuri-
zation is O*" or we say the bond 44 . In liquid region however X,, ap-
proaches to zero. F. D. Richardsop pointed out that the bond 44 taking part in
desulphurization comes from the dissolution of bond 14 * . This means in
summerized reaction it is bond 14 which takes part in desulphurization. In
spite of this a non-linear relation was found between B;,X;, and C;. One can
realise its reason through an analysis of y .

Doubtlessly the stability of CaS is weaker than that of CaO and the same
is between SiS, and SiO,. Based on this the AG’ of CaS-SiS, binary system
seems less minus than that in Eq. 9 . Then we can estimate that Si—S—Ca
and Ca—S—Ca possibly coexist in a widthened secop. On account of that the

average electrominus of Ca—S—Ca is 1. 36 and that of Si—S—Ca is 1.
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65 Ca—S—Ca is more active than Ca—S—Si . To explain the increase
of ycsresulted from the increase of basicity it is supposed that the products of
desulphurization may be two  Si—S—Ca and Ca—S—Ca . In addition
the higher the basicity the more the bond Ca—S—=Ca .

If we keep the interfacial electrolytical reaction is still
Ca—0—Ca +S=0+ Ca—S—Ca 23
then the summerized reaction of desulphurization may be two
2 Ca—0—-Ca +S=0+ S—0—S + Ca—S—Ca 24
S—0—Ca +S=0+ Ca—S—Ca 25
Concerning them the sulphur capacity should be
Coz' = Xecasa ™ olag = Ko BuXes 26
BuXu * ¥ caesca
B X,

Ban * Y s—s—ca

27

1 — -—
Cszs =X S—s—ca * ao/as - K25

As aforementioned B in bonding basicity is another type of activity coeffi-
cient. Thus v ¢, s . /¥ sis—c. 18 a function of B s . /B 5 ¢, and it

approaches to a constant. From

X K,,-
Ca—Ss—Ca _ ™4 Y s—sca B, X., 28

X S—S—Ca K25' Y ca—s—ca
it is clear that the higher the basicity the greater the X ,_¢ ¢, -

5.3 The equilibrium constant of dissolving reaction of H,O in slag
Ca0-Si0,

The dissolvability of H,O in CaO-SiO, reported by T. Fuwa *° was widely

accepted. And the dissolving reaction was considered as following **  if Ngo, >
0.5

S—0—S +H,0, =2 S—O—H 29
if Ngo, <0.5
2 §S—0—Ca +H,0, =2 S—O—H + Ca—O—Ca 30
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The equilibrium constant of Eq. 29 and 30 can be calculated based on

the reported dissolvability and bonding basicity.

The calculated constants are shown in Table 2. This is an evidence to prove

the reported investigation is correct.

Table 2 The equilibrium constant of the dissolving of

water vapour in Ca0-Si0O, binary system

Nsio, 0.61 0.55 0.50 0. 46 0.44
H,0 ppm 407 391 375 422 465
X s_o_n 0.1017 0.0977 0.0937 0.1055 0.1163
B Xy 0.245 0.21 0.18 0.14 0. 106
BuXi, 0.36 0.41 0.47 0.53 0.58
Ky 0.11 0.12 0.13
Ky 0. 105X, 0.104X,, 0. 106X,
Note Temperature 1 600C
Ph,0 = 289 Torr
XZS—O—H
o " P BuXa .
Ky = XZS—O—H BaiXus 30

Puo BuXy ?

5.4 A discussion about the dissolve of N°* in Ca0-Al,O, system based

on bonding basicity

The dissolving reaction of N°" in slag was suggested V' as

1 3 . 3- 3
N, +=> O = N° +-0 33
2 2 2 472
. . 3- B
In contrast to this the measured capacity of C was found being dropped
to follow with the incresase of slag basicity. In fact the saturation of AIN was

detected in slag containing Al,O, if the partial



pressure Py is high enough . As well known nitrogen in AIN exists in Al—

N—AI bond thus the following dissolving reaction may be supposed.

S0 +3N= N +20 34
N, denotes the nitrogen in AI—N—AIl. And correspondingly the nitrogen

capacity is

oo

P 3/2
B,,X
C’ = %N* =K, 22— 35

N P YN

Ke)

Z

As it was pointed out by K. Tto et al. *' v, in CaO-Al,O, is constant so C 3N
should be in proportion to B,,X,, *?. Fig.8 was used to show the relationship
between the measured Ci by K. Schwertfeger et al. ** and the concerned B,,
X,, ¥?. The line indicates that Eq. 34 is correct. Certainly this line does not
pass through the original point of coordinated axes. This is because between B,,

X,, and ape =y %N there must have a constant as eg. 18 or 22 .

NALO,
03 036 045
221
CN*
1.8}
14}
1.0t
0.6 L L
0.1 02
(1322)(22)32

Fig.8 The relationship of
bonding basicity B, X,,
and measured nitrogen ca-
pacity C3N 1600C
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6 Conclusion

A modification of optical basicity based on bonding structure is suggested in
this paper.

A thermodynamic model developed as a revised and widthened model of G.
W. Toop et al. is used to calculate X;. In liquid region the characteristics B, are
evaluated as optical basicity. The bonding basicity in CaO-SiO, CaO-Al,O, is

defined as

B

BuXy + BuXy + BuXy,
B =ByXy + ByXy + ByuXy

Obviously various bond or various enviroments oxygen anion are used as el-
ement.
The property and utilization of bonding basicity are discussed in this paper.
1 In liquid region B,,X;, only represents the activity of CaO. A rea-
sonable converting relation between them is deduced. And the same is found be-
tween B, X;; and ag, - Here the standard of ago and By X, all are 2CaO-
SiO,. So B,; B,, are the other types of activity coefficients and the bonding
basicity is just the activity of that bond. The similar relationships were displayed
in Ca0O-Al,O, system.
2 Comparing with optical basicity a discussion about desulphurization in
Ca0-Si0, is performed based on bonding basicity. It is considered that bond
44  directly takes part in the interfacial reaction even it approaches to zero in
liquid region. The sulphur in slag however behaves in two states  Si—S—
Ca and Ca—S—Ca . An equilibrium relation between them is suggested to
be decided by basicity. This can be used to explain the variation of 7y .
3 The equilibrium constant of dissolving reaction of H,O in CaO-SiO, is
calculated based on bonding basicity.

3/

4 A linear regularity between B,,X,, *” and the measured capacity Cy--

indicates that the N** dissolving in CaO-Al, O, slag is that inside the bond Al—
N—AL.
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A Laboratory Investigation on the
Reduction of Carbon Bearing
Mn-Ore Lump in Solid State

Abstract An investigation on the reduction of carbon bearing Mn-Ore
lump in solid state was carried out with a variety of research methods. The re-
sults indicated the process can be divided into stages. The main feature in differ-
ent stages is discussed in this paper. On the other hand the reduction is thought
to be composed of three sub-processes. The oxide transformation from higher
valence to lower valence progresses pursuant to unreacted core model. The metal
separation shows a characteristics of typical homogeneous reaction model. The
slag phase formation is detected as the observed grape-like sphere. In some ca-
ses these three sub-processes are found to be co-existed in the same sample. The
reduction mechanism is also discussed. Essentially the reduction is a gas-solid
reaction in which CO acts as an intermediate agent. The reduction rate in preg-
nant period is found to be limited by CO and CO, transfer inside the lump. For
the fast reaction period it is limited by Boudouard reaction as well as CO and CO,

transfer inside the lump.

1 Introduction

The prereduction in solid state is a significant procedure for producing fer-
ro-alloy through smelting reduction in a converter. It is considered that the oper-

ation of final reduction can be facilitated a lot by adopting prereduction. On the

+ In collaboration with Jiang Guochang Xu Jianlun. Reprinted from Proc. 6th Int. Iron &
Steel Congr. ISIJ Oct. 21-26 1990 Nagoya Japan Vol.1 pp.240-247
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other hand to modify the structure of mineralogic phases with prereduction is an
important way to accelerate the final reduction process *~* . In addition to this
the successful application of metallized iron pellets in BF process * is a convin-
cible evidence to show that the prereduction for melting HC-FeMn in BF or Mn-
Si alloy in SAF will cause an obvious improvement in production indices.

For developing prereduction technology this investigation was performed
through an in line measurement of reduction ratio with an off-gas absorption sys-
tem. After reduction the mineralogic species in the samples were identified by
means of a new developed chemical way and X-ray diffraction. The reduced
samples were also analyzed with EPMA and optical microscope. The experiment
scheme is shown in Table 1. The main composition of used ore is 21.22% T.
Fe 33.57% T.Mn 14.12% SiO,. The useful mineralogic phases are MnO,
and Fe,O,.

Table 1 Experiment Scheme

Run Proportion inside lump Reduction Reaction time

ore lime carbon temperature ‘C min
1 100 20 10 90
2 100 20 20 90
3 100 20 20" 90
4 100 20 . 90
5 100 20 10 1000 60
6 100 20 20 60
7 100 20 10 30
8 100 20 20 30
11 100 20 10 30
12 100 20 20 90
13 100 20 20° 1100 90
14 100 20 o 90
15 100 20 10 60

cont d



Run Proportion inside lump Reduction Reaction time

ore lime carbon temperature C min
16 100 20 20 60
17 100 20 10 30
18 100 20 20 30
21 100 20 10 90
22 100 20 20 90
23 100 20 20" 1200 90
24 100 20 . 90
25 100 20 10 60
26 100 20 20 60
27 100 20 10 30
28 100 20 20 30

Notes = fine particle

# * no carbon addition inside lump but to be covered with carbon particles

2 The Stepwise Characteristics of Reaction and the Function of

Fe in Facilitating MnO Reduction

As shown in Table 1 there are two groups. Run1-4 and 11 12 14 make

up a category of weaker reduction cases. And the others are of stronger reduc-

tion cases. The in line measured curves of reduction ratio under various condi-

tions are shown in Fig. 1. Obviously the whole process in weaker reduction ca-

ses can be divided into 3 steps

namely pregnant period fast reaction period

and final period. Comparatively the pregnant period in stronger reduction cases

is not so clear only two periods are considered.

The characteristics and the corresponding evidences of reduction in various

periods are shown in Table 2.



Run 23
-
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‘ | Run 3 i
&
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g 1
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: £40t Sa0k
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®lz
g L L
&
i 0 30 90 0 30 90 0 30 90
E
é; Fig.1 The in line measured reduction ratio curves
e
E] Table 2 The feature of reduction in various periods and its evidences
reduction . . .
. period reduction features evidences
condition
1 an unstable heat transfer | 1. ngo/ne, too low  see Fig. 9
process under a' temperature | 2 - for MnO,—Mn,O, completley R
lower than the given one =17% for Fe,0.—FeO com-
pregnant | o MnO,—Mn, 0, incomplete " .
) pletely R = 10.6% for ending
3. Fe,0, — Fe;0, — FeO in- pregnant period the measured R
complete is about 10%
1. Mn,0;—Mn;O0,—MnO in- | 1. for Fe separation completley R =
0 -
weaker complete . 32% for MnO,-MnO completely
. 2. Fe;0, —FeO —Fe incom- R = 34% at the end of this peri-
fast reaction
plete od R = 45% - 50%
2. metallic Fe was detected
3. Fig.2
1. Mn,0,—MnO 1. the final R = 66%
. 2. FeO—Fe 2. Fig.2
final . .
3. iron based metallic phase Table
3
all reactions happening in wea- | 1. at the end R = 60% - 65%
. ker reduction to be viewed the | 2. Fig.2
fast reaction .. . . .
progression in various parts dif- | 3. Fig. 4
fers from each other a lot
stronger - — -
1. main reaction is MnO—Mn | 1. Fig.2
final 2. no carbide formation 2. Table 3
1
3. iron based metal 3. Fig.8
4. slag phase emerges
Note R—reduction ratio
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In this investigation a phenomenon shown in Fig. 2 that the content of
MnO in lumps tends to decrease but the metallizing ratio is increased more even
if the temperature is only higher than 1 100°C was found. This is resulted from
that much iron is contained in the used manganese ore. Fig. 3 displays the so
called element shift phenomenon in micro region during reduction process.
Namely iron separates in advance and this in turn causes the increase of % Mnin
the adjacent residual oxide phase. Then the content of Mn in separated metallic
phase gradually goes up. In fact as indicated by EPMA Table 3 the separa-
ted metallic phase in the sample reduced in stronger cases for 90 min is still iron
based. Hence from the begining to the end the activity of manganese in separa-
ted metallic phase is always quite low. This consequently causes a lower starting
temperature of reaction in this experiment and this is exactly the way of Fe co-

existing in ore to promote the reduction of MnO.

40

MnO
LY
- —=-Mu —
B T i
V,/ /-O
/ 711 ot §

X
)
|

¢, min
Fig.2 The chemical way analized
% MnO inside lump and
metallizing degree

reduction ore: carbon ol \ e AR
temperature inside lump

1000C : 100: 10 Fig.3 The element shift phenomenon in
1100C - 100: 10 micro region during reduction

1100C X 100: 20

detection of EPMA
1200C v 100: 20
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Table 3 The EPMA point measurement result of metallic phase

Run 22 28 3 23
% Fe average 73.08 97.11 97. 43 85. 66
%Mn average 20.73 0.98 0.52 11.55
%C 0.91-1.03 0.67-0. 86 0.57-1.32 1.37-2.35

3 The Three Subprocesses

The whole reduction process was revealed as composed of three sub-proces-

ses the transformation of oxide from higher valency to lower valency the sepa-

ration of metal and the forma-
Run 2
tion of slag phase. Fig. 4 indi- !
cates that Mn,O, Mn,0,

MnO and Fe coexist in the

sample of Run 2. In that of
Run 22 however not only

the formed slag phase but also

some residual oxide with 10 20 40 60 80
higher valence can be viewed. Fig.4 The X-ray diffraction results of Run 2 and 22
This phenomenon points out that these three sub-processes develop simultaneous-
ly in the whole sample meanwhile in view of a micro region they happen one

by one.

3.1 The characteristics of transformation of manganese oxide from
higher valency to lower valency

Fig. 5 is the typical feature of the process Mn,O,—Mn,0O, under optical mi-
croscope. And Fig. 6. is that of the process Mn;O,—MnO. For check up EP-
MA was used also to make point measurement on the particle shown in Fig. 6. It
was found that the proportion of % Mn in the core and in its periphery is about O.
91. This is just the theoretical proportion of %Mnin Mn,O, as well as in MnO.

Hence we claim that the transformation of manganese oxide progresses pursuan-

810)



ting to the unreacted core model.

Fig.5 The characteristics of MnO,—Mn;0, Fig.6 The characteristics of Mn;O,—MnO
1000C 30 min optical microsco- 1000C 30 min optical micros-

py polarized light obeying unreact-

ed core model black or dark-brown

copy polarized light obeying un-

reacted core model red-brown —
—MnO, and Mn,0O, red-brown — Mn,O, green — MnO

Mn;0,
3.2 The separation of metallic phase

Initially most of the separated metallic particles are of irregular shaped.
And they spread out inside smaller oxide particles or around some bigger oxide
particles or near its internal cracks. For a prolonged reaction time or for a stron-
ger reduction condition such a phenomenon that much but not big separated me-
tallic particles scatter inside larger oxide particles was revealed as Fig. 7. Cen-
tainly this is the feature of a homogeneous reaction. In the strongest reduction
case the agglomeration of separated metal was discovered. It is even able to en-

circle the residual oxide as shown in Fig. 8.

Fig. 7 A phenomenon showing homoge- Fig. 8 The agglomeration of metallic
neous reaction model during met- phase and the formation of slag
al separation phase optical microscopy
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3.3 The formation of slag phase

In Fig. 8 the green residual oxide is clearly of grapelike. Pursuanting to EP-
MA it is unreduced MnO. And among the grapelike sphere there is the formed

slag phase — a silicate.

4  Whether it is a Solid-Solid Reaction or a Gassolid Reaction

According to this experiment the reduction of carbon bearing manganese ore
lump is considered to be a gas-solid reaction. This claim can be elucidated based
on the following phenomena.

1 As Fig. 1 the reduction ratio of Run 4 is only slightly smaller than that
of Run 1. And it is the same for the comparison between Run 14 and 11. Con-
trarily the reduction ratio of Run 24 is larger than that of Run 21. In fact there
were no carbon addition inside the lump of Run 4 14 24. If the progression of
reduction depended upon the diffussion of carbon in solid state the reduction ra-
tio of Run4 14 24 should be quite low because the diffussion distance in these
cases is quite long.

2 In weaker reduction cases the transformation of oxide valency progres-
ses during pregnant period and the preceding stage of fast reaction period. It is
well known that from MnO, to Mn,O, there are a volume expansion of 5%
from Mn,O; to Mn,0O, a volume shrinkage of 2.3% comes about and finally
from Mn,O, to MnO another volume shrinkage of 11.7% emerges ° . So this
transformation has to be accompanied by a dramatical increase of internal porosi-
ty and which in turn result in the facilitation of gas transfer inside the oxide
phase. If the reduction depended on carbon diffussion in solid state the increase
of internal porosity should obstruct the reaction.

