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THERMODYNAMIC AND KINETIC FEATURES OF PHOSPHORUS OXIDATION
DURING PHOSPHOROUS CAST IRON TREATMENT

I. K. Ibraev' and O.T.Ibraeva’ UDC 669.069.0143

Results of thermodynamic and kinetic analyses of phosphorus oxidation during blowing phosphorous
cast iron in heavy-duty converters are presented. In the final blowing stage phosphorus oxidation is lim-
ited by the stage of its mass transfer from the metal volume towards the slag-metal boundary.

Keywords: phosphorous cast iron, thermodynamics, kinetics, oxidation, process limitation.

Good steel mechanical and production properties are mainly governed by the concentration of harmful im-
purities and metal cleanliness. In view of this questions connected with studying chemical features of thorough
oxidation refining of iron-carbon melt and creation based upon it of new production processes providing thor-
ough metal dephosphorization and quite a low level of metal oxidation under phosphorus transfer conditions are
an important task.

Phosphorus Oxidation Reaction Thermodynamics and Kinetics

In accordance with molecular theory of molten slag structure the reaction system for phosphorus removal
from metal be written

2[P]+ 5(FeO) + 4(Ca0) = (4CaO - P,05)+ 5[Fe] (1)
or in simpler form as a phosphorus oxidation reaction

2[P]+ 5(FeO) = (P,05)+ 5[Fe]. 2)

From the point of view if ionic representation of molten slag structure the oxidation reaction for phosphorus
has the form

[P]+2.5(Fe’ )+ 4(0%7) = (PO )+ 2.5[Fe]. (3)
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Reaction (1)—(3) equilibrium constants are:

a(4Ca0-P,0
K, = (4Ca0-P,05)
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where d(4ca0-p,05)> a(4Cao), a(speo) are correspondingly equilibrium activities for calcium tetraphosphate, cal-

cium oxide, and ferrous oxide in slag; [P] is phosphorus equilibrium concentration in metal.

) = a(P205 ) (5)

5 2
a(re0) ‘[P]

where app,05), @re0) are correspondingly equilibrium activity od phosphorus and iron oxide in slag; [P] is

phosphorus equilibrium concentration in metal.
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concentration of phosphorus and oxygen in metal.
Equations (4)—(6) make it possible to express equilibrium minimal phosphorus contents in metal under slag
of prescribed chemical composition with a maximum level of oxidation capacity:

where x are ionic proportions of phosphorus and oxygen anions in slag; [P], [O] are equilibrium

PO’
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A summary of experimental data obtained by Winkler and Shipman about equilibrium reaction (1) made it
possible for the authors of [1, 2] to obtain a temperature dependence of equilibrium constants that has the fol-
lowing form

IgK, = %67—15.06. (10)

The equilibrium constant for reaction (2) calculated by V. A. Kozheurov by experimental data from a num-
ber of researchers [3] in the temperature range 1590-1610°C hardly changes and takes a value of a constant
equal on average to 0.0229.
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The following equation for the equilibrium constant temperature dependence is quite well known [3]:

14660

lgK3 = Txg 20 + —-744. (11)

There is quite extensive use of slag activity constant calculation developed by Kozheurov [3]. Slags are
considered as a regular ionic solution consisting of simple ions and not containing complexes. In calculation of
ion activity Kozheurov only considered thermal effects of mixing components and by using statistical thermo-
dynamic methods gave an expression for ion activity coefficients in slags, in particular for the system FeO-
MnO-Ca0O-MgO-Si0O,-P,05 being of most interest for steel smelters. An equation has been obtained by

a semi-empirical method for ferrous oxide activity coefficients

1000
lgYreo = - [ 218 XMno * Xsi0, +5.90(xca0 + ¥Me0) - Xsi0, +10.50 - xca0 - Xp04 :| (12)
and phosphorus pentoxide

1000
T

lgYp,05 = lgYre0 — * XCaO - (13)

Calculation of Equilibrium Phosphorus Content in Metal and Evaluation of Model Adequacy

By summarising the equations provided above, obtained on the basis of experimental data and molecular
and ionic theories for molten slag, an algorithm has been developed for calculating the phosphorus equilibrium
content in metal beneath slag of prescribed chemical composition that was put into Basic language and imple-
mented in a computer. For calculation Winkler, Shipman [4, 5] data were used obtained by them during a study
of the equilibrium distribution of phosphorus between slag and metal. Slag chemical composition varied in
a wide concentration range (FeO = 2.55-51.76%, MnO = 0-12.18%, CaO = 10.89-58.8%, SiO, = 2.36—
27.72%, P,O5 = 1.67-26.9%), and metal temperature was within the limits 1590-1610°C.