3 Fig. 5-7 are naturally the evidences claiming that the reduction de-
pends upop the action of CO. Furthermore the reason of that the reduction to be
converted from unreacted core model to a homogeneous reaction model can be

considered as the increase of internal porosity.
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5 The Rate Limiting Ring

5.1 The rate limiting ring of pregnant period

In pregnant period the rate limiting ring is related to two features of reduc-
tion process. One of them as aforementioned is a poor porosity inside the oxide
phase. And the second is that the real reduction condition is even weaker than
the given one.

C. Bryk et al. reported a paper which concerned the temperature measure-
ment at the center of a carbon bearing iron pellet during its reduction. They indi-
cated that if the temperature of furnace was given as 1 000-1 100°C for raising
the temperature at the center of a pellet with diameter of 19-32 mm up to 900-1
000°C 10-16 min was needed ® . Thus in this experiment the reduction during
pregnant period is such a one progressing under an unstable heat transfer condi-
tion. In such a case the reduction itself is whether a rate limiting ring or one of
the rings A further judgement is needed for this problem.

It is well known that the following equation is useful for the judgement of

rate limiting ring if the reaction progresses along unreacted core model ' .
t/itt = 1-R"™ +Q@ 1+21-R -31-R? 1

Here R denotes reduction ratio ¢ denotes reaction time ¢, is the time needed to
raise R to 100% . Q?is the criterion for judgement. If Q° < 1 the limiting ring
is the transfer of gas through porous solid product layer. As the above discus-
sion the process during pregnant period does obey unreacted core model. And
the resistance for transfer of gas inside lump is similar to that in solid product
layer. These two points make us possible to utilize Eq. 1 safely in judge-
ment.

Using R, to denote the reduction ratio at the end of pregnant period and ¢, to
denote the lasting time of pregnant period we have t, = 100t, /R;. Taking Run 1
as an example to calculate Q got it was about 25. Therefore the reduction dur-

ing pregnant period is controlled by the gas transfer inside lump.
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5.2 The rate limiting ring of fast reaction period

The relationship of n.,/ne, —the proportion of accumulated mol amount of

CO and CO, in off-gas versus reaction time is displayed in Fig. 9. During the
fast reaction period of Run 3 and 23 the relationship is linear. Hence the relative
releasing amount of CO is linearily increasing. Comparatively the curve slope
of Run 3 is much smaller than that of Run 23. This indicated that these two ex-
periments went forward under different P,/ P, the proportion of partial pres-
sure of CO and CO,. Since the proportion of Run 3 is smaller its reduction rati-
o is lower. The unique difference of the experiments in reduction condition is
only that Run 23 got a higher temperature of 200°C. Thus in thermodynamics
and kinetics the difference of P,/ P, is related with the difference of tempera-
ture. And P,/ P, is possibly to be considered as the characteristics of reduc-

tion process.

80 320
Run 4 Run 24

§ T 240 3
S ; g 2
S 40 S 160
O O 21
= =

2 80

1

\ 0 , .

Fig.9 The proportion of accumulated mol amount of CO and CO, in off-gas

It is very difficult to measure directly P,/ P, inside lump but it is
possible to discuss the feature of P,/ P, based on Fig. 9. According to Table
2 the reaction in the period the value of P.,/P, Or ney/ne, in which varies

linearly is
Mn Fe O, + CO=MnO + Fe + CO, 2

Pursuant to the variation of free energy in every steps of maganese transforma-

tion from higher valency to lower valency the equilibrated P,/ P, under 1 000
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—12 000C is lower than 10"*. And under the same temperature that of FeO indi-
rect reduction and Boudouard reaction is 2. 0—2. 6 and infinitive large respective-
ly. Because in magnitude the P,/ P, of Run 3 and 23 is only possibly to be
compared with that of FeO indirect reduction the later one can not be the rate
limiting ring. The transformations of oxide valency which can not approach to
their equilibrium seem to be limited by the resistance of gas transfer inside
lump. On the other hand however with that resistance as an unique reason can
not explain the difference of reduction rate between Run 3 and 23. Boudouard
reaction seems to be the another factor limiting the rate.

The same conclusion can be deduced through the comparison of Run 1 and
21 or Run 2 and 22 or Run 4 and 24.

Based on the above elucidation it is also possible to understand the compari-
son among Run1 2 3. They were all reduced under 1 200°C. The only differ-
ence is the average transfer distance of gas inside lump. The average distance of
Run 1 is longer than that of Run 2. Because in spite of that the carbon particle
with the same size was used in both cases the carbon addition of Run 1 was
less. The average distance of Run 3 is shorter than that of Run 2. Because nev-
ertheless the same carbon addition was used in both cases the carbon particle
used in Run 3 was smaller. This is the reason to elucidate why the P,/ P, or
Nco/Neo, Of Run 1 is the samllest that of Run 3 is the largest. This is also the
way to understand why the reduction ration of Run 1 is the lowest that of Run 3
is the highest. Certainly this discussion confirms the role of gas transfer inside
lump again.

The same conclusion can be deduced through the comparison among either
Run 11 12 13 or Run21 22 23.

Surprisingly nevertheless the reduction ratio of Run 4 is lower than that of
Run 1 its Peo/Peo, Of neo/neo, is even higher than that of Run 3. It should be
noticed that there were no carbon addition inside the lump of Run 4. It was re-
duced under the cover of carbon particles. Surely the average transfer distance
of Run 4 is much longer than that of Run 1. This should cause a much smaller
Po/ P, for Run 4. The carbon amount used in Run 4 however is much more
than that in Run 1. This makes a better probability for CO, to react with carbon

so more CO emerges from Boudouard reaction. Correponding to this in Fig. 9
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Run 4 gets a curve even over that of Run 3. Doubtlessly in the case of Run 4
CO should form outside the lump. Only little of this CO can penetrate into the
lump due to the flow of carrier gas. Hence the n.,/nq, of Run 4 is impossible
to be considered as the reduction potential inside the lump.

The same analysis can be made for Run 14 and 11. Notwithstanding if the
temperature is high enough then much more CO emerging outside can penetrate
into the lump. This is brought about by two factors. One of them is the in-
creased gas diffusion coefficient under a higher temperature. The another is a
larger porosity caused by a quick volume variation of oxide during reduction un-
der a higher temperature. Through this way it is possible to understand why the
Po/Pco, and in turn the reduction ratio of Run 24 may be higher than that of
Run 21.

For check up Eq. 1 was used again. Here R denotes the carbon con-
sumption. And the oxidation of carbon particle was thought to be a process obe-
ying unreacted core model due to the high temperature and the fine particle.
Considering that in the case of more carbon addition the mol amount of oxygen
and carbon is almost equal to each other in this experiment and the offgas main-
ly is CO during fast reaction period so it is reasonably to take the measured re-
duction ratio as the consumption ratio of carbon. Take Run 22 as example the
calculated Q?is about 3. This result is in good agreement with the above discus-

sion.

6 The Conclusion Remarks

It is indicated that the prereduction of carbon bearing manganese ore lump
is composed of three sub-processes. Namely the transformation of oxide from
higher valency to lower valency the separation of metallic phase and the forma-
tion of slag phase. The transformation of oxide was proved to be a process obe-
ying unreacted core model and the separation of metallic phase was thought to be
pursuant to homogeneous reaction model. For a whole sample these three sub-
processes progress simultaneously however in a view point of micro region
they happen one by one.

According to the reduction condition the whole process can be divided into
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2 or 3 periods. The main reactions happening in these periods were discussed
and the final reduction ratio of these periods was given.

The mechanism of prereduction was analysed. It is claimed that CO plays a
role of intermediate reduction agent. The rate in different periods is controlled
by different factors. The rate of pregnant periods is controlled by gas transfer in-
side a lump. During fast reaction period it is limited by Boudouard reaction as

well as gas transfer inside lump.
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820

R=0.24 mn*.
Zr 0.07%
0.15% 1 2 N
) 1072
z—0 %0 g
% Zr = 0.10% A
%O 0.000 2% 3. - Zr
0 102 107! 0
0. 000 5% Zr "
0,
0.03% Zr 3 z—Ca 1600
Zr Ca
1. Zr
61.4% Ca Zr Ca
1 Zr Ca
%0 0 O -0 0
%Oi = #O /09.6 &
- % Oi
Ca 0.0105 0.0070 0.0035 66.6
zr 0.0070 0.0036 0.0027 61.4
S S SHI 4
35r ] 35F 35}
4
28 281+ 28t
21 21 211
14t 14} 14+
7t 7t 7t
0 0 0
02 5102030um 0 123510um 0 123 510um
InZrai NZr)5 1.3 min INZr)56.5 min
4



4 ZrS

Zr
. . Al Zr
Al, O, . zZr zrQO,- ALGO,- SO, Zr
Al, O, Ca
2 Zr Zr
N r N
2 Zr
T % 0.07 0.15 0.25
pm 3.08 2.35 1.87
E. T. Turkdogau
r =0.23N""® % Oi-% Oe **
%Oi  0.0040 ~0.005 0% %0e 0.0005%
r= 0.034 ~0.037 N*'*?®
5
1 . 0.0005%
0.001 0%
2 . 0.0030% ~ 0.004 0%
0.03% Zr
3 3mn Zr O . Al
Al,O, Zr zro,- AlLO;- SO,
1 19
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2 E. T. Turkdogan. . 1973

An Investigation on the Behaviour of
Zr in the Process of Steel Refining

Abstract An investigation of the effects of Zr on deoxidation cleanness
and change of inclusion formation in molten steel was carried out in an induction
furnace. It was demonstrated that in stead of Ca Zr can be used as a final deox-
idizer resulting in the final oxygen content less than 0.0005% . And moreo-
ver the inclusion of AlL,O, type was modified to form a complex inclusion of
710, AlL,O,- SiO, after ZrSi being added.
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Ca0-S0,-Al,0,
0.004% ~0.04% b
70
0.003% 0.002%
2 < 0.004%
3
_ _ 45
. 11 4 380 ~ 388

1990
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1.3 Ca0-Si0,-ALO,

1 69 Al 0.018% 69
X0 =0.4 %, =0.
6 . 1h

Kjeldahl

2.1 Ca0-Si0,-AlLO0,

2 3 4 5
ot fe 328 B A a3
o A SERE 4cm’(STPYs | o1 600°C
- o S{EYiE 8 cm’(STPYs 03F  g1550°C
41500°C
Z . ~
o F Z 02
= S
< [ ] =
[y
L 1
0.1 . 0
0 1 2 3 0 1 2 3
th th
2 3
1600 1550 1500 (°C)
-0.8 T T T
& 50 Ca0-40Si0, - 10ALO;
0.3F ® 40 Ca0-408i0,-20A1,0;
“1ok « 30 Ca0-50Si0,-20A1,0,
X Z 0.2F
ol s
-12+ <
0.1F
) 33 56 58 , ‘ ‘
1 . 0 1 2 3
2X10%1/K ih
4 5
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2 1 550 4 cm®/s 8 cm’/s
40 % Ca0-40% S O,-20% Al,0O,
50% Ca0-50% Al, O, 6
6 mm 40 mm
) 3 1 500
1600 .4
180 kJ/mol. 6
. 5
8 6 .
7
6
° Sp=2.54cm’
< " 1500°C Pl s syesa0em
R 40%Ca0- 40%Si0; -20%AL0;
X \.\‘\ 2 02p a
0.05} =
<]
0.1F
0 1.0 20 3.0 .
1, Pas 0 1 ) 2 3
t,
6 7
2.2
8
8
145 kJ/mal. 9 2.45
10. 50% Ca0-40% Si0,-10% Al,O,
30% Ca0-50% S 0,-20% Al,O, 5




080
‘ @ 0.275§ 40Ca0-40Si0, -20AL,0,#
& 0.04+ 8 Su=6.20cm’
L 0.250
% 0.0% : {8872};(1( o Sy=2.54cm’
: A1773K .
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g < 0.02f 20.02F
E
g
g 0.01} 74 0.01F
&
2
g 0 ! 2 3 0 I > 3
=\ th th
8 9
& 50Ca0 - 40810, - 10AL,05 0.03 40%Ca0 -40%8i0, - 20%A1L0;
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0ok 4 1500°C
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2

IgC, = 1g %N P}'/P° =11.5lg) - 22175/T -8.51 3

)
‘ . A . Ky
: A
v RA\s
; k' = VkN 4
> s
B % AlV .kN 1.
3
< 1
E 50% Ca0-40% 40% Ca0-40% SO, 30% Ca0-50%
5; S0,-10% Al,O, 20% Al,O, S0,-20% Al,O,
o K 1823 1773 1823 1873 1823
ky- cm/s 3.19x10°  |1.81x10°°|1.97 x10°°|2.27 x10"°| 0.28 x10°°

3.2

F =k C-C 5
Ji=ki CI" - C 6
C md m S *
CIcy =Ly 7
Jy = 9
C /L, - C
Jy = % 8
1/k + /LK
Q 0 _ %mkN % N 0
th/ON_Wm{LN '/(’N} ’
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11 14

d Ky e
a %N —LNDNt K" % N
t=0 % N =0. 15
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11 ~13 16 .
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2y by =H =0 20
%N
HS
%N ., = %N gs{1- erf( )} 21
2 /Kt
17 18 21
4
1 Ca0-S0,-Al,0, 40% CO + 60% N,
. 180 kJ/mdl. 0.78 ~
3.19x10°° cm/s.
2 Ca0-S0,-Al,0,
3.5x10°°
145 kJ/moal.
3
% N = D exp - Kt +Kk't-1
L, K
Ky
d 0 - Aomk; 0 0
a ®N T %N % N,
d 0 —Losk’s\‘ 0 0 Ao k’s\‘ 0 0
dt/ON_WS /oNgS % N W L, % N % N o,
BN o= %N J{1-ef(y o ficd)}
S N
1 B. B. ABepim. . 1981 126-153
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8 4 1986 1-11

3 Xu Kuangdi B. Tivelius. Secondary steelmaking review of current processes. Keynote
of Int. Conf. on Influences of Inclusions and Trace Residues on The Working and Serving
Performances of Steel. 1985. Canada

4 Ito K. Fruehan R. J. Thermodynamics of nitrogen in CaO-SiO,-Al,O, slags and its
reaction with Fe-C_, melts. Metall. Trans. 198 1988 419-425

5 Hendry A. The behaviour of nitrogen in oxide melts. A paper from Univ of Strathclyde
Glasgow UK

36 8 1972 728-733
1983 253
8 The Committee of Fundamental Metallurgy. Slag-Atlas. Verein Deutscher Eisenhuetten-
leute 1981 202
9 Jiang Guochang Xu Kuangdi. A discussion on basicity of CaO-SiO, and Ca0O-Al,O, bi-
nary systems based on bondiug structure. 6th Int. Iron & Steel Congr. Nagoya Japan
1990

10 . . . 1990

Dynamic Study of Nitrogen Pick-up
of Molten Iron Via Slag Layer

Abstract The nitrogen pick-up process of molten iron from furnace at-
mosphere via a Ca0-SiO,-Al, O, slag layer is composed of two sub-processes in
series the nitrogen absorption of slag from atmosphere and the nitrogen distribu-
tion between slag and metal. The influences of temperature slag composition
and crucible diameter on the rate of the two subprocesses were studied. It was
found that the rate limiting ring for these two subprocesses are same that is the
nitrogen mass transfer in slag layer. The apparent activation energies are 180 and
145 kJ/mol separatively. Based on the kinetic equation of the two sub-proces-
ses a simple equation for the initial stage of the process as well as a sophisticat-
ed kinetic equation for the whole process were derived and the former has been

used succeessfully in describing the experimental results.
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CaO CaS

HIC

30 kg

Ca0
S <0.001%
H,S
HIC-Hydrogen Induced Cracking
HIC
1
APl 5LX X-65 X-70 X-80

S <0.001% ~0.002% 2.

289 ~295 1993

MnS
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2.1
30 kg
$»150 x 240 mm
1
Laco
1
Table 1 Refractory composition for the lance
Formula Aggregate Adhesive
I 2127
I 2127
I Si Al,O,
2.2
63% Ca0 +27%Al,0, +10% S O,. 1.8kg
60g /kg . 2 Al
CaF,
2 %
Table 2 Chemical composition of powder %
2A
Table 2A  Inert CaO
Ca0 ‘ 36, ‘ Al,O, FeO ‘ MgO ‘ P ‘ S ‘ ‘ H,O ‘

852



94.0 2.5 0.5 0.20 0.5 0.02 | 0.005 | 0.25 0.25 | 7280ml
2B
Table 2B SiCa powder
Composition Ca S c P S Al
Content 29.333 58.59 0.46 0.032 0.052 2.27
3 2
3
Table 3 Parameters of injection experiment
Top injection Fluidization Carrier gas
Flowrate NI /h 200 200 400
Pressure MPa 0.4 0.4 0.4
2.3
1 27
------------ B
YT e TR e
| etermleation | injection | determination |
(Seeplingl ar it et LSRR
1

Fig.1 Metalurgica principal flonsheet for powder injection experiments

3.1
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H T o—=—1[S],: 0.000 9% ~ 0.002 5% 80
2 -
! L™ .. © g 7
- S eof * o X
X o-” Z 60
=l 50 F - S
T ';T4() F / -7 Z 50
o= o |
2| 3} “e -7 % 40
20+ © e )
- R 30
101 - Lo
e 20
3.0 32 3.4 36 38 4.0 42 4446 438
R
6 R
Fig.6 Effect of dag basicity on desulphuriza- Fig. 7
tion with PI
3.2.3
348
4
4 1 S,
65% 86%.
Ca0o Cas
Ca0
Cas

7 M
Effect of dag index M, on
desulphurization with Pl

S,
Cas
Cas
Cas
CaF, Al




CaF, Ca0
4
Table 4 Experimental results with powder injection
De- top g e
Region| No. S agerts %S <10
%FeO | %MnO | R | B | Mg | A | %S,| %S %S,
2# |CaS 1309 0.60 0.31 |3.59(3.61({0.19|0.80|0.0057(0.0021| 63.21
5# | CaS 100 g 1.05 0.56 [3.49|3.68|0.16|0.80|0.0072|0.0025| 65.3
! 4# | C.A.50¢g 0.49 0.22 |4.86|3.68/0.23|0.80|0.0058|0.0008| 86.2
9# | Ca5 1509 | 0.92 0.25 |3.15(3.18|0.13(0.79|0.0046|0.0028| 39.1
13#| Ca5100g | 0.39 0.19 [3.94|2.97|0.19(0.78|0.0048| 0.003 37.5
. 11#|C. A 100g| 0.67 0.25 [3.19|2.31|0.14(0.79|0.0038|0.0024| 36.8
7# | Ca3150g | 0.69 0.56 |2.94(3.72/0.16| 0.8 |0.0023|0.0018| 21.7
5 14# | C.A.150g| 0.39 0.13 |[4.75]3.57 0.2 | 0.8 |0.0023|0.0007 69. 6
10#| CaO70¢g 0.53 0.12 [4.32|3.88/0.23(0.81|0.0007|0.0003| 57.1
12#| CaO70¢9g 0.43 0.12 |4.59|3.84/0.23(0.81|0.0011|0.0005| 54.5
16#| CaS 130g | 0.43 0.09 |[6.084.01/0.24|0.81| 0.001 |0.0008 20
v 17# | CaS 100 g 0.57 0.23 4.9 |4.08|0.23|0.81|0.0009|0.0007 22.2
6# | Cad 120g | 0.83 0.17 [3.91|3.13/0.21|0.79|0.0009|0.0008| 11.1
20#| CaS 100g | 0.42 0.11 8.6 (4.83]0.35/0.82|0.0006|0.0004| 3.33
19# |C A 120g| 0.76 0.13 [9.06|5.21|0.38|0.83|0.0005|0.0008 0
V |22#| CaS 509 0. 66 0.19 |7.37]4.260.28|0.81|0.0004 |0.0004 0
23#| CaS 150g | 0.65 0.66 |[7.74]|4.89|0.34|0.83|0.0002|0.0003 0
Note C. A. —Composite agent 80% CaO + 15% CaF, + 5%Al
I} S, 0.0038% ~ 0.0048% I
CaS CaS S,
CaS
M S, 0.0023% CaS
|l II



Y 7 ~11 ppm Cas 10% ~ 30%

Ca0 55%. CaO Cas
||
g 1 CaS )
s
g
5|2 CaO CaS
: 3
: ag a,=1.7x107°° CaS Ca0
: CaS .4
g CaS CaO 10
E 2 Ca0o
CaS
\Y CaS
3.2.4
4 . 5# 2
#11# 14#
3.3
1 ||
Il
4

1 S <0.001% ~0.0015%



1 H. Ohtani et al. The development of high strength steels for X-70 to X-100 grade pipe. Pa-
per

2 N. Noziki et al. Proceedings of the International Conference of HSLA Steels Shanghai
1985 pp. 485491

3 1986 No.7 pp.1-11

4 1987 No.4

5 1986 Vol. 50 p.441

6 1986 Vol.1 p.3

7 1982

8 G. Gatellier et al. Int. Calcium Treatment Symp. 30 Univ. of Strathclyde Glasgow

June 1988

Laboratory Research on Refining Ultra-low

Sulfur Steel by Powder Injection

Abstract Technique was studied of refining ultra-low sulfur steel by
powder injection with a laboratory 30 kg induction furnace. Experimental results
show that proper basicity and low oxygen potential of the top slag are two impor-
tant factors for achieving a high level of desulfurization. Still powder injection
is a must to obtain ultra-low sulfur steel. Ability of three kinds of powder
CaO CaSi and CaO-based composite were tested. Utilization of CaSi powder
was lower than the composite powder due to the shallow pool of steel in the fur-

nace. The desulfurizing capacity of CaO-based composite powder was increased

839



(¢ ASmpelow snougy uo pueny] nx JO SUOAR PARS

significantly due to CaF, and Al powder additive. It is noticed that CaO was
more efficient in desulfurization than CaSi powder when sulfur concentration was
very low in the steel that suggests that ability of removing impurity inclusions
and other mechanisms are also important factors besides chemical reactions in
desulfurization by powder injection. The effects of the composition and the oxy-
gen potential of the top slag on desulfurization were studied as well. In this

work it was proved a regular practice to obtain ultra-low sulfur steel with S
< 0.001%.
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‘ ” min min
% 1 | 100: 20: 10 1000 90 15 | 100: 20: 10 1100 60
i 2 |100: 20: 20 1000 90 16 | 100: 20: 20 1100 60

’ g 3 |100: 20: 20 | 1000 90 17 | 100: 20: 10 1100 30
Z 4 |100: 20: ** 1000 90 18 | 100: 20: 20 1100 30
2 5 |100: 20: 10 1000 60 21 | 100: 20: 10 1200 90
éi 6 |100: 20: 20° | 1000 60 22 | 100: 20: 20 1200 90
: 7 |100: 20: 10 1000 30 23 | 100: 20: 20° 1200 90

8 | 100: 20: 20 1000 30 24 | 100: 20: *° 1200 90
11 | 100: 20: 10 1100 90 25 | 100: 20: 10 1200 60
12 | 100: 20: 20 1100 90 26 | 100: 20: 20 1200 60
13 | 100: 20: 20° | 1100 90 27 | 100: 20: 10 1200 30
14 | 100: 20: ** 1100 90 26 | 100: 20: 20 1200 30
* - 120
o
2
2.1
X
1 Mn,O, Mn,O, MnO Fe No. 2
No. 22 .2
. EPMA MnSO, * . 1
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2.4

5 a % MnO
6 a M
Mn,O,—MnO
FeO—Fe No. 4
66% 3.
EPMA 2
2 EPMA

No. % Fe % Mn % C

22 73.08 20.73 0.91~1.03

28 97.11 0.98 0.67 ~0.86

3 97.43 0.52 0.57~1.32

23 85. 66 11.55 1.37~2.35
2.5

No.13 21 22 23 24
X
3
No.13 21 ~24 60% ~ 65%.
X
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MnO 1400
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1150 2h .
1 100 % MnO N 5b
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10 6 1989 531-538
3 Jiang Guochang Xu Kuangdi Xu Jianlun. A laboratory investigation on the reduction of
carbon bearing Mn-ore lump in solid-state. NEUT/SUT-HUT symp. on Process Metall.
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~N o o b

Characteristics of Various Stages
During Solid Reduction of Carbon
Bearing Mn-Ore Lump

Abstract By means of different measurement methods the reduction of
carbon bearing Mn-ore lump in solid state were studied. It is shown that in wea-
ker reduction cases the whole process can be divided into three stages the preg-
nant period the fast reaction period and the final period. While in stronger re-
duction cases the pregnant period is not so clear. The progression degree and the

feature of reduction in various periods were discussed.
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Bismuth Free Cutting Stainless
Steel "410"

Introduction

Free cutting steel is currently made by addition of sulphur or lead. Howev-
er sulphur deteriorates the mechanical properties and lead is a harmful ele-
ment. Using Bismuth instead of either of these two elements as a free cutting
additive does not cause pollution problems and degradation of the mechanical
properties. This paper presents the preliminary results of investigation on the ad-
dition of 0. 1% Bi to a stainless steel containing 0.26% C and 11% Cr. Im-
proved machinability was obtained and mechanical properties were retained for

a grade of steel intended for use in the manufacture of ball-pens and their nips.
Experimental Procedure

Steel grade 2Crl3 AISI410 was chosen as the starting material. It was
melted in a 40 kg induction furnace with non oxidation process. Before tapping
a set amount of crushed Bi-Mn alloy supplied by the Bismuth Institute + 80%
Bi balance Mn  was added into the furnace wrapped in an iron sheet then
stirred.

After holding the molten steel for a short time in the ladle it was casted at

+ In collaboration with Jiang Guo-Chang Huang Ke-Li Zhuang Yun-Qian and Yang Sen-
Long. Reprinted from The Bulletin of the Bismuth Institute No. 56 pp.7-9 1989
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a temperature just under 1630°C. The final composition of four heats is listed ta-
ble I.

The average Bi yield was only about 23% as shown in table II.

Table I The Chemical Composition

Sample No. C% S% Cr% Mn% Bi%
Y2Crl3Bi | 0.1738 0.0052 10. 95 0.01
Y2Cr13Bill 0.1475 0.0042 10. 37 . 0.031
Increasing |
Y2Cr13Billl 0.2271 0.0035 10. 98 0. 066
Y2Cr13BilV 0.2529 0.0043 11.42 0. 091

Table II Bismuth Yield

Sample No. 1 1I 1II v Average

Yield % 20 20.7 26.4 26 23.25

The test samples used for measuring machinability anticorrosion and relat-
ed properties were taken from a cylinder with a forging ratio of 63% and were
tempered at 700°C for 150 minutes.

Machinability Tests

Tool Life Tests

The machinability tests were carried out on a C6150 lathe with a YT14-type

cutting tool and the cutting conditions are listed table III.

Table III Cutting Conditions

Rake Angle Clearance Angle Plane Angle
+15° +7° +75°
Auxillary Angle Cutting Edge Inclination
+15° - 3°
v f a,
Cutting Speed Feed Back Engagement
100 m/min 0. 204 mm/r 1 mm
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‘ The results are shown in Fig. 1.
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£
= 0 ; : ; ; . ;
= 510 20 30 40 50 1

*VB: The Quantity of Cutting-Tool Wear.

Fig.1 The Curve of VB® mm -t min The Shape of Chips

Cutting Force Test

A Kkinetic strain gauge type YD—15 was used to measure cutting force and
the other testing conditions were the same as for the cutting tool life test. Results

are shown in Fig. 2 3 4 and 5.

F& ' R
V=70 m/min )
110} £=0.204 mm/r 70r V=70 m/min
100 f‘:0.204 mm/r
I 60r
901 .
S50r
801
L &'
70l I 40| %‘;
60} o0o || 30-/ 3/
sol xxx 1T 20 E/u
ane IV
40 Lok
30 .
1 15 2 3 a,(mm) [ 15 2 3 a (mm)

#% Fe:Cutting Force

Fig.2 The Curve of a,-F, "

#x[7:Cutting Force
Fig.3 The Curve of a,-F," "
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Fig.4 The Curve of f-F,

Chip Formation and Shape

Fig.5 The Curve of f-F,

Chips of various shape and length as described in table IV and shown in the

photograph above were obtained.

Table IV The Shape of Chips

Sample No. Shape of Chip Color
I Spiral White
II Continuous White
I Fragmented Golden Yellow
v Fragmented Golden Yellow

Mechanical Properties Tests

The tensile test was performed according to Chinese Standard GB228—76 on
samples with a L/D ratio of 10.
The HRA HRB HRC values were obtained with the Rockwell hardness

test then converted into Brinell hardness.

The results are reported in table V.
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Table V Mechanical Properties

Sample No. o kgf/mm® | o, kegf/mm® 8510% d% Brinell Hardness
‘ % 1Cr13 “403 55 70 25" 69 195 ~ 220
§,_ I 57 72.6 10.78 58. 25 242
B % I 58. 95 69. 8 10. 96 58. 85 227
,,2 I 60. 2 79.3 11. 44 54. 62 253
gf v 61.9 81.7 12.85 52.13 248
7

Corrosion Tests

Corrosion resistance to salt was tested with a 5% NaCl solution pH 6.5 ~
7 continuously sprayed at 35 + 2C at a spraying rate of 1 ~2 ml/h. Results are
reported in table VI.

Table VI The View of Corrosion Surface

Time 24 h 48 h 72h
Sample No. Corroded Spots
1Cr13 1 2 4~5
1 8 16 Almost total surface area.
1 5 12 Over 2/3 of surface area.
Discussion

There are four key factors determining machinability Tool life surface
finish cutting force torque and shape of chips. Givenits low-melting property
the Bi-containing phase is in the molten state during the cutting operations and
acts as a chip breaker. This plays an important lubricating role which decreases
cutting resistance while extending tool life. The reduced cutting effort also re-

sults in a smoother surface requiring lesser finishing steps.
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The high cartbon C% >0.15 and low chromium Cr% <11 contents of
experimental samples displayed poor corrosion resistance. However this was
not considered to relate to Bi.

Because the vaporization temperature of Bi is low the Bi yield was gener-
ally below 50% for the melts made during this experiment. This will be reme-

died however through an improved method of adding the Bi-Mn alloy.

Conclusion

Molten steel 2Crl3 AISI410 was microalloyed with Bi to improve its
machinability. The higher the Bi content the better the machinability. The
shape of chips was fragmental when the Bi content exceeds 0. 066% .

Although its plasticity is slightly lower Bi free cutting steel has higher
yield and tensile strength and better hardness properties than 1Crl3

AISI403 .
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Basic Research on Reducing Process of

Manganese Ore Agglomerate

Abstract In this paper some research achievements on reducing process

of manganese ore agglomerate abroad is introduced. The transformation of man-
ganese oxide from high valence to low valence in reducing process and the re-

duction of manganous oxide as well as its reducing rate are mainly discussed.
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U. F. Chinje et al. Ironmaking & Steelmaking 1986 13 1 3-8
1974 60 9 1289-1298
1984 70 11  1559-1569
10 W.J.Raukin eral. Areh. Eisenbutt 1979 50 9  373-377
11 R. H. Nafziger et al. Mat. Trans 1979 10B 5-14

12 . 1980 4 5-14

13 . 1977 63 2 207-216

14 . 1985 71 9 1094-1101
15 . 1985 71 14 1607-1614

A Basic Study on Reduction Process of

Chrome Ore Agglomerate

Abstract A comprehensive review on achievements in basic study of re-
duction process of chrome ore agglomerate at abroad is given. It introduced em-
phatically reduction curves of each component in chromite and changes in its
structure and composition. The direct and indirect reduction in reducing process

of carbon contained chrome ore agglomerate is also discussed.
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Investigation on Melting Technology
of Ultra-low Sulphur Steel

Abstract The ultra-low sulphur steel containing sulphur lower than
30 ppm is an important material in short supply for the developing petroleum in-
dustry. In order to improve the melting technology of this steel a statistical anal-
ysis based on the experimental results carried out by one of the authors in British
Steel Corporation and some relevent fundamental researches were-done.

It was found that the influence of B = %CaO / %SO, on desulphuri-
zation is effected by Mannesmann Index MI  and vice versa. Thus an opti-
mum match was found B =7 and Ml = 0. 33. For different basicity expressions
in desulphurization analysis. It is found that the optimum composition of top
slag is 58% —62% CaO + 24% —28%Al,0; + 8% —12% S O,. The influence of

% FeO + %MnO on desulphurization is weaker if the value of MI is bigger.

The injection mode utilization of Ca and resulphurization have also been

878



discussed.



Selected Works of Xu Kuangdi on ferrous metallurgy (13)

— m

2 7~12 117 1989

880)



L
i
T
=

'

R N N
1 0
d N \ I N i3
2.1
\
N N
4-N _L
3——
U, (b)
1
U, = /29 h+1 1 1 2 3. 4
ij% ma U, = ma, /29 I, +h
dh _ (&)
i (R) 29 1 +h
1
ao— cm
— cm/s
ht,=h 2
[ =l (2
h /29 1, +h 0 R,
a 2
Jo+h= /i +h - (0) 9y
i R 2
1
3 1



g = 1Ta§Uop

p— glom’.
g
g 2.2
5
Z?
Bg )
~ — 2
g h-haR=z-2d
z ™Y
g Z =7 >~ h - h
g d
- 4 h
a\’ [g.]°
e[ (B) 3] -
1
8 7
’ITR2 a 2 g 2
- 1
2=z (T {n - [ (2) /5
1
2.3 -

1/8

¢ = 29Z/U; +1

10

z
F, = 2n] 3 29Z/U; +1 'dz

882

(o]

©

10

11

12

13



3.1

41TaOU§{ [2972 N 1] 3/4 ] 1]

2
39 1l

v, =002y, R -ala °
cm’/s
A cm
cm

cm’/s.