The reliability of the calculation models used for the equilibrium phosphorus content was evaluated by the
deviations of actual phosphorus concentrations [P],. on calculated [P]equ by Egs. (7)—(9). A histogram for
deviations is given in Fig. 1.

Therefore, from the procedures considered within the volume of work calculation of the equilibrium phos-
phorus content in metal over a wide range of slag chemical composition, the lowest absolute error is exhibited
by a model based on regular ionic solution theory.

This is mainly due to the fact that the Kozheurov model proposed, in spite of considerable simplification of
molten slag structure, in contrast to complete ionic solution theory and moreover molecular theories, the main
feature is the different nature of bonds between structural elements of a solution and as a consequence the non-
ideal nature of energy.

Completeness for occurrence of the reaction is assessed from the value of deviation of the metal-slag system
from equilibrium during oxidation refining. Deviation from equilibrium in the slag-metal system has been stud-
ied using a model for calculating the metal equilibrium phosphorus content based on regular ionic solution theo-
ry. Calculations for the phosphorus equilibrium content in metal beneath slag with a different iron oxide content
(13.0-33.0%) showed that thermodynamically highly basic slag exhibits adequate phosphorus absorption ca-
pacity even with a low level of system oxidation capacity (Table 1).
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Fig. 1. Effect of slag oxidation capacity on its basicity.

Table 1
Phosphorus Equilibrium Content and Change in Slag Composition

Slag chemical composition, %

Slag basicity | Phosphorus content, %
CaO SiO, P,05 MnO MgO FeO
39 8 5 3 5 31 3 0.012
42 9 5 3 5 27 3 0.011
45 10 5 3 5 23 3 0.01
40 5 5 3 5 33 4 0.01
44 6 5 3 5 28 4 0.008
48 7 5 3 5 23 4 0.008

However the actual phosphorus content in metal achieved in test melts beneath a slag with basicity modulus
3.0-4.0 and oxidation level 14.5-27.7% considerably exceeds the equilibrium concentration (Fig. 2). Presence
of a super-equilibrium phosphorus content in metal beneath slag of prescribed chemical composition points to
presence of difficulties in the occurrence of the phosphorus oxidation reaction during refining of an iron-carbon
melt, i.e., it points to existence of a limiting link holding back occurrence of this process.

Therefore, the thermodynamic calculations completed for metal phosphorus content beneath slag, corre-
sponding with respect to chemical composition to the concluding blowing stage, have confirmed the fundamen-
tal possibility for occurrence of thorough dephosphorization during oxidation refining of iron-carbon melt with
a low slag oxidation potential.

Macrokinetics of actual metallurgical processes are mainly determined by transfer processes. In this con-
nection it is important to determine characteristics of heterogeneous reaction in order to reveal the limiting
link and to describe individual stages quantitatively. A considerable amount of work [6—12] has been devoted to
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Fig. 2. Effect of slag basicity on actual phosphorus distribution coefficient between metal and slag.

studying the mechanism and kinetics of oxidation processes occurring within a steel melting bath [6—12], alt-
hough until now there is no single point of view on the question of the limiting link of phosphorus oxidation re-
action during oxidation refining of an iron carbon melt.

Individual authors [1, 13] confirm that phosphorus oxidation is controlled by the chemical reaction rate oc-
curring at an interphase surface. Research conducted using radioactive isotopes [13] has shown that the phos-
phorus oxidation chemical reaction proceeds instantaneously, and the process is determined by phase mixing
conditions.

A number of authors [14-17] consider that oxidation may be limited by stages of internal mass transfer, es-
pecially with low component concentrations in a melt. This contradiction of existing ideas about a limiting link
of the phosphorus oxidation reaction is due mainly to scale and concentration factors. Quantitative characteris-
tics of individual stages of the process depend essentially on controlling substance concentration, and size and
form of the reaction surface. Therefore, within the volume of existing work an attempt has been made to clarify
kinetic features of the phosphorus oxidation component proceeding during oxidation refining of the Fe—1.0%C-
0.3%P system in heavily loaded converters.