2
v, = ma, UO

R

4

1.14 +0.0089E, “* - 1.067 *?

erg.

E, =1/2mV
cm/s.
m=mpA 2as - £1/2
20
A = 8.38¢

14

15

16

17

18

19

20



o
)

e = eexp 2/7 Frwe™® ¢7- 1

-0.73
|n(ao) - 44.3('0) Re *1

Q&
&
£
cé‘
B é 80 DO
£ We——Weber
: Re——Reywold
§ Fr——Froude
= 1 Z
U= Uyg*
3.2
1 600 0.79 atm
AN %
0o _ -2 2
AN [ =1.44x107,/maUyp
Me
0
AN %
0
ANg=n- AN,
AN _ %
AN _ =144 x10°G/IM,- 7,
M,—— t
G— m°®
4

884

21

22

23

24

25

26



n, =K, P,,- Py, /RT
cm/s
am
- am
cm®- am/ mot- K
K.
h =K C-C
cr’/ ma- s
ma /cm®
mol /cn’.
n = Kl Ci - Cb
cm/s
mal /cn’.

n, =K, C -C

cm/s.

nr:nl:nw

Ko = Kl[\/4cbd) +¢*+4C - 2C +¢

d—K_ /K mol /e’

2C -C

K

K, =10f / 1+953f, O

r

27

28

29

30

32



(¢ ASmpelow snougy uo pueny] nx JO SUOAR PARS

Fl
AN st %
A N, =1400F n_ / wa Up 33
AN, %
AN, =1400% F,n At/ M, x10° 34
5
5.1
1 : Z =50cm
250 cm p =7glcm’ w=0.05g/ cm s
o =1000 1500 1800dyn/cm A N} U, 2
ANT . D, z,



600F (@ Z=250cm 4 | Z =250 cm
p=7 glem® 600 p =T glem?
u=005P o0 =1 500 dyne/cm

-
Dy(cm) =
. 400f L & 400|P
> 3 7 39— -
h zZ
z <
< 200

0
160 : : 16% _
(b) Z=50cm (b) Z=50cm
p=7 glem? p=7 glem’
u=0.05P o =1 500 dyne/cm
L P
120 o (dyne/cm) 120 u )0.03
1800 = -——=005
z ————1500 & —-— 007
g =
= Z 80
Z =
2
40 t
0 L L 0 L 1
200 400 600 800 200 400 600 800
Uy (cm/s) Uy (cm/s)
2 3
AN AN
2 . p =7glcm? o =1500dyn/cm
u=0.03 0.05 0.07pg/ cm s 3
0
A N c
a; O
3 . AN e
5.2
e =1
4 . R, =150cm h =250cm d
=88.6cm D, =5cm |, =30cm Z =250 cm.
U Z



o R

(wdd)T [N ]V 4

~t (a2} [\ ) =)

120
A

~
st

t(s)
N
st

15
- N A
/ . -
e =
(wdd)F [NV 4
<
Ou&
=z .
o w g
=z ~
<
” %
z | Z
< T q
o uw
> ™ o (wdd) [N]v
L Te}

. Selected Works of Xu Kuangdi on ferrous metallurgy (13)

—_— m

[O1 (%)

888



10 TTT T T T T 17T
Py,=0.79 atm

K,=0.2 cm/s

0.8 B

1 2 4681 2 4 681
X107 X107 X107
(0] (%)

5.4

0O >0.02

A



70
‘ & A[Ef]u
§ — — — A[Nl«
£
%
g 2 6o} 12
& =
B : g |
E £ e
S —
& ~
: 50} g
: ~
& ~
& 190 230 250 270
E Z,; (cm)
7 N .
AN,
2 D,.
8
1
2
3
1 T. Kurabayashi

A[N] 4(ppm)

890)

A[N]r (ppm)

90

80

~
(=3

=N
(=]

50

Trans. Japan Soc. Mech. Eng. 25 1959 .
68 1982 p.1922

A[Ne
———— A[Nl«

13

AINI, (ppm)

1266



E. vande Sande J. M. Smith and J. J. J. van Oord J. Appl. phys.

p. 748
Katsuyoshi

IWATA Takao CHOH and Michio INOUYE Trans. 1SJ 23 1983
68 1982 p.2461

M. BYRNE and R. BELTON Metall. Trans. B 14 B 1983 p.441

55 1969  p.492

45 1974

p. 224



% 1

(¢ ASmpelow snougy uo pueny] nx JO SUOAR PARS

R. J. Pomfret A. A. IDnbieckuit

MnO Fe
Mn
MnO  Mn— T
k,— 1

c— Ky—— 2 3

C S

a |——

T— max——

P— B—

N——mal

1
. 91 80-~89

1988

892



2.1

1

%Mn % Mn

C

% Mn

Fe-Mn-S-P-C

MnO +Fe= FeO + Mn

FeO + CO=Fe + CO,

CO, + C=2C0

% Mn
1 % MnO
2 % Mn Fe-Mn-S-
3 % MnO % Mn
4
5 S Fe Mn
6
Fe Mn

CcO

2 3

Pomfret *  TTabimesckuii -

Fe Mn

% MnO



80 T T 8 80 l '
R %Mn =50 @ R 9%Mn =10 (b)
‘ £ S 60 I 6 S 60 }
£ ¥ %FeO o) o %FeO
§ %’40 %MnO—4 & %’ 407’\ 9%MnO
5|2 o 5 é& 0 ) % °8>2,_/ [0
z [ ]
- B
H 2 3 4 5 2 i s
g I ks I ks
&
;E? 1 MnO FeO
| 1
o o
g o 6440, 5 o5
o T
MnO
1823 K
o
a_ <0.26
F o
Mn
1
%MnO <10% % Mn = 60%. Warren  ° ®
ozwmo/cxMn 1. Neo
1 [ 1
O Mn T O Fe OC
O,, O. O MO FeO CO
%FeO , =0 Py =0
K, Nyno i
Neo . :% exp - Kt - exp - Kyt
23 - ™
k; Ow 20k ky Og —Oc
%FeO —r Ky, 1k, Ky, 1K,
%FeO |, . k, Ky

894



1

%FeO .,

© 0.25atm
? {atm

%)

(%)

N

+

18l
i /8] (min)

%MNO  %FeO
10g SO,
@9

.35g

2.3

TnprneBckuit
4
%FeO .
®  Mulholand
k23

10

K,

ITabIeBCcKuit

12 4

%FeO |,

15mn

TTTBX

0

240

45%

Konmakosn

(FeO)% (MnO)%

(Mn)%

4

CO
FeO
Ky
& MnO reduction
1 atm
iR e
= .
X .
Q 2 T
£ ° 0.5 atm
I . o t
H ® e » ® [ ]
= o § o = 0.25 atm
8 [at |
0 5 10
i8] (min)
3
I 1
- \
: MO
2, M‘—\_
B 2
i e P N
- /f(o//
/‘,1/'0'
9 1~1500 C°
| 2~1600 C°
20 40
I 1] (min)
% MnO %FeO % Mn



o
\]
g
o)
o]
1
=

‘ . g = ky/k;. Taylor
: 2 (N
§ Tre = 7( FeO max) 9
a kl NMnOi
;z
Bl % NFeO — %
: 2 (J) =0.125. 4 0.178  TDusimesckuit
B Nuno i
5 k,  Pomfret® k. 1500
&
z 450
S 2.4 %MnO , %Mn,

InpImeBcKuit % MnO %MnO , 4%
10% %FeO |, 150% . k, Kyq

%MnO , = 40%

% Mn, . % Mn, %FeO .,
2.5
Nuno i In In
N =Lo'ex(- q)-ex(-M) 10
i e i ) B R |
N mal . 10
N
q=3-2 "°m™ 11
NMnOi
Pomfret TTnprmeBckuii % FeO
%Feo max ' NFeO max < NMnO i
11 Ky > K. 1
Pomfret * 8



2.6

s % C<2%
6
O, —0O. 12
Ocs . X 13
Oc 12 k12
0. 6 CO Kk, 6
C 12 o k12
Kq k
3
Sommerville ™ Upodhya  *
% Mn
5min
B 1.
1
1# 24
% Mn % Fe Mn/Fe % Mn % Fe Mn/Fe
Fe-C,, 1.8 95.5 0.019 1.6 94.2 0.017

897




‘ Fe-Mn-C_, 79.8 13.5 5.91 79.4 14.3 5.55
1 Mn/Fe = 2
g
: % Mn, A% Mn
P =%Mn -%Mn % Mn =0
° |5
g Voket * MnO
f MnO Mn  Vokert
g
: MnO _ + CO=Mn + CO, 14
AF° =30.850 - 1.17T 15
1823 K P,/P, >10"* 12
Boudouard
CO, + C=2C0
AF° = 38900 - 40.1T
1823 K P, /P, >10°° MnO
FeO
MnO + CO= Mn + CO, 16
AF° = 19630 - 5.36T 17
P, /P, <107 14 Boudouard
% Mn, 0 5min % MnO % FeO
% Mn,
% Mn,
Fe.
% Mn . % Mn =0
% Mn =0 A%Mn

89|



Lloyd *

Al,O,
Daines

% C

MnO + C=Mn + CO 18

18

@]

15

CO
CO

. Mulhdland *° X-TV

% C

MnO
Pomfret *

@]

MnO 5.
MnO
% C 6 .



13

10

IP Cr,0;
§ 18 ) C
: L
ES MnO
5| 2
z T - T @ €XP 40 277.2%C 28 mm dia alumina
% 4k—8 Zig ;?11%52’245— ecxp 90 277,C Sat 28 mm dia alumina
s \\\\ ® cxp 7077714 418 exp 280 377,C Sat 28 mm dia graphite
g %.\ X 3‘]’\\' -
(Eé X X }\.— -~ o E K| Tt _a__ g
2 S AN oo = Y
g 5 ~o!l o o Q2 ~® 1 o
2 = O~ o~ | o- g/ T——t——o
= ‘. - — —
o |— - _ _
0 50 100 150
0 50 100 150 )
I} 18] min I i) min
5 6
6
Fe-Mn-C_, S.
S Mn S
2Mn+ SO, =2 MnO +8S 19
|g2Mn %S -] 41xB+1.48 20
% Mn . .
B . B=13 %MnO  =43% % Mn = 30%
% Si 0.16. % Mn % Mn
7 © 1.25
S0, 8 7 .
19 %S /% Mn

900)



W48 2R (wt%)

7

S MnO n, Ng 2
MnO C % S
SO, +2C=S +2CO 21
17
E [T Jo2 .
5 A EB(B?‘Z‘E)
\ S |-o— #a G 0.9k
3% \
"\ MnO =0~ =l
& | ! . Roz
. & 2| = |
2 = 01 & )
ﬂ“/ e Si 2 °\0.5 \\
P o 9
o Nl | g
! ot = o4 M 03 e = F
b ] MnT-
0.1
%0 10 20 30 40 30 @0 0 10 20 30 40 50 60
it 5], min iiFE], min
S Mn 8 S Mn
1550 1
%Mn
% Mn,
1
2
Fe
3
4 S Mn




(¢ ASmpelow snougy uo pueny] nx JO SUOAR PARS

10

11

12

13

14

15

16

17

18

R. J. Pomfret. e al. Kinetics of fast initial stage of reduction of Mno from silicate slag
by carbon in molten iron Ironmaking Steelmaking 5 1978 191-197

A. A. Jlnpomesckwit np. Kuzer mka BoccT aHO

BJIEHWsI OKCM0a LIapraHena Iic aka 4yrynon. Mse BY3 YM 10 1984 16-20

. MnO . 70
1 1984 73-80

1987
G. F. Warran et al. Liqui dus temperature and the activities of MnO in slags associated

with the Production of high-C FeMn. Int. Conf. on Ferroalloy 1974 175-185

. Mn-C Mn-Si Mn-Si-C_ =~ Mn-Fe-Si-C_ Mn
iy 41 6 1977 601-607
1980 42
1983 2224

B. B. Konmakos [lp. McorenoBaHue KMHET MKM BOCCT QHOB/IEHMsI 3aKHZU YKejle3e T Beprbl
yuepomon mpu T empiepat ypax soute 1400 Hse BY3 YM 4 1960 23-24
E. W. Mulholland. er al. Visualization of slag-metal reactions by x-ray fluoroscopy
Decarburization in basic oxygen steel-making J. Iron & Steel Inst. 9 1973 632—639
I. D. Sommerville et al. Kinetics of reduction of iron oxide in slag by carbon in iron
Part 1 effect of oxide concentration [ron making & Steel making 1 1980 25-32
K. Upadhya. et al. Kinetics of reduction of iron oxide in slag by carbon in iron Part 2.
effect of carbon content of iron and silica contant of slag. Ironmaking Steelmaking 1
1980 33-36
. . 1985
G. Volkert . . 1978 350

g 12 8 1982 620-625
G. W. Lloyd et al. Reaction of iron oxide with Fe-C melts. [ronmaking & Steelmaking

1 1975 49-55

W. L. Danies. et al. Kinetics of MnO reduction from basic slag by carbon dissolved in
liquid iron Met. Trans. 2 1971 1203-1211
Jiang Guo Chang. A literature Review on Smelting Reduction of Fe-Cr-C. Internal Report
of Dept. of Process Metallurgy Royal Institute of Technology Stockholm Sweden R.

902



1986.
19 . MnO
61 1 1975 36-45

The Kinetics Problem of MnO
Smelting Reduction

Abstract The paper makes a synthetic analysis of the results of R. J.
Pomfret A. A. IIremmebckiyy and of the authors. It pointsout that smelting re-
duction of MnO can be explained on the basis of a three step model. The ex-
change reaction between Fe and Mn might be the stlowest ring. With a view to
describing quantitatively the contribution of the three-stap model in actual
process a research procedure is proposed. The additional reaction and the effect

of different reducing agents have also been discussed.
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Slag-metal Mixing in a Converter with
Combined Blowing as Applied to
Smelting Reduction of Mn

Introduction

Many research projects have in the last year treated ferroalloy production by
smelting reduction. In many tests a converter has been used as the main equip-
ment.

Metal ore can be charged into the converter either by top addition or by in-
jecting. Top addition seems to be a more practical way. Pellets ore and fluxes
then should be added from the top and carbon powder should be injected into the
bath. After being dropped into the furnace the pellets first dissolve in the slag
and then react with carbon dissolved in the metal or with solid carbon particles
suspended in the slag. Several researchers claim that the reaction with dissolved
carbon has a greater reaction rate constant * . For promoting the reaction with
dissolved carbon it is necessary to have good slag-metal mixing in the converter.
The purpose of this paper is to describe the characteristics of two different mix-

ing patterns and the control of slag-metal mixing.

» In collaboration with Jiang Guo Chang Ding Wei Zhong Fan Yang Yi.
Reprinted from Scand. J. Metallurgy 16 1  pp.42-47 1987
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A comparison of two mixing patterns and their possibilities

The influence of two mixing patterns upon reduction rate

During the process two different mixing patterns may emerge. We call
them the” upper mixing” ... the dispersion of metal in the slag layer and the
“ lower mixing” ... the dispersion of slag in the molten metal. In steel making
similar mixing patterns also exist. Many scholars have indicated that the influ-
ence of these two patterns upon steel refining efficiency is different > . As a gen-
erally accepted idea by steelmakers the“ lower mixing” was considered to be
more efficient * . But for smelting reduction the direction of element transfer is
mainly from slag to metal. Therefore which system is more efficient has again
to be confirmed.

For* upper mixing” there are two basic equations. The mass balance e-

quation in an element transferring process is
W d X = X, - X - dw,

The reaction rate equation is

Since X, - X = ku{x- ﬁ }

X d X oo -k
2N = I —\Y Y
f x, X - KX, fo KW k, +1 "
If X, = 0 then
XU:XO-exp(.:L k“) 1
KY, k, +T

From mass balance we get
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X o - X = X/Y,so finally

X, = XOYu[l—exp(- 1k )] 2
KY, k, + T

For* lower mixing” the same as above we get

WdX = X, - X - dw,

S

WX =k, X - KX - dw,

X,- X =k, X -KX and
Ky

X dXx M
fxo X -KX_JO\NE kw+1'dWs
If X, = 0 then
_ KXo K
X, = K {1-exp(-kw+1KYW)}and 3
_ S P K ‘
X, = X 0[1 ik exp(- kW+1KYW) } 4

Since k, and k,, are both comparatively large values Eqs. 2 and 3 can be

simplified as

Xy =Yy X,1-exp -1/KY, and 5
X 0
Xy = K 1- exp - KY, 6

Fig. 1 shows the curves described by these two equations. If we suppose
Y, =Y, = %3S and the slag basicity B = 1.1 - 1.3 then K has a value quite
smaller than unity. Thus the independent variable field of these two equations
may not exceed KY = 1. That means under such a condition” upper mixing”
seems to be even a bit more efficient.
Mixing circulation

It should however be indicated that usually Y = % SL. As a rule a mix-
ing is stable means that after being separated from a mixture every slag drop can
be drawn into the molten metal again. For iron droplets the same is true too.

There exists thus a flow balance. This may be defined as“ mixing circulation” .
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Fig.1 The influence of mixing ratio on the content in mol-
ten metal calculated values

Considering that the mixing circulation is always repeated time and again the

increase of X and the decrease of X can be described by the following equa-

tions
X, N, =Y, X, 1-exp -n,/KY, 7
XO
X, ng = 1-exp - KY,
K
1+Q+Q + +Qn, 8
Q=1- L 1- exp - KY,
KY, p w
X, n,= X, ep -n,/KY, and 9
X, hg= X, Qng 10

For a given dispersed phase the larger mixing ratio the quicker the mixing
circulation * . So the hub of this top-addition process is to find a way to increase
n — the mixing circulation times or ¥ — the mixing ratio of dispersed phase.
Multiple mixing

The mixing phenomenon in a converter is determined not only by the
stirring but also by the material properties. Suppose the influence of material
properties upon the above two mixing patterns are similar then according to
mixing investigations carried out within chemical engineering it is possible to

promote the dispersion of a heavier phase in a lighter phase by putting the stir-
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ring force in the lighter phase. One can also place the stirring force in the heavi-
er phase to promote the dispersion of a lighter one in it ° .

For smelting reduction of Mn the influence of material properties on the
process are usually not the same. Therefore the two mixing patterns have got
completely different stabilities.

Under the condition of smelting reduction the reaction agents are two lig-
uids slag and metal and one of the products is a gas. In this case a concept of
‘ spreading coefficient” S is often used to describe the stability of a dispersed
system ° ’ . For S, <0 that means phase” 1’ can be dispersed in“ 2’ stabe-
ly. The larger the negative value the more stable is the dispersed system.

Since S, = 0 - Om = OTmisSym = Om - Os - O and under 1 823 K
o, =1.0ON/M ¢,=0.45N/M o,,=0.65N/M S, is just smaller than ze-
ro but S, is strongly negative. This indicates in an intensively agitated state
n, is larger than n,,. Therefore” lower mixing” is more effective.

On the other hand when“ lower mixing” is promoted by putting the stir-
ring force within molten metal a considerable proportion of* upper mixing” is
still able to be kept at the same time. Even inside a slag drop which is drawn in-
to the molten metal some fine iron droplets can always be found. This phenom-

[1

enon we define as® multiple mixing” . Of course in this case “ upper mixing”

makes its own contribution to the decrease of X .

X = X o Xyn= X5

exp - n,/KY, - Q 11
Based on the above discussion one may conclude that to promote” lower

mixing” getting a multiple mixing system is technically correct.
The designation of the model and the selection of the materials

It is reasonable to consider that a slag drop is subjected to three forces at its
forming moment surface tension floating force and shearing stress. So in an
agitated bath the main physical factors affecting the slag drop formation are ¢
pm ps U L the basic dimensions are M s N. Therefore the predominating
similar criterion should not be one but two. Along with dimensional analysis we
deduced the Weber Number and Corrected Froude Number

We=g¢g/g p- L
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Fr =U*. p/g' Ap- L [+— 300 —=|

J. C. Godfrey ® and Shinji Hida ° both agree with 'i

this viewpoint.

Because We and Fr should be obeyed simulta-

neously a water mode is only able to correspond to

one imagined converter. It was thought that using a {a
smaller converter about 7T to do a pilot industrial
experiment may be favourable. Thus we decided on | ;
the size of our model as in Figs. 2 and 3. N\ 100
Along with the principle of keeping the propor- D: ' bottem tuyere
0180

tion of phase densities and viscosities unchanged

we selected the materials for simulation. For the Fig-2 The model for top-
bottom blowing

smelting reduction of Mn the real material proper-

ties are shown in Table 1. For simulating

materials we keptp,/ps = 1.73 u /u, = 18

- 28. In order to study the influence of sur-

’ face tension we took ¢ = 5 - 16 - 10°°
N/M.

Because in this simulation we have to

: l ‘ keep pyaer > poi Only those surface active a-

100 ﬂ[’?&%rvgall gents which can dissolve in oil but not water

= T —=

could be used.

ot tyeze I The properties of the simulating

i materials are also shown in Table 1. After

experiment these properties were meas-

o ured again and not found seriously
// | N\\\sidewat  changed.
/ ™ tuyere
: 60
side wall
tuyere

Fig.3 The model for side
wall blowing
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Table 1 Material properties

Molten iron | molten slag oil A oil B oil C | ZnCl, + water

p 10° kg/m?® 6.4-5.4 | 3.7-3.1 0.87 0.87 0.87 1.53
o 107 p,- s 5 90 - 140 95.35 85.35 67.04 3.5
S N/m 0.6-0.7 | 0.6-0.7 | 15.9 8.7 5.4

1073 1073 1073
P’ Ps 1.73 1.73 1.76 1.76 1.76
M/ Mo 18-28 18-28 27.24 24.39 19.15

method

The definition of mixing ratio for" lower mixing’ and its measuring

Since an intensively agitated state is necessary for slag-metal mixing

only a sniffer tube could be used as a reliable sampling method. Five sniffer

o tubes were located as in Fig. 4. Af-
sniffer tube lance ter beginning to blow for 60 s the
—ﬂ

L

mixing state was stable and sam-
pling started. By opening the plug

the slag-metal mixture which was

== oil below the plug level entered by the
N .
i % water tubes. The tube inserted depth was
?' / determined by some pilot experi-
plug _ L

= ments. The final choice was 35 mm
The construction of L
thegniffer ube == below the static interface for top-
bottem tuyere

bottom combined blowing.

The average volume proportion
75 . . .
of oil and water in the sniffer tubes

~

was defined as the mixing ratio for

“ lower mixing” . According to Shinji
Hida® and M. A. Magedson *

we thought we could choose correct

sampling site
Fig. 4 The sampling site process parameters by means of this

measurement.
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Experiment designation and data treatment for top-bottom blowing

An estimation of n/n,

The average volume proportion of oil and water in the sniffer tubes was
measured after taking out these tubes from the“ converter” for five min. This
five min proved to be too long for the separation of oil drops from" lower mix-
ing” . But as it was a multiple mixing system the fine water droplets entrapped
within oil drops took a quite longer time for their separation. According to our
measurements the time needed for oil separation was only about 1/10 of that for
water. Perhaps this indicated that the mixing circulation n/n, was about 10
or likely larger.

Orthogonal designation and its results

As an exploratory investigation the first thing we did was to sift out those criti-
cal factors from a lot of others. Orthogonal designation favoured us in simplify-
ing our work.

Table 2 shows the orthogonal form of L, 2' X3’ which was used and the
experimental results. It was concluded that the major factors of our experiment

were two amount of bottom gas and slag layer thickness.

Table 2 L,, 2' x3” orthogonal form and the measurement

oil bottom gas bottom water top gas top
thickness | gas amount | oil type | pressure | tuyere depth amount nozzle Vo' Ve

10°M M% hr atm |sitt R | 10°°M | M¥%hr type
40 1.6 A 3.0 2/3 250 1.1 3120 0.3257
80 1.1 A 2.5 172 250 0.6 1180 0.5115
80 0.6 A 2.5 1 170 1.1 3120 0.0820
100 1.1 A 3.5 2/3 170 1.6 1180 0.6320
100 0.6 A 3.0 1/2 100 1.6 3120 0.1781
40 1.6 A 3.5 1 100 0.6 1180 0.0710
80 1.6 B 3.5 12 250 1.6 3120 0.7822
100 0.6 B 3.0 1 250 0.6 1180 0.2204
100 1.6 B 2.5 2/3 170 0.6 3180 1.0776
40 1.1 B 3.0 172 170 1.1 1180 0.0555
40 1.1 B 2.5 1 100 1.6 3120 0.1228
80 0.6 B 3.5 2/3 100 1.1 1180 0.0147
100 1.1 C 3.5 1 250 1.1 3120 0.7950
40 0.6 C 2.5 2/3 250 1.6 1180 0.2500
40 0.6 C 3.5 12 170 0.6 3120 0.1019
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cont d

oil bottom gas bottom water top gas top
thickness | gas amount | oil type | pressure | tuyere depth amount nozzle Vi Voter
10"°M M*/hr atm site R 10°M M%hr type
80 1.6 C 3.0 1 170 1.6 1180 0.5099
80 1.1 C 3.0 2/3 100 0.6 3120 0.5333
100 1.6 C 2.5 12 100 1.1 1180 1.2142

sum of
Ist class | 0.9269 3.9806 1.8003| 3.2581 | 1.8011 | 2.2341 | 2.4750 | 3.9986 |¢ = 7.4778
2nd 2.4336 2.6501 2.2732|1.8229 | 2.8333 | 2.4589 | 2.4871 | 3.4793
3rd 4.1173 0.8471 3.4043 | 2.3968 | 2.8434 | 2.8848 | 2.5157

maximum

difference| 3,190 4 3.1335 [1.6040| 1.4352 | 1.0423 | 0.7507 | 0.0407 | 0.5194

Following this step a so — called” range estimation” method was used to
see the optimum fluctuation. Table 3 indicates this estimation. It was interesting
to find that this® optimum” fell just on the boundary of the independent factor

varying area.

Table 3 The range estimation of optimum mixing ratio

oil

+V

water

Optimum condition The fluctuation of %

oil

oil thickness 100 x 10 *M

36% - 54%
bottom gas amount 1.6 M®/hr

Vertex calculation by means of a paraboloid equation

Based on the results obtained from orthogonal designation we used a pa-
raboloid equation introduced by a famous Chinese mathematician Hua Luo
Geng ° to check the results obtained from* range estimation” .

Four factors had been chosen and a minicomputer was used to solve a linear

equation group with 15 dimensions. We then got the following paraboloid
Y =7.0816 - 0.361X; +0.083X, - 2.83X; - 3.079X,

+0.015X,X, +0.047 3X,X, - 0.007 5X,X,
- 0.074%,X, - 0.372X,X, +2.43X,X, +0.008X’

+0.077X - 1.6X; +0.49X
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where Y = mixing ratio X; = surface tension X, = slag layer thickness X,
= amount of bottom gas X, = gas pressure.

The vertex calculated from this paraboloid equation was unexpectedly a
minimum value falling on the other side of the independent factor varying area
X, =16.74 X, =35.5 X; =0.97 X, =2.17.

The above two calculations made us aware of the fact that within the inde-
pendent factor varying area the factors produced only a monotonous effect.
The influences of a single factor and discussion

Figs. 5 and 6 show the influences of bottom gas amount as well as slag layer
thickness separately. The agreement with the above estimation was good. Based

on these figures the mixing ratio was found to be 40% —50%.

071

o

03F

V«)il
Vwﬂlcr

01 1 1 1 1 1
0.8 1.2 1.6 M*/hr

gas amount blown through bottem

Fig.5 The influence of bottom gas amount on mixing ratio

16

04

0 1 1 1 1
60 80 100 120 X 10°M

Fig.6 The influence of oil layer thickness on mixing ratio

According to this investigation the maximum bottom gas amount was lim-
ited by 0.3 M°/T- min. It was a bit smaller than that of AOD and only about
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1/3 of the gas amount used in a violently agitated refining furnace 0.8 M®/T-
min . So some experiences were offered for us to increase the bottom gas a-
mount further. On the other hand as Tsuyoshi Kai *° indicated for bottom blo-
wing the deeper the bath the weaker the splashing. Since in the case of smel-
ting reduction the thick slag layer should be taken into account so a further in-
crease of bottom gas amount is thought to be indicated.
The attractive influence of slag layer thickness was beyond our expectation.
But it could be understood

\ / by considering that the
/ mechanism drawing the slag
A= \ > |° f/'/“ A
[ ,\ I drops into the molten metal
T wbe mixing site —- = _/ ;/__Sm[ic erface varied when the slag layer
N o \ was varied from thin to
thick. If the slag layer is
l thin the slag is drawn

Fig. 7 “ T’ tube mixing function downward mainly by shear

ing stress on the slag-metal

interface. Oppositely if it is a thick slag layer the pumping effect directly hap-

pening in the slag layer must make its own contribution causing a strong slag

flow inside the slag layer and along the side wall downward. Thus through a

so-called” T’ tube mixing function Fig. 7 the slag drops can be drawn quite
far down approaching the bottom of the converter.

Fig. 6 is important. It indicates that a thick slag layer is favourable for a

good slag-metal mixing ratio and consequently may lead to a good reduction of

Mn from slag to metal.
The contribution of side wall blowing

As shown in Fig. 3 the side wall tuyere was put just beneath the interface
so we were not surprised to find this side wall blowing did not show an obvious
effect on the mixing ratio. But we also found that oil drops separated from water
very quickly as soon as we suddenly stopped the gas flow if only bottom blowing
was used despite whether top blowing was used or not . When a bottom/side-
wall combined blowing was used the time needed for separation was prolonged

Fig.8 .
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Pursuant to V. G.

Levech’s opinion during the - 200F N ]/7———5
floating up of oil drops they = . /‘o/ ’

are always inclined to merge § 180 1 -single bottem
with each other into a larger é 160 2- botte:tggsvigg%vall
one so the initial floating E 3,b0nem_§i'§§v ‘:vnﬁ]
velocity is essential for deter- § 140 ‘Sélizﬁgféffsdagoﬁ;;
mining the total separation g il

time " . From Fig. 8 the £

initial floating velocity for u—g: 100

top-bottom blowing was 8.
75 mm/'s and that of bottom
side wall blowing was 3. 89
mm/’s. Using V. G.

Levech’s ™ and G. H. Geiger’s method ? we calculated the corresponding

50 100 s
Time needed for separation after stop blowing

Fig.8 The effect of side wall blowing

size of oil drop to be approximately 1 mm and 0. 67 mm. The calculated oil drop
size for top-bottom blowing was a bit smaller than the size of oil drops which ad-
hered inside the sniffer tubes at sampling moment. A small slag drop was the

significant contribution attributed to side wall blowing.
Conclusion

Top addition in performing a smelting reduction process in a converter was
thought to be the most practical technique. Whether it may succeed or fail all
depends on the slag-metal mixing within the converter.

Based on the analysis of slag-metal mixing characteristics we claim that by
means of a thick slag layer and intensive stirring in a 3 — set tuyeres side wall
blowing converter slag-metal mixing may be fully developed. In this case the
main function of the bottom tuyere just as AOD tuyere is to draw slag down-
wards. Middle side wall blowing tuyere put beneath static interface results in
small slag drops. A top blowing tuyere put beneath the static slag top surface is
mainly useful to perform post-combustion. So slag drops were thought to play an
important role in heat transfer downward in this converter blown with three sets

of tuyeres.
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List of symbols

X — The content of the element in molten metal which is to be reduced
X — The content of the element in slag which is to be reduced

K — Equilibrium constant K = X /X

Y,— The mixing ratio of upper mixing Y, = Wt /W,

Y,— The mixing ratio of lower mixing Y, = W,/W,

W.— The toal dispersed amount of slag

W_,— The total dispersed amount of molten metal

W*— The total weight of all slag in the converter

W*— The total weight of all metal in the converter

m

k, ki, — Mass transfer coefficient

k k — Reaction coefficient
u w

% SL — Slag percent %SL = WE/WE,

F — The flow ratio of dispersed phases F = dW/dt
t — Time

a — Average specific surface area

s — Seconds

S — Spreading coefficient

M — Meter

N — Newton

n — The mixing circulation time

t,— The average retention time of molten metal droplets in slag
U — Velocity

L — Size

o — Interface tension or surface tension

p — Density

u — Viscosity



Subnotes

u — upper mixing

w — lower mixing

o — initial
s — slag
m — metal

n — nth mixing circulation
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1 16Mn
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Secondary Steelmaking Review of
Current Processes

Abstract This paper reviews the specific features and applications of ex-
isting secondary steelmaking processes. A survey is made of the fundamentals
of the refining reactions and their efficiency in terms of the process parameters
and the steel composition. The concept of“ clean steel” is discussed with the
view of summarizing today’s state of the art and the future possibilities. Besides
the technical and quality aspects of secondary steelmaking some economic and
productivity factors are given due consideration to understand the past and future

progress of the technology.

INTRODUCTION

The concept of secondary steelmaking or* ladle metallurgy” embraces a va-
riety of treatments applied to molten steel between tapping from the main melt-
ing furnace and the final casting. The concept was introduced more than 20
years ago and is today widely applied as a working tool for steelmaking. The
number of installations made through the years is illustrated in Fig. 1.