Research has been conducted in the AO ArselorMittal Temirtau converter workshop in 300-ton converters
operating by a system for gas extraction with partial combustion. Phosphorus behavior has been studied during
blowing of the second melting period. Test melts were conducted by existing production instructions. The slag
forming materials used were lump limestone and dolomite. During performance of an experiment temperature
measurement was accomplished and metal and slag samples were selected in the intermediate downturn of the
converter and on completion of the main second blowing period. The content of carbon, manganese, phospho-
rus and sulfur was determined within metal samples, and the concentration of individual slag components was
determined by chemical analysis.

Verification of the assumption of limiting phosphorus oxidation process in an iron-carbon melt for the stage
of the adsorption chemical link was conducted according to values of the apparent activation energy calculated
by an Arrhenius logarithmic equation:

Lg(K,/Ky)

E = 2.303R- ,
(1T, - UT,)

(14)
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where R is universal gas constant; K,, K; are reaction constants; 1/7}, 1/T, are phosphorus oxidation rate
ratios at 77 and T,.

It is well known [3] that if the apparent activation energy exceeds 400—420 kJ/mole then the process is lim-
ited by a chemical or adsorption link. With values of apparent activation energy less than 150—170 kJ/mole the
process is limited by the diffusion component.

It has been established by experiment that with an average metal phosphorus concentration for the second
melting period of 0.07% the oxidation rate with temperature in the system of 1545°C corresponds to
0.0146%/min, and at 1580°C it corresponds to 0.0176%/min. With stable uniform conditions it may be assumed
that K/K, =V;/V, and by using Eq. (14) to calculate the apparent activation energy. Values of apparent acti-
vation energy obtained E = 115kJ/mole) indicate that the phosphorus oxidation process under the specific con-
ditions considered cannot be limited by the chemical reaction stage, but it is probably determined by the diffu-
sion component.

The diffusion component of a heterogeneous phosphorus oxidation reaction includes several stages: supply
of oxidizing agent to the phase interface, phosphorus diffusion within metal, and removal of reaction products
into the slag phase. A limiting link of this process may be determined from the ratio of the rates for each

stage [14]:
© [ D 05
~—. =S| 15
o ] [D{}‘etJ (15)

(C), [C] are component content in slag and metal, %;

where

Dél, D& are diffusion coefficients for components in slag and metal, m?/sec.

With o <1 the process is limited by component diffusion within slag and with o > 1 by the diffusion of
components within metal. If o =1 then the process is limited simultaneously in both phases.

We determine the ratio of rates for possible individual stages of the phosphorus oxidation reaction in the
system Fe—1.0%C-0.3%P by using an expression [15]:

®,0.) [D 0.5
P,0
op,05/P) = EP]S { (DEP]S)} , (16)
05
(FeO) | Deeo
Ol(FeO/P) = P] '{—g[;) ) 17

OL(FeO/P,05) = (18)

05
(FeO) | Deo)
(P,0s5) | Dep,05)

Diffusion coefficients were adopted from data of authors in [3, 6-9]. Calculations of the rate ratios for the
possibilities of individual components of the dephosphorization process, fulfilled according to Egs. (16)—(18),
showed that within the limits of reliability adopted for calculating diffusion coefficients the phosphorus oxida-
tion rate cannot be limited by oxidizing agent supply to the reaction front (Table 2). The value of O(g.0/p) sig-

nificantly exceeds one.
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Table 2
Relationship of Rate Possibilities for Dephosphorization Process

Slag chemical Rati
Test composition, % Metal phosphorus | Temperature, atio
number content [P], % °C
(FeO) (P,05) (POs5)/[P] | (FeO)/[P] |(P,O5)/(FeO)
1 10 10 03 1500
2 15 7 0.1 1550 6.4 55 0.12
3 25 5 0.01 1600 447 10.1 0.04

Ratios of rate possibilities for the process obtained within the limits of reliability adopted for calculating
diffusion coefficients for the value of rate possibility ratios indicate that the phosphorus oxidation rate cannot be
limited by supply of oxidizing agent to the reaction front. The value of 0 g.o/p) significantly exceeds one.
These data are in good agreement with results provided in Fig. 2. In fact, theoretically in order to provide thor-
ough dephosphorization it is sufficient to have a level of slag oxidation capacity of 12—-15%, and this is lower by
a factor of 1.5-2 than the actual ferrous oxide concentrations in slags in the concluding stage of blowing.