Secondary steelmaking processes have taken over many of the refining
steps traditionally performed in the melting furnace thereby substantially re-
ducing the tap-to-tap time of the furnace. The cost and energy savings ob-

tained are the principal incentives for secondary metallurgy development in-

« Inclusions and Residuals in steels Effects on Fabrication and Service Behaviour. Ottawa
Ontario. Canada 4-5 Mar. 1985 pp.33-71
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Fig.1 Annual increase of different types of secondary steelmaking facilities in the world

creased productivity is another. No less important is the demand for better
cleanliness of the steel to meet the market’s increasing quality require-
ments and to increase the efficiency of the subsequent steps of steelmaking.
Technically and economically this development has been very important to
the steelmaking industry which has been suffering from low profits for man-
y years.

Among the variety of secondary steelmaking processes we can distinguish 5

different groups

— Ladle argon bubbling

— Vacuum degassing DH RH BV PM processes

— Ladle furnace refining ASEA-SKF FINKL-Mohr LF

— Ladle injection Sc Lanc TN Wire feed

— Stainless refining AOD CLU VOD RH-OB VODC

The historical development of the various secondary steelmaking processes
is summarized in Fig. 2. The specific objectives and approaches of the different

processes are given in Fig. 3.
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Years
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1965
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I BV(also in USSR) I

l DH(HGSch AG)

RH
(Rheinstahl)

VAC -1

2 VAC
T—D !
(Bochumer) /,

|
l

VAD
(Finkle & Sons)
AOD
(Union Car blde) l
LF (Nippon)

]7
CLU
H,0+0, = b (Sweden)
SAB(NSC) _—
N(Germany)
Gas Alloy LANCERS(Swgdm)
SCAT SIag " Cap N
[ (Sumitomo) .
slag “ ~ CAS(NSC)
Ar ¢ Ar gas

Al ingot CAB(NSC)
Rapid Al Feeder
(Kawasaki)

PM

Fig.2 Historical development of various ladle refining methods
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Fig.3 Assessment of some secondary steelmaking processes

Secondary metallurgy offers significant benefits to both the large steel pro-
ducers in the form of increased productivity improved yield and energy sav-
ings and to the smaller specialty steel works in the form of improved quality.
For* mini-mills” which are specialized steel-works with a production of a few
hundred thousand tons/year secondary steel making is an excellent option from
productivity and quality points of view. A typical lay-out of a mini-mill is
shown in Fig. 4.

This paper will describe the state-of-the art in secondary steel-making em-

phasizing metallurgical considerations and give examples of the different sys-
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Fig.4 Typical layout of a modern mini-steelmaking shop

tems and their characteristics.

FUNDAMENTALS OF SECONDARY STEELMAKING

GENERAL ASPECTS

The main metallurgical objective of secondary steelmaking is the removal
from the steel of contaminants which are inherited from the raw material or
picked up during processing e.g. C S P O N H. The operations which
are of major importance for successful refining of molten steel are identified be-
low
— Stirring
— Vacuum treatment
— Gas blowing
— Addition of solid reactants
— Slag refining
— Heating

The secondary steelmaking processes combine these operations in different

ways as illustrated in Fig. 5.
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Reduction Of Pressure

VAD

Stirring
ASEA-SKF
Heating
Addition
LF
AOD Slag Refining
Fig.5 Secondary steelmaking processes related to the five principal operations
STIRRING

Stirring mixing and convection are the true impellers for the reaction rate
in most processing vessels and are of decisive importance for the efficiency of
secondary steelmaking. In the various processes different ways of stirring are
practised

— Gas stirring — Inductive stirring — Vacuum-driven circulation
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Gas Stirring

A gas flow for stirring the melt may be introduced into the vessel in various
ways through porous plugs tuyeres or lances. The specific stirring power of
argon blowing into a steel ladle is related primarily to the gas flow and other pa-

rameters such as the immersion depth of lance or tuyere.
g= 6.2%10°%«Q*T1 /MLxIn 1+9.6810°%xpl«xZ
+ 1-T,/T1 1

where
e = stirring effect Watt/ton of steel
T1 = temperature of molten steel K

Q = argon gas flow rate  Ndm®/min

To = argon gas temperature K

Hyn=1.44 M. Q=10.1/min.
M1 = mass of molten steel ton . Ta=298°K. Ts=1893°K. -
pl = density of molten steel g/ em®  witon | o
Z = inserted depth cm 1100
Different flow rates of argon are
. 900 600
used depending on the nature of the
process. Typical values Nm®/min 700
are ° 400
.. 500
— homogenizing of temperature and of
composition 300 200
0.08-0.13
. . .. 100
— dissolving ladle additions . . . A g
1073 1072 107! 10° ,Atm.
0.30-0.45 0.76 76 176 760 ,Torr.
— slag-metal reactions desulph. P
0.45-0.90 Fig. 6  Relation between gas stirring
) ) effect and the pressure over the
— lance injection of powder melt
0.9-1.8

The gas stirring effect in a vacuum system is more effective where even a mod-
erate gas-flow gives a considerable effect. Fig. 6 indicates the stirring effect in

relation to the pressure over the melt and the working range for some common
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processes.

Inductive Stirring

Inductive stirring is effected by alternating electromagnetic fields in the
melt. The stirring effect follows Eq 2 below. In an ASEA-SKF ladle furnace for
example the stirring effect can be up to approximately 500 W/ton using straight

inductors.
g =1.2%107°% % d #pl « h**/ML 2
h =316% J/ul r=f «P/Sx1/pl 2a
where
g = stirring effect W/ton
d = ladle diameter cm
h = swelling height of molten steel cm
u = permeability
f = frequency Hz
P = supplied electric power kW

I = resistivity ohm-cm
S = molten steel area cm?

pl = density of molten steel g/cm’

Vacuum-driven Circulation

Vacuum-driven circulation is practiced in the RH DH and PM processes
in which the stirring is effected by pouring or pumping the melt between the vac-
uum vessel and the ladle. In the DH process the forces act intermittently upon
the molten steel giving a pulsating movement. The corresponding stirring ener-

gy is expressed by the equation
& =8.35%10°° x V2« mx n/ML 3

where
V = average rate of exhausted steel m/s
m = mass of sucked-up steel kg
n = rising and falling frequency min™*

M1 = mass of molten steel ton
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Time for Perfect Mixing

In addition to the stirring energy the calculated time for perfect Mixing
is an important indicator of mixing efficiency. In Fig. 7 the time for perfect
mixing for the RH and PM processes is compared to that for argon bubbling.
The relation between stirring energy density and the time for perfect mixing
is illustrated in Fig. 8 which can also be expressed by the following equa-

tion

c= Vil s 4
where
7 = time for perfect mixing s
M1 = mass of molten steel ton

p = density of molten steel t/m°

Ladle refining
process PM RH Ar gas bubbling
Item
\/
Flow pattern ﬁ weak
Strong
Time for perfect mixing sec 100 - 200 180 — 500
Oxygen of molten steel X 35 34 41
in tundish  ppm a 8.0 8.2 15.4
Yield of aluminum added
1 1
just after addition % © 0 65
Rate of temperature drop | 4 5 ) g 18-22 1.5-2.0
C/min
Running cost 2 15 1
Incidence Low carbon 0.8 — 1
of slivers | yjira Jow carbon — 0.8 —
Inner defects of ERW pipe 0.4-1.1 1 1-1.5

Fig. 7 Metallurgical characteristics of various ladle refining processes
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Fig.9 Equilibrium of hydrogen nitrogen
and oxygen in iron at 1600C as a
function of partial pressure
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Relation between time required for perfect mixing and energy density *

VACUUM OPERATIONS

According to Sievert’s law
the amount of gas dissolved in
metal is proportional to the square
root of its partial pressure. Fig. 9
illustrates the equilibrium pressure
of N H and O in carbon steel at
1600C.

Oxygen Removal

Oxygen dissolved in carbon
steel will be removed by reducing
the partial pressure of carbon mon-
oxide formed under the carbon-ox-
ygen equilibrium. Carbon is in fact
a very efficient deoxidizer in vacu-

um processes practically used in
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the Vacuum-Carbon-Degassing VCD process because the equilibrium oxygen
content drops drastically when the pressure is reduced Fig. 9 . In practice

however equilibrium values are rarely obtained and we have to accept oxygen
values considerably higher than predicted although significantly lower than

those obtained at atmospheric pressure.

Nitrogen Removal

Nitrogen removal by reduced pressure presents more problems. Nitrogen
activity is reduced by many elements in steel and unsatisfactory kinetic condi-

tions restrict the nitrogen removal. Furthermore surface active elements such as

oxygen and sulphur impede the 100 —
transition of nitrogen between the H, A
liquid and the gaseous phases. This §0 80 T, " "','/..,s.
means that deoxidized and desulphur- 2 n‘"g -': . H's
=} (A MNY LN
ized steels are more favoured for ni- & © WL I:°':F;l.
“5’ °
trogen removal. g d
. : Z 40 , p—2 v
Good conditions for nitrogen < % ol & |°
. . = / ] ngo Dc)
removal also exist for unkilled steels g ” ° o -3
= \4
as shown in Fig. 10. The main reason & F%: d,g‘? Q;: N,
o
is the excellent purging effect caused h ” o o P—
by the intensive formation of CO. A- Removal of oxygen,%
bout 30% of nitrogen and 70% of hy- ¢ Removal of hydrogen

O Removal of nitrogen
drogen are removed under these con-

.. . .. Fig. 10 Degassing effect without inert-gas pur-
ditions without the use of stirring . .
ging theoretical curves from ref 6

gas.

GAS BLOWING OPERATIONS

Converter refining processes for high-chromium stainless steels VOD
AOD CLU and RH-OB utilize decarburization under reduced partial pressure
of carbon monoxide. Modern stainless steel making largely uses an electric arc
furnace EAF operating in sequence with one of these converter processes. As
the decarburization is performed under close control of the oxidizing conditions

carbon can be removed to extremely low values without noticeable chromium
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losses. The competitive oxidation of carbon and chromium during the blowing of

oxygen into a steel bath can be written as follows

2.00 F ] 3/2Cr +2C0=2C +1/2 Cr,0,

Conventional AO
EAF [ 5

1.00

0.80

0.60

In these oxygen-blown converter

processes nitrogen and hydrogen are
0.40

also satisfactorily removed.

0.20 The converter processes for

stainless steel represent a major

% C

0.10
0.08

0.06

advance in process economy and
in refining efficiency compared

0.04 with the traditional refining in the

arc furnace. Fig. 11 illustrates

the parallel progress of decarburi-

zation and Cr-oxidation during

20 25 30
% Cr the refining of chromium steels in

Fig.11 Comparison of different processes for the EAF and in the VOD

manufacture of Cr-bearing steels in terms ..
s process the latter giving far less
of C-Cr pressure-temperature equilibria

Cr oxidation.

REFINING BY ADDITION OF SOLID REACTANTS

Solid additions to molten steel are preferably immersed into the bath
which causes problems for lower density materials. In such cases lance in-
jection or wire feeding often offer the practical solution. For the efficient
reaction between the added material and the melt it is also important that
the additions be rapidly dissolved and homogenized in the melt with ade-
quate stirring. Typical yields of alloying powders added to the ladle by
deep injection are given in Table 1. Injection through tuyeres under the

melt surface or in the“ eye” of a gas-purged ladle is used in some steel

plants with good results.
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Table 1 Recoveries for trim alloying in ladle by powder injection

Element C Si Mn Cr Mo Nb \% Al Ti B

Recovery % 97 95 100 99 97 100 100 90 85 75

SLAG REFINING

The first objective of metal-slag reactions utilized in secondary steel-
making is to remove sulphur from the steel. Desulphurization is necessa-
ry because of the detrimental effect of sulphur on the mechanical proper-
ties of steel particularly toughness and ductility. For instance in mod-
ern linepipe manufacture the steel specifications include high values of
impact toughness in the transverse direction and correspondingly low
limits on sulphur content. Modern ladle metallurgy can meet these re-
quirements with a good margin producing steels with 1 to 10 ppm of
sulphur. This is accomplished by the application of an optimized ladle in-
jection.

There are 3 important factors for successful desulphurization
— optimal slag composition
— perfect deoxidation of steel and slag
— efficient stirring in the reaction vessel.

As desulphurization depends on reactions with lime and magnesia a
high slag basicity is an obvious condition. A low oxygen content in the steel/
slag system is also important because sulphur removal is based on the following

equilibrium
O+ S=S*+ 0 6

A common way of expressing the desulphurizing capacity of a slag is in terms of

the parameter C; 4
C=a, SIS 7

Fig. 12 illustrates the desulphurizing capacity in the CaO-SiO,-Al,O, system ac-

cording to Jacquemot *° .
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Fig. 12 Sulphide-capacity contours Cg Fig. 13  Activities of CaO and Al,O,;-CaO-
wt% in Al,O;-Ca0-SiO, system Si0, system at 1 600°C *

at 1600 °

Desulphurization of an aluminum-killed steel with a lime-based slag can be

expressed by the following equilibrium
3 CdO +2AI +3S=3 CaS + Al,Q, 8

This reaction is promoted by increasing the CaO and Al activities and is restrict-
ed by higher Al,O, and CaS activities. In Fig. 13 it is seen that the alumina activi-
ty is at a low level in the area where the lime activity is high and the desulphuri-
zing capacity consequently is strong.

One must be as careful about the oxygen FeO content in the slag as about
deoxidation of the steel or there will be a steady“ leakage” of oxygen from the
slag to the metal. Other sources of oxygen contamination must also be consid-
ered such as silica refractory linings or exposure to the atmosphere. Good separa-
tion of the primary slag when tapping from the melting furnace is necessary and
the ladle lining should be basic or neutral.

Finally secondary steelmaking slags can absorb considerable amounts of
nitrogen and vapor which can jeopardize the efficiency of slag treatments under
vacuum. Therefore dry and clean slagging constituents should be used and af-
ter-treatment shrouding with argon is advisable to protect the steel during cast-

ing.

963



(¢ ASmpelow snougy uo pueny] nx JO SUOAR PARS

HEATING

Secondary steelmaking treatments are always subject to heat losses by heat
absorption in the ladle walls and by radiation. Moderate heat losses can normally
be compensated by superheating the melt before tapping from the melting furnace.
The AOD and CLU processes utilize exothermic reactions which generate enough
heat to maintain an adequate casting temperature. Other processes however
need energy input during the treatment to compensate for losses. For 1.5% slag
1% of alloy addition and a temperature drop of 50-80C it can be shown that a
heat input of about 30 kWh/ton is needed. The heat transfer factor is normally
about 30% to40% and the practical input energy needed is about 80 to 120 kWh/
ton.

Heating with submerged electrodes is normally preferred in order to mini-

mize refractory wear in the 160
processing vessel and to optimize 5140'
the heat recovery. Low voltage/ a :(2)3_
high current operation is desirable LE 80:
to reduce the arc length. Results % 60k
from a practical study are shown in =;§ 401
Fig. 14. To attain adequate heating S 20p
power in a 250 ton ladle an elec- 22_
trode system with a transformer ca-
pacity of about 40 MVA is needed. ; 20F
To stabilize the submerged-arc >;
heating it is necessary to control the % Br
fluctuations of the steel surface é ik
thereby keeping the arc length to a :f
minimum. This requirement con- 2 st
flicts with the need for good stirring

in the vessel and restricts in the 0 3;) 315 410 4[5 5:) 515

.. . Value of secondary current, kA
case of gas blow stirring the maxi-

mum flow rate to about Fig. 14 Influence of voltage and current on e-

0.4-0.5m® min at STP Fig.

lectric power and arc lengths
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15 . Induction stirring which gives a more steady turbulence of the melt is

therefore preferable in combination with submerged-arc heating.

e\e('. P g
200 (et ol -~
e~
—
- ch\
oo
@QQ\

Diameter of molten steel, m

777777

Non contact area

0 ] 1 1
200 400 600 800
Ar gas flow rate, N1/min

Fig. 15 Influence of argon flow rate on molten steel surface
Heating by plasma is a recently introduced technology which holds much

promise for future development. Experience indicates that submerged plasma

heating is preferred due to the optimal heat recovery.

CONTROL OF INCLUSIONS AND RESIDUAL ELEMENTS

With adequate application of current secondary steelmaking technology we
can consider the following levels of prime impurities in steel as our working

standard in the production of* clean steel”

carbon <100 6 ppm oxygen <15 5 ppm
sulphur <10 1 ppm nitrogen <30 14 ppm
phosphorus < 50 8 ppm hydrogen <1 0.2 ppm

The figures given in brackets represent a prediction for attainable levels in the
year 2000 *° .

CARBON CONTROL

As mentioned above the quality requirements for steel plate for linepipe in-

creased during the 1970’s and the severe limits on fracture toughness in the



‘ weld heat-affected zone HAZ demanded a steady decrease and narrow control
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By using converter processes with a combination of oxygen blowing from

the top and argon blowing from the bottom the carbon can successfully be re-

duced to about 0.03%. Lower values are obtainable but at the price of in-
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creased iron loss to the slag and increased lining wear. For very low carbon

contents it is necessary to use secondary steelmaking processes such as DH RH
and RH-OB.

For the decarburization reaction C+O==CO the equilibrium constant k_

is given by

k =

C

%C x a,/p,, =0.002 1600 9

Assuming an oxygen activity a_ of 0.04 and a CO partial pressure p_, of 0.

002 bar Eq 9 predicts a final carbon value of 1 ppm * . The conditions for ap-
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=
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~ N
~ -~
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Fig. 18 Carbon content versus gas flow rate for

13 min treatment in RH process

proaching this equilibrium value in
practice are good convection in the
melt and rapid removal of CO by
good flow of inert gas. Fig. 18 il-
lustrates the levels
which can be attained in the RH
process under various gas flow

of carbon

rates * . From a practical point of
view a maximum flow rate of a-
bout 2 m® per min STP
and the corresponding

seems
realistic
end carbon content is of the order
of 20 ppm. In some cases levels
of 10 ppm carbon have been
reached % .

Carbon removal is also important in stainless steel production. A number of

new Cr-Mo steels with ultra-low carbon and nitrogen contents are now in produc-

tion “ Super-ferrites’ . Table 2 gives typical compositions * .
Table 2 Composition of" superferrites’” wt%
Max. C Cr Mo Ni Others
0.015 18 2 — Ti
0.015 28 2.5 4 Nb
0. 002 26 1 — —
0. 005 28 2 — —

These steels can only be produced by application of secondary steelmaking the
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AOD or CLU processes for steels with min C about 100 ppm and the VOD
process for even lower carbon contents. Many austenitic stainless grades are also
produced with very low carbon content primarily using AOD or CLU proces-
ses thereby increasing their weldability and corrosion resistance considerably.
Typical compositions of these low-carbon grades are listed in Table 3. Fig. 19
gives the historical trends in stainless steel process methods and typical carbon
contents. Current technology permits the economic production of commercial

low-carbon low-nitrogen stainless steels because of high productivity use of
less expensive raw materials no low-carbon ferro-alloys and high metal
yield. For extremely low carbon and nitrogen levels <50 ppm the oxygen re-
fining processes alone are not sufficient and a final time-consuming vacuum

treatment under argon blowing must be added Fig.20 *

Table 3 High-alloyed Cr-Ni-Mo stainless steels wt%

Max. C Cr Mo Ni Others
0.030 17.5 2.8 13 0.14 N
0.030 17.5 4.5 13.5 0.14 N
0.020 20 6.3 25 0.20 N
0.020 20 6.3 25 1.5Cu

0.15N
0.020 20 6.3 18 0.7 Cu
0.20N
0.020 20 4.5 25 1.5Cu
0.08 N

OXYGEN CONTROL

Oxygen and oxide inclusion control has to begin when the BOF or EAF is
tapped. Only the minimum of primary slag often rich in silica and FeO should
be carried into the ladle. The tolerable amount is of the order of 2-4 kg/ton. A
fresh top slag on the ladle is prepared by adding lime and fluorspar during tap-

ping which has the following functions
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— protecting the metal from reoxidation
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— reducing heat loss by radiation
— being an active reagent in the desulphurization process
— absorbing oxide and sulphide inclusions from the melt.

The slag basicity should be about 3 to 5 and the slag index M = CaO/S O,
. Al,O, should be 0.25-0.35 calculated on the slag composition after ladle
treatment. The oxygen activity of such a slag is very low the activity of
alumina in the lime-saturated slags not exceeding 0. 001 and the oxygen activity
of the steel in equilibrium with the slag being less than4 x 10°° . Most ladle
treatments utilize CaO-based slags and aluminum for deoxidation. The equilibri-
um between Fe-Al melts and CaO-Al,O, slags plays an important role. Fig. 21
illustrates the sharp decrease of oxygen activity in the metal with increasing Al%
and CaO-content in the slag ¥ . In addition the CaO-rich slags promote the for-
mation of globular Ca-aluminates which are far less harmful to the castability of
the steel and to the properties of the end product than the dendritic alumina slag
inclusions which otherwise form.

The deoxidation process normally progresses with a high reaction rate and
the growth and removal of the oxide inclusions are enhanced by stirring of the
melt. Experimental and plant studies give the following expression for the rate of

. . . 28
oxide inclusion removal

C =GCexp - K 10

where

C, = initial concentration of inclusions

C, = the concentration at time ¢

= apparent removal-rate constant at a given stirring intensity.

Both the slag layer and the ladle walls are assumed to absorb inclusions but the
ladle walls can also act as a source of reoxidation if the refractory has a higher
oxygen activity than the melt. Reoxidation of steel is an obvious risk particular-
ly during teeming from the ladle or from the tundish. A variety of systems for
teeming under protective atmosphere have been adapted for the production of
clean steels particularly for continuous casting.

Oxide inclusions can never be entirely eliminated and thus we have to con-

sider the shape and nature of those remaining in the steel. Control of inclusions

970)



can be achieved by treatment of the steel with a synthetic slag or with calcium

Savity compounds.  Synthetic  slag
.@ / Si0,
; .
S ~ iIncLUSIONS  (reatment is frequently used to
AFTER . . )
ROLLING obtain deformable inclusions

in wire and strip production.
Inclusions of predetermined
dio Fordsy=0.3 composition are stable only
under close control of the ox-
ygen activity Fig. 22 % .

Such a narrow range of oxy-

gen activity is not easily ob-

/

A1203 tained by Al or Ca additions
o=

Fig. 22 Deformability of oxide inclusions at rolling
temperature in the CaO-Si0,-Al,O, system ° ble to use a synthetic slag

Oxygen activities in equilibrium with the ox- treatment  with ~ adequate

ide phase are plotted in the composition range

to the steel and it is prefera-

stirring.
In Si-Mn or Si-Mn-Al-

killed steel the oxygen activity is determined either by the Si-and Mn contents

for plastic inclusions.

or solely by the Al-content depending on the relative amounts of these elements

Fig.23 * . Inclusions in steels deoxidized with aluminum or silicon can be
modified by lime-based powder injection or by calcium treatment. Ca-treatment
is the more efficient method. Total Ca-contents needed for obtaining liquid in-
clusions in Al-killed steel are given in Fig. 24 * .

Although oxide inclusions are normally regarded as harmful they can be
beneficial in certain products. For example globular sulphide inclusions are de-
sirable for good machinability cold-deformable inclusions can improve the cold
deformability and polishing characteristics of certain steels and Ca-aluminates

or Ca-silicates can have positive effects on the free-cutting properties.
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Transforming the cluster-forming alumina inclusions into low-melting
Ca-aluminate by CaSi in jection is another important example of inclusion
modification. The alumina dendrites can cause nozzle blockage during
continuous casting of Al-killed steels while the Ca-aluminates normally do
not stick to the nozzle walls letting the steel pass freely. To eliminate
nozzle blockage the Ca/Al-ratio should exceed 0.14 * and the oxide
composition should correspond to CaO: 2Al1,0, or aluminates of higher
CaO-contents.

d ¥73" that modification of inclusions can be

It has been suggeste
obtained by injection of slag-forming products or even by argon bubb-
ling under a top-slag but there has been no conclusive verification in
practice. However in our experience a final injection of lime-fluorspar
after CaSi-injection is recommended to counteract the formation of large

Ca-oxysulphides which may occur in Ca-saturated steel.

SULPHUR AND SULPHIDE INCLUSION CONTROL

Good deoxidation is a prerequisite for sulphur removal from a steel
melt. In integrated steel-works the hot metal is under reducing condi-
tions and desulphurization should start at this stage. There are hot metal
treatments capable of reducing the sulphur content down to 0.003%. It is
not likely however that such a level can be maintained in the BOF-
plant. A final sulphur content lower than 0.010% is rarely obtained from
the BOF converter. Likewise in EAF steel the minimum sulphur content
is 0.010%. Thus subsequent desulphurization is indispensable. There
are two types of treatment for efficient sulphur removal
— reaction with a synthetic top-slag under good stirring most often argon bubb-

ling under a CaO-Al,O,-CaF, top slag
— injection of Ca-compounds or lime-based powders or both in sequence.

In the ladle injection process using CaSi-powder as desulphurizing agent
we find a consistent relationship between oxygen activity the amount of CaSi
added and the degree of desulphurization obtained Fig.25 % .

A basic lining and intensive stirring by the injection gas contribute to rapid

desulphurization. Sulphur levels as low as 30 ppm are obtainable on a regular
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Fig. 26 shows results obtained from full-scale production > using 5 kg/ton of
steel of a lime + fluorspar mix flushing with 1 m®/min STP argon for about
12 min and finally injecting 1.5 kg/ton CaSi. The SL-ULS injection process

developed by Scandinavian Lancers aims at an ultra-low sulphur content of 20
ppm max. This process is used by BSC at their Lackenby works for the produc-
tions of linepipe steel. Production results are shown in Figs. 27 and 28. The 20
ppm limit is reached by > 80% of the production with an average CaSi consump-
tion of approximately 3 kg/ton of steel which is 30% to 50% lower than for the

standard injection procedure.
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The nature of the sulphide and oxide inclusions remaining in small
amounts in calcium-treated steels are strongly affected by the concentra-

tion of calcium Fig.29a b *

. In Al-killed steels a low-melting-point

sulphur-rich phase precipitates in the grain boundaries as Type-II man-
ganese sulphide. In contrast the small amounts of oxygen and sulphur in
Ca-treated steels form a eutectic melt richer in oxide yielding globular
Ca-aluminates surrounded by a Ca-sulphide coating Fig.30 . Alumina
dendrites and sulphide stringers are thereby eliminated. A recent stud-
y © has shown that sulphide inclusions in Al-killed steels are com-
pletely transformed when the quantity of soluble calcium and rare earth
metals present is sufficient to react with at least 40% of the dissolved sul-
phur at the start of solidification Fig.31 . Another investigation * in-
dicates how even small amounts of Ca substituting for Mn in the sulphide

inclusions drastically increases their microhardness Fig.32 .
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Fig. 30 Schematic representation of modification of inclusions by Ca treatment

To summarize secondary metallurgy processes such as the SL-ULS process
provide excellent control of sulphide inclusions producing steels with extremely
low sulphur content and causing the remaining inclusions to have a shape which

minimizes detrimental effects on end-product properties.
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HYDROGEN CONTROL

The extent of hydrogen removal by various degassing processes is indicated

in Fig. 33. Hydrogen contents below 2 ppm are obtainable by most of the meth-

ods. Alloyed structural steels

L) T
P 773 ladle to ladle

particularly  those containing tap degassing
nickel are very sensitive to hy- P2 Therm-1-Vac
drogen cracks “ flakes” . In é
. . . T o
large forging ingots of machine E V222773 gas stirving
and tool steel the maximum per- o P23 induction stirring
mitted hydrogen content is usu- 2 777777 AASEA-SKF
<
ally 1.5 ppm and at times even ﬁé}’
L . 2777777} p-H
vacuum casting is applied. In la- CZZZ7TA v
dle degassing considerable time . 1 .
0 1 2 3

and a good vacuum are needed to
obtain good hydrogen removal

Fig.34 . An intensive gas agita-

HYDROGEN,ppm

Fig. 33 Hydrogen contents obtained by
various degassing methods

tion during the process often induced by argon flushing is required. The deoxida-

tion of the steel also influences the hydrogen removal Fig.35 * .
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The inverse reaction of hydrogen pick-up is unfortunately a common problem
of many ladle metallurgy processes raising the hydrogen content by about
1-1.5 ppm. The hydrogen sources are the humidity of the slag-forming addi-
tives injection powders ferro-alloys and even the ladle and tundish lining. Well-
deoxidized steel is unfortunately strongly sensitive to hydrogen pick-up a steel
with an oxygen activity of 20 ppm has an equilibrium solubility of 20 ppm H at a
water vapor pressure of 0. 003 atmospheres. Also the rate of hydrogen absorption

in ladle-treated steels is high due to the very low oxygen and sulphur contents.

NITROGEN CONTROL

Nitrogen removal by vacuum treatment is a slow-moving reaction due to the
low mass transfer coefficient of this element. Thus in practice the only way to
produce a low-nitrogen steel is avoiding all sources of nitrogen during the pro-
cessing by using low-nitrogen raw materials and additives and by avoiding re-
blowing open tapping and Al addition during secondary steel-making and teem-

ing.

| Nitrogen pick-up from the
Injection rate 36 kg/min
| Sa<<30 ppm atmosphere generally occurs dur-

=}
S

Casl # ing ladle treatments. During Ca-

3
A

Si injection for instance some

=
=

f 3 20 to 30 ppm of nitrogen are add-
A ed to the steel. Addition of a top

Vd

e slag to the ladle reduces the nitro-
— . . .
P U gen absorption in the steel Fig.

= 36 . A further advisable precau-

tion is the use of ladle hoods to

=)
S

Nitrogen, ppm

\
T

401

30

~

0o 2 6 8 10 12 14 prevent the access of the sur-

Injection time, min
rounding atmosphere during treat-

Fig. 36 Nitrogen absorption during injection
of desulphurization agents 120 T ment. Fig. 37 illustrates the ni-
dolomite-lined ladle trogen pick-up during the SL in-

jection process using a double-hood system which efficiently reduces the nitro-
gen absorption by a factor of 3 to 4. Other measures taken to prevent nitrogen

pick-up include the use of an iron foil covering the ladle during tapping the tap
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stream passing through the foil * . Large pieces of dry ice CO, are placed on

the ladle bottom to generate a protective atmosphere over the liquid steel.
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Fig. 37 Effect of double-hood system on nitrogen pick-up during injection

In the production of the extra-low interstitial-containing Cr-Mo steels “ su-
per-ferrites” considerable effort is necessary to achieve the extremely low nitro-
gen levels required. The VOD process is the one normally used but several ex-
tra precautions must be taken . The carry-over of furnace slag to the VOD
treatment must be rigorously limited the argon-oxygen process gas is injected
from the top and argon blown from the bottom. Moreover lime and fluorspar
are added to form a fluid slag in the VOD. The initial carbon content should be
kept at a higher level than normally used about 1% C is recommended com-
pared with the normal 0. 3% —0. 4% . With this practice 18% Cr super-ferrites

are produced with total C+ N < 150 ppm.

CONTROL OF* TRAMP ELEMENTS’

Conventional metallurgical processes cannot remove impurities such as Cu
Sn As Sb from the steel and cannot achieve dephosphorization of high-chro-
mium or high-manganese melts. Unfortunately these tramp elements accumulate
in the steel through recirculation of scrap. Table 4 indicates the limits of tramp

elements in some different steel grades and the typical contents in scrap pig i-
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ron and sponge iron. The calcium treatment of steel offers certain possibilities

. 48 ~50
for removing tramp elements

. Calcium metal has a strong affinity for Sn
and P forming intermetallic phases such as Ca,Sn and Ca,P, which can be
used only in very special cases. Removing copper from steel has to date not been
proven possible and the copper level of steel production must be controlled by

diluting the circulating scrap with virgin raw material.

Table 4a Typical maximum residual limits of carbon steels

> Cu+n+Ni+Cr+Mo W%

Tinplate for draw and iron cans 0.12
Extra deep drawing quality sheet 0.14
Drawing quality and enamelling steels 0.16
Commercial quality sheet 0.22
Fine wire grades 0.25
Special bar quality 0.35
Merchant bar quality 0.50

Table 4b Typical residual content of selected charge materials

> Cu+n+Ni+Cr+Mo W%

Direct reduced iron 0.02
Pig iron 0.06
No. 1 factory bundles 0.13
Bushelling 0.13
No. 1 heavy melting 0.20
Shredded auto 0.51
No. 2 heavy melting 0.73

In stainless steel production it may be possible to reduce P As Sb and Sn
contents by calcium treatment Fig.38 > . Dephosphorizing in the AOD con-
verter or in a ladle treatment has been studied ¥ *  as well as in the electric arc
furnace * . A mixture of CaF, + CaC, is fed to the melt and is removed after the
reaction is complete. Dephosphorization of 25% —-50% is obtained using
6—15 kg/ton fluorspar and 8—10 kg/ton calcium.

PRACTICAL FEATURES OF SECONDARY STEELMAK-
ING INSTALLATIONS

Secondary steelmaking processes are widely used today in the production of
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a large tonnage of a variety of steel grades to achieve high quality steels and
process economy. Increased productivity is many times more important than the
production of clean steels. Therefore we consider first the productivity of the
primary furnace releasing it to the maximum possible extent from the refining
processes and alloying additions which instead should take place in the seconda-

ry steelmaking unit. A ladle heating system must be used in certain cases.