As is seen from Table 2, the phosphorus oxidation process cannot be limited by removal of reaction prod-
ucts since L(P,O5)/[P] significantly exceeds one and varies from 3.3 at the start of blowing of the first period
to 44.7 at the end of blowing.

The most probable retarding factor in the phosphorus oxidation case in question in the Fe—1.0%C-0.3%P
system is internal mass transfer, i.e., phosphorous transport from the volume of metal towards the reaction front.
In this case the phosphorus oxidation rate should be described by a differential equation [3]:

dPL _ (S ) o
i —B(V)([P]O [Pl.), (19)

where

B is phosphorus mass transfer coefficient in metal, m/min;

S is surface area in which the reaction proceeds, mz;

V' is metal volume, m3;

[Ply, [P], are correspondingly phosphorus concentration within the volume of metal and at the slag
boundary, %.

Since the phosphorus oxidation reaction proceeds at the metal-slag surface, then its surface concentration as
a rule approaches equilibrium, whose value is low compared with the phosphorus content within the volume of
metal. This is confirmed by research performed in the KarMK workshop converter [14—17]. The phosphorus
content in metal samples collected beneath slag is less by a factor of 1.2—1.8 than the phosphorus content within
the volume of metal. Therefore, taking account of Eq. (19) the oxidation rate maybe described in the following
form;

: [P] Sp » (20)
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Fig. 3. Dependence of actual phosphorus distribution on slag ferrous oxide content.

from which it follows that the rate of heterogeneous reaction for phosphorus oxidation in the Fe—1.0%C-0.3%P
system is determined to a first approximation by the phosphorus concentration the volume of metal.

Experimental data provided in Fig; 3 almost confirm the assumption made above about the limiting role of
phosphorus internal mass transfer from the volume of metal towards the reaction front. In fact, dephosphoriza-
tion develops in two regimes separated by the critical phosphorus concentration equal to 0.25%. With a phos-
phorus concentration less than 0.25% the process occurs by an intradiffusion regime and it is most clearly de-
fined by the intradiffusion region for occurrence of the process with metal phosphorus content less than 0.06—
0.10%. A further increase in phosphorus concentration up to 0.25% is accompanied by an increase experimental
data scatter, although the tendency towards an increase in phosphorus oxidation rate with an increase in its con-
centration is maintained. The scatter in experimental data obtained with a high metal phosphorus concentration
is apparently due to combined occurrence of dephosphorization from the intradiffusion region in a mixed diffu-
sion-kinetic region, where the phosphorus oxidation rate is not determined by its diffusion in metal [Pl >
0.25%, but is limited by diffusion in slag and the fact of chemical interaction.

Therefore, the heterogeneous phosphorus oxidation rate in the Fe-1.0%C —0.3%P system with a metal
phosphorus content of mot less than 0.25% is limited by the intradiffusion link, i.e., phosphorus transfer from
the volume of metal towards the reaction front occurrence and with a reduction in phosphorus concentration its
oxidation rate decreases sharply. This due primarily to deterioration of mass exchange conditions.

The mass transfer rate as already noted is determined by the component concentration, phase surface, and
mass transfer coefficient (equation 20). The main parameter governing mass transfer conditions in a liquid bath
is the intensity of gas liberation within it, and in particular the carbon oxidation rate [14—17]. With an increase
in gas liberation intensity there is an increase in slag emulsification and an increase in slag-metal contact sur-
face. This undoubtedly facilitates acceleration of oxidation processes at the metal boundary with slag. Howev-
er, carbon oxidation changes strongly in the course of blowing and correspondingly there is a significant change



THERMODYNAMIC AND KINETIC FEATURES OF PHOSPHORUS OXIDATION DURING PHOSPHOROUS CAST IRON TREATMENT 1229

in the overall specific capacity for bath stirring, as a rule achieving a minimum value at the end of blowing when
the power of bath mixing due to CO bubbles decreases sharply due to a reduction in carbon oxidation rate, and
the oxygen stream energy appears to be inadequate for intensification of mass transfer processes. This is the
main reason for significant slag over-oxidation since with slow phosphorus oxidation rates at the end of blowing
in order to provide thorough metal dephosphorization it is necessary to increase the blowing duration and as
a consequence overall oxygen consumption.