The material handling in the steel-works will be changed providing incen-
tive for the installation of automated transport systems for alloying and slag-
forming additives. In the case of ladle-injection refining most materials lend



themselves to pneumatic transport from storage silos to day-bins and finally to
the ladle.
The design of a ladle treatment system should be based on the following
principles
— The refining operations from tapping to casting taking place preferably in the
same ladle.
— The ladle passing the number of stations needed to perform the complete treat-
ment.
— The transportation from station to station being made on a transfer car.
— A modular design system being used to facilitate the replacement of worn-out
and exposed parts of the equipment.
— Every system being provided with a ladle hood designed for the purpose of the
treatment.
A ladle treatment system of this kind has been developed by Elkem/Scan-
Lance including a lance-injection station vacuum degassing high-power stir-
ring inductor and ladle reheating. These optional parts can be combined to the

extent needed for individual requirements.

PRIMARY SLAG SEPARATION

For all of the refining processes the slag from the primary furnace should
to the extent possible be prevented from entering the refining vessel.

For the electric arc furnace there are 3 approaches to this problem
— sliding gate system
— bottom tapping
— eccentric bottom tapping

At present there is widespread interest in eccentric bottom tapping.

For BOF converters a sliding gate system may also be considered. Alterna-
tively two other approaches are
— swing arm with pneumatic tap-hole blocking
— re-ladling
Sliding gates and pneumatic blocking have proven to be reliable and efficient for
ladle sizes <180 tons. So far the sliding gates have a durability of some 20
heats while the pneumatic blocking systems last for 600 to 800 heats. Lacking a
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more reliable system for bigger converters re-ladling despite its practical disad-

vantages remains a working method.

LADLE AND TRANSFER CAR SYSTEM

Ladles with a basic lining are normally used. Neutral alumina-based lining
is often also acceptable but a silica lining will seriously jeopardize the refining
process.

If inductive stirring is applied the ladle should have a nonmagnetic* win-
dow" in the area of the magnetic field. The ladle transfer car can be combined
with a built-in induction stirrer or occasionally also with a ladle tilting system to

facilitate the de-slagging operation.

TOP SLAG AND INSULATING POWDER ADDITION

The refining slag addition is normally made in the preheated ladle in the
tapping launder or on the surface of the melt. An attractive alternative or com-
plement for the effective distribution of top slag and insulating powders partic-
ularly used for large ladles is the Scanlance powder distributer in single or

twin design.

ALLOY ADDITION STATION

The addition of alloying materials is preferably made in the ladle and
the use of automatic alloy feeding systems is becoming common in high
productivity steel plants. The alloy feeding system includes a battery of
4-12 hoppers vibrators transfer alloy car or belt with an automatic weig-
hing system and the necessary chutes into the ladle. Provisions for pre-
heating the bulk alloys can also be made in order to counteract tempera-
ture drop and hydrogen pick-up in the melt.

A wire feeding system is a natural complement to ladle treatment stations
mostly used for the accurate control of oxygen activity by immersing a predeter-
mined length of Al-wire into the steel bath. The rapid feed of the Al-wire into
the melt minimizes the nitrogen pick-up. For low-silicon steels calcium core

wires may be used which also can be immersed by a wire feeding device.
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LADLE FURNACE

Ladle furnaces have been installed in many steel-works performing multi-
station ladle refining and they are becoming an increasingly important part of
the system as the demands on the ladle refining processes increase. In most cases
it is also good economy to apply ladle furnaces instead of superheating in the
melting furnace. The capacity of a ladle furnace should meet the normal require-
ment of raising the temperature of the melt by at least 4C per minute. Ladle fur-
naces are often used in combination with inductive stirring achieving the stirring

time needed for complete reaction and good homogenization.

INJECTION STATION

Several ladle injection systems are used but the most widespread is the
Scandinavian Lancers system characterized by its flexible adaptability to any
steel-works layout and by its reliable function.

For the main desulphurization the cheap lime-fluorspar powder is injected
followed by a CaSi powder injection to obtain the ultra-low sulphur levels and
for the modification of the remaining inclusions. In practice this is preferably
done with the SL sequence injection technology. The reproducible production of
super-clean steel with sulphur content below 15 ppm requires an injection tech-
nology well optimized by deoxidation to low-oxygen activity and by the careful
control of the top slag composition Figs. 39 and 40 .

Most alloying elements can be added to the steel bath by injection
for the purpose of adjusting the compostion. The good stirring effect
from the injection carrier gas secures the rapid dissolution and homogeni-
zation of the alloying elements. Some of these particularly the ones with
high oxygen affinity such as FeB FeTi FeV FeNb S Te and Pb have
a low and variable yield when added by traditional methods. Injection of-
fers big advantages for the addition of these elements not only by increas-
ing the recovery but also for keeping a predictable constant yield.

Achieving accurate and reproducible temperature measurements and
chemical analysis is mandatory for the sort of precision metallurgy that

modern ladle treatment represents. For this purpose it is important to main-
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Fig. 39 Distributions of sulphur contents for different injection procedures
tain a constant depth and time of immersion when using the probe. The SL
automatic depth sensing system has been developed for temperature meas-
urement and sample collection from steel ladles Fig. 41

A complete view of an SL-installation in an EAF steelworks is given in
Fig. 42.
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DEGASSING STATION

Steel grades sensitive to hydrogen-induced cracking or hydrogen flaking
should be degassed before casting particularly in the case of heavy ingot cast-
ing. Often the degassing is followed by slow cooling of the ingot for diffusion

annealing. The most common vacuum degassing processes have been mentioned
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"

Fig. 41 Scandinavian Lancers ADS system for sampling oxy-
gen and temperature measurement
in the earlier parts of this paper. Comparing the various methods we find that the
RH process has been mostly installed for production with large ladles. Other
processes such as applying vacuum to the ladle or using purging gas from a

porous plug for stirring are often used for small-sized ladles.
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Fig.42 Complete view of an SL installation in an EAF steelworks
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1980 66 80 —
225
Kandler e al. Desulphurization of an iron melt US 4139369 C21c—07/02
CaCl-CaO Scaninject I 1980
. CCCA 1981
J. P. Hdman. 1966

Oeters F. Kiretik der Entsehuefedlung Von Koheisen Schmslzen mit Kalk und Erdges. Arch
Eison 1973 10 727
1975 61
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2 Nakanishi et al. Ironmaking and Seelmaking 1975 No.2 pp.115-123
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J. Szekely Shigeo Asai Trans.I. S.LJ. Vol.15 p.270 1975

J. Szekely H.J. Wang and K. M. Miser Metall. Trans.
J. Szekely S. Asai and C. W. Chang International Iron and Steel Congress Vol. [V 5-

2-2-1 1974
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No. 10 1974
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Vol. 15 p.276 1975
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15 D.B. Spalding ef al. Appl. Math Modelling No.2 p.146 1978
16  D.D.Emest Measure System  Application and Design

17  P.Bradshaw An Introduction to Turbulence and Its Measurement

Warer Modelling of Argon
Stirring Ladle

Abstract In a ladle model by using plastic particles as tracers the fluid
flow regimes agitated by introducing argon gas stream through porous plug
placed at the center R/2 from the center and 2/3R from the center of the ladle
bottom were observed. It is found that the fluid flow regimes are essentially dif-
ferent in each of these three cases and the regimes in the two latter cases can
not be described by means of the mathmatical model for the two-dimentional
flow. Adding a saturated NaCl solution and measuring the variations of the elec-
trical condutivity we can determine the time taken for solution homogenization
in each case. Using a hot-wire anomometer the velocity field of the three fluid
flow regimes was determined. The relationship between fluid flow regime and
homogenization time and the different effect on the fluid flow regime caused by
the location where argon is introduced are analysed. The argon-introduced loca-

tion has a decisive effect on the result of argon-stirring technology.



3 25 kg
%
C Mn g P S Cr Al
Fe-S | e
o' 14 0.88 | 0.27 | 0.27 | 0.010 | 0.054 | 1.56 |<0.02
3
4.09/kg 6' 15 0.88 | 0.28 | 0.27 | 0.009 | 0.057 " "
No. 2 8' 16 0.87 " 0.26 | 0.008 | 0.058 " "
10 g/kg 10 17 " " 0.27 | 0.013 | 0.059 | 1.57 "
Fe-S
1 0.58 | 0.27 0.011 | 0.017 | 1.40 |<0.02
0' 2 0.54 | 0.28 | 0.20 | 0.010 | 0.015 " "
3.59g/kg 3 3 0.54 " " 0.011 | 0.014 " "
No. 2 6' 4 0.52 " 0.18 | 0.009 | 0.012 " "
10 g/kg 9' 5 0.53 " 0.15 " 0.013 " "
Fe-S 22 0.80 | 0.25 | 0.30 | 0.013 | 0.056 | 1.54 |<0.02
3.4g/kg 0' 23 0.80 " 0.29 | 0.011 | 0.051 " "
No. 3 3 24 0.79 " " 0.010 | 0.050 | 1.53 "
6 g/kg 6' 25 0.79 " " 0.009 | 0.052 " "
FeS 0.58 | 0.24 | 0.29 | 0.008 | 0.013 | 1.40 |<0.02
0' " 0.25 | 0.24 | 0.010 | 0.014 | 1.35 "
3.29/kg
3 8 " 0.25 | 0.23 | 0.008 " " "
No. 3
10 g/kg 6' 9 " 0.24 | 0.22 | 0.007 | 0.013 " "
9' 10 0.57 | 0.23 | 0.18 | 0.008 " " "
Fe-S
1 26 0.87 | 0.27 | 0.43 | 0.010 | 0.019 | 1.50 |<0.02
3.5g/kg
No. 3 3 27 0.86 " " " 0.018 " "
6' 28 0.85 " 0.42 | 0.011 | 0.017 | 1.49 "
6 g/kg 9' 29 0.81 " " 0.010 | 0.013 " "




o

o Ppm

Y O
EmV |ag ppm | fo O ppm % | ppm fs Ys g0, %50, | %so, | %so,
=1 | =01 |=o00
155 20 | 26 B
1505 | - 150 | 1.25 3.1 22 0.43 [0.002 | 27.0 2.7
-135 | 1.8 3.0
15| -20 | 12.5 20.3
0.60 95 |19.5/40| 0.6 |0.43
-5 | 115 19.2 24 0.43 [0.115| 36.9 | 11.7
-2 | 125 20.8 0.42 |0.004| 37.6 | 11.9
0.43 [0.115] 36.9 | 11.7
1555| 120 | 105 141.9
1565| 60 50 67.6 46
1545| -30 | 11.5 | | 15.5 44 0.26 |0.047| 52.8 5.3
30 28 |074| 378 | 77 | 3 | 1.3 |0.26|0.281|52.8 | 16.7
10 21 28.4 31 0.23 |0.143| 55.6 | 17.6
1605 65 0.20
1650 | 0 41 66.1 0.45
1455| -3 | 47 | | 7.6 | 39 0.44 [0.098 | 15.0 1.5
0.62 89 15
-5 | 7.6 12.3 31/64 .« |o.257| 15.0 | 4.7
1520| -20 | 11 17.7 31 « |0.124| 31.3 | 9.9
10 38 55.1
1620| 25 47 68.1 47 0.41
1520| -100 | 32 | | . 46 | 43 0.34 [0.008| 35.6 3.6
35 14 |069| 348 | 93 | 39 | 1.4 0320435364115
10 17 24.6 47 0.31 [0.209| 37.2 | 5.4
1580| -8 13 18.8 48 0.25 [0.100| 41.1 | 13.5
- 7.5
1505| 50 27 46.6
1490| -40 | 6.2 | | 0.7 26 0.69 |0.121| 17.8 1.8
-60 | 4.8 8.3 23 0.69 |0.073| 17.8 | 5.6
0.58 77 1.6
1540 | -40 | 9.7 16.7 23 0.67 |0.005| 31.4 | 3.1
1565| -35 | 12.5 21.6 22 0.67 |0.006| 40.4 | 12.8
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0 £ 0.58 ~0. 74.

2 SiO,
oy =1.25~6.2 ppm O =2.1-~10 ppm
1 Si
Fe-Si Si
Fe-Si oo
771% ~ 95%
7 200 t 2kg/t
3 10’
o g =
11 ~ 13 ppm O =17.7~20.8 ppm 1 Si
Aio,
Si a, =3L3~
55. 6 ppm.
4 2 0
22 ~ 48 ppm 26 ~ 51 ppm 1 S 0.12%
> O
S a o Ksio,
0.002 ~0.121 0.096 ~ 0. 143 Qg
SiO, .
6 C Mn Cr Si
S FeS 15 ~
100°C Ar
3 SiO,
Ar
Si O SiO,



3.1

Si

— 8c 3pm
v _\/d pm(expzp- 1)

4
3.
.
si
4 Si
dv V
mg =" Fs-F, - Fy=-KS p o
4 3
-2t o - ml g pn-p
3
kg
m/s
1.3
kg /m’
m m’
N/m
9.8m/s.

1©

2r



‘ pn = 7000kg/m* p =2990kg/m*  No.2
o 3 o =1.2N/m 9
‘ & -3
gi No. 2 v =0.211d
£ .
Z No. 3 v =0.172d "
B i=1
g (FEE D 400250150120 100 60 40
§- Cum) 385 6090129134 280 450
% ”32— _ME 8m/
= - 8ml/s
G 528- 16 E
w240 14 &
& x
220t 12 &
B =
516- —oﬁ
$12- i
85 500 960 L /h
MRLE R, um Ar
5
6m/s
11
v Pm
= +
Y, 2 2p
1.7
3.2
1 600 20
1400

3370kg/m’

No.

10

11

d =450me

Ar

10

$5S ~5.5mMm

3.5m/s

12m/s

12



: tm - t‘ : 2 1 n+1 . n’]Tr'
a_tm—t_nz:; r S'n(r)
nm—-
r
2 2
exp(- n“mT°a T) 13
't —
rr—— m
t— h.
A
a = m’/h
G p
#=0.126 r/r=0.9 13 2
a .
T =o0.07
r
C, =0.215kcal /kg A =1.03kcal /kg
a .
T =007 r =507
r
T = 4.5 %10 % 14
T 10% 27% S
d— me.
5
10 3s
501579 No. 2 1600
3s 4.943¢g 0.0238¢g/s
0.0198 cm 0.0000122¢g 5x10 *s
10 3s.
>10"%s.
Ar
2.4 Mm SOZ
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3.3
Ar
— 3 ]
ag, = 10 S O
4
In © — =- ks 15
o (o]
W T 15
«a (o]
In———— =- kW 16
o (o)
o, —— ppm
a —S ppm
k st
K — kg/g
T S
W—— g/kg.
k 4 5.
4
a, ppm o
In ts k st
[e]
No.2 4 26 1.25 -3.03 45 0.067
' 1 50 11.5 - 1.47 113 0.013
6 41 4.7 -2.17 40 0.054
No. 3 2 47 3.2 - 2.69 95 0.028
7 27 6.2 - 1.47 60 0.025
5
o =t —2o =fw
o o




I aolag = exp - 0.067t aolag = exp - 0.3015W
1 aolag = exp - 0.013r7 aolag = exp - 0.146 9W
aolag = exp - 0.054r aolag = exp -0.36W
I 2 aolag = exp -0.0287 aolag = exp - 0.266W
7 aolag = exp - 0.0257 aolag = exp -0.25W
6. Sandberg *
7 kg
Sandberg
6 1 2
1 1.0 —25 kg‘*‘ﬁbﬁ
- - = T kg B
6 g / kg 0.8 (Sandberg) i
6 7 10 g/kg TS bR A
2 4 7 £ os s
5
: 5 3 N
0.4 N .
Sandberg B
0.2 :
Sandberg o
0 2 4 6 8 10
BENKHE, g/kg
6
S0,
1 . S
S 1~2ppm.
2 . Ar
S O O 1 -~2 50 ppm
5 ppm 90%.
3
Ar
4 S Al
S-0 0]
5
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N

o 00~ W

10

11
12
13

6 4 5 <15 ppm.
7 Al B Ca-Al D

E. T. Turkdogan Deoxidation of steel. JISI No.1 1972 21-26
H. Sandberg Deoxidation of steel by injection of slags with low SiO, activity. Scaninject
I 1977 pp.10-11
. 1980 p.135

John F. Elliott Thermochemistry for Steelmaking Vol. [ 1963 p.59

3 p.67
II. 1. TloBonoukuit Packucrenue cr amu  Wsmat erscr Bo Mer amryprusn Mocksa 1972
CTP16

65 8 1979 1159 - 1166

R.J.O’'Malley C.E. Dremann and D. Apelian Alloying of molten aluminum by manga-
nese powder injection. J of Metals Vol.31 No.2 1979 14-19
M. ®. Cupopenxko Teopusa u Ilpaxt uxa IIpomyeku Mer amra Ilopomkamu. Mocksa
Mer awryprus 1978
T. A. Engh. K. Larsen and K. Venas Penetration of particle-gas jets into liquids. Iron-
making and Steelmaking Vol.6 No.6 1979 268-273

9 CTP15
Taira H. 10 Texuonornsa Harpesa Cr amu. M. Mer awryprusmar 1962 CTP567

2 pp.10-17
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