Melting low-carbon steel especially of high quality for producing thin-sheet cold-rolled product under
phosphorus limit conditions is connected with certain production difficulties connected with a requirement for
preparing metal with a low final phosphorus and sulfur content, and a relatively constant level of metal and slag
oxidation before discharge into a ladle

On the other hand, considering questions connected with oxidation capacity of oxygen-converter metal it is
necessary to emphasize the following: during melting of low-carbon rimmed steel an extremely important index
is not only achievement of a certain average level of metal oxidation, but also provision of the maximum possi-
ble stabilization of metal oxidation during discharge, i.e., provision of low limits for the change in oxygen con-
centration in individual melts, which with a fixed deoxidation regime and prevention of slag entering into a ladle
provides preparation of a high quality rimmed steel ingot.

In view of the thermodynamic and kinetic features revealed for the behavior of phosphorus and oxygen
within metal in the concluding stage of blowing it is noted that in order to obtain a lower concentration of sulfur,
phosphorus and oxygen there are kinetic difficulties connected with worsening of mass transfer processes in a
converter bath with a low carbon concentration. However, an increase observed in actual iron oxide concentra-
tion in slag requires clarification of the slag melting regime, noting substantiated limits for a changes.

Treatment of the results for industrial melts in AO ArselorMittal Temirtau300-ton converters in the ferrous
oxide range in slag within limits of 5.0-30.0%, metal temperature 1520—1640°C it has been established that
an increase in ferrous oxide in slag facilitates an increase in slag basicity and more complete assimilation of
limestone is achieved (see Fig. 1) that is described by the following equation:

B = 1.181+0.131(Fe0) — 0.00167(Fe0)?, Q1)

r=0607, p = 12.78.

A characteristic of the dephosphorization process is the ratio:

- ®

==, 22
(P] (22)

d

where

Ly phosphorus distribution coefficient;

(P), [P] are phosphorus content within volumes of slag and metal respectively.

The levels required for phosphorus oxidation are determined with consideration of equilibrium constants for
the overall reaction [3, 6]:

2[P]+ 5(FeO) + 3(Ca0O) = (Ca;3P,0g )+ 5[Fe], (23)

2[P]+ 5(FeO) + 4(Ca0O) = (Cay4P,09 )+ 5[Fe]. (24)
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The most stable phosphorus in the CaO-P,05 system is the grouping (Cas4P,Og) [1], and from an equilib-

rium reaction equation (24):

(P20O5)* f(ca0), P,05

0 PP (R0) o (Co0) fioo =
we find the value of the phosphorus distribution coefficient:
Ly = 25 = Ky (Re0)* (O i, 26)
where
fit = fio - fcio ! fca, 0 - (27)

The value of fi; (ratio of component activity coefficients at the corresponding levels) is a complex func-
tion of slag composition. Phosphorus under equilibrium conditions is transferred from slag into metal more
completely the greater the activity values for ferrous oxide and calcium oxide and the lower the metal temper-
ature.

An optimum ratio is evident from Eq. (26) between the ferrous oxide and calcium oxide contents in slag
providing a maximum dephosphorization effect (see Figs. 2, 3).

The extreme nature of the change in the dependence of Ly on slag ferrous oxide content may be explained
by a reduction in ac,o With an increase in ferrous oxide in view of a reduction in ag.o as a result of forming
calcium ferrite (Fig. 3). More precisely this limitation also applies for ag,o Wwith fixed values of calcium oxide
content in slag, i.e., with a certain level of ag.g there is a sharp reduction in the value of ac,o (as a result of
forming calcium ferrite) (see Fig. 3).

Results of treating test melt data show that the maximum phosphorus distribution coefficient between slag
and metal for each of the periods corresponds to a diffract value of slag basicity. In this sense production studies
confirm the previously established extreme relationship between values of ferrous oxide, slag, and basicity es-
tablished in studies in 1946 [5]. On the other hand, results of studying research results make it possible to estab-
lish that for each converter slag composition (intermediate and final) there are optimum temperatures providing
the most complete bath dephosphorization (see Figs. 2, 3). Equation (25) and (26) obtained from the results of
production studies point to the fact that:

— he concentration of residual phosphorus content in metal depends on the combined effect of iron oxide
and calcium oxide in slag at a given temperature, and also on P,O5 content in slag;

— the phosphorus distribution between slag and metal (distribution coefficient (P,O5)/[P] or dephospho-
rization coefficient) depends on (Fe)) concentration in slag and its basicity.

Statistical treatment of results of these studies make it possible to establish that the highest phosphorous dis-
tribution coefficient in the first period with a comparatively narrow temperature range (1520-1560°C) is ob-
served with basicity of 1.8-2.5 units (equation (23)) and in the concluding blowing stage at 1590-1620°C it is
3.0-3.5 units (equation (24)) (see Fig. 2):
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L& = —149.11+199.12- B— 4425 B2, (28)

r =0785, p = 1195;
L& = ~1250+1075-B—175- B2, (29)

r=0735, = 1175

Considering the expediency of increasing slag basicity it should be remembered that operation with slags of
increased basicity is correct in the case when complete assimilation of limestone is achieved and not due to the
high iron oxide content in slag. Then it is important how the calcium oxide content achieves prescribed slag ba-
sicity.

The phosphorus distribution coefficient in relation to slag ferrous oxide content is described by the follow-
ing regression equations (30) and (31) (see Fig. 3):

— for the first period:
L& = —51.88+17.67 - (FeO) - 0.67 - (Fe0)?, (30)
ro= 0654, Q= 1299;
— for final slag:
L¥ = —517.94 +77.81- (FeO) — 1.64 - (FeO)?, (31)

ro=0696, p = 1345.

During blowing cast iron with a different phosphorus content a requirement arises for obtaining a certain
slag oxidation capacity in order to provide the minimum steel phosphorus content (see Fig. 3). The greatest de-
gree of phosphorus removal is provided with a certain ratio of (FeO) and (CaO) concentrations. During evalua-
tion of the role of (FeO) and CaO) during phosphorus oxidation it is necessary to find whether occurrence of
reaction (24) is impossible with absence of iron oxide (Fe2+ cations) capable of providing oxygen transfer from
slag into metal. As far as component CaO (Ca™) is concerned then it is capable not only of moving equilibrium
of reaction in the iron direction with formation of calcium phosphates (CaO)3;P,05 or (CaO)4P,05 (Ca2+,

PO?;Jr ions), although in the absence of iron oxide in slag this is impossible.

An important conclusion of studying phosphorus cast iron in large converters is provision of the optimum
ratio of decarbonizing and dephosphorization rates and avoidance of a period metal over-blowing. If at the in-
stant of achieving the final carbon content there is no provision of prescribed phosphorus content then subse-
quent metal blowing with the aim of more complete phosphorus oxidation is retarded due to kinetic limitations
established above and only leads to slag over-oxidation of slag and metal and a reduction in output.

The phosphorus removal rate from metal on the course of flushing proceeding at a metal-slag interphase
boundary is determined by the rate of change in equilibrium value of its concentration due to slag composition
and temperature:
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[P] = Ags/[O12 K3, (32)

where A = ac,,p,0,/ aéao; [O]s slag oxygen concentration in metal in equilibrium with slag %.
Phosphorus is oxidized more rapidly the faster there is an increase in slag basicity, the lower P,O5 in slag

(since in this case there is a more rapid reduction in the value of A = ac,,p,0,/ aéao) and the higher the ferrous
oxide content in slag governing the equilibrium value [O];.

Dephosphorization in the course of melting should be accomplished not only in the direction of obtaining
the least phosphorous content in metal, but also in the direction of continuous reduction on the P,O5 content.

A high P,O5 content (more than 15-20%) in slag retards the reduction in value of A, and in order to pro-
vide more rapid dephosphorization it is necessary to create those conditions with which there would be a more
rapid increase in slag basicity with retention of a corresponding quite high ferrous oxide content in slag, required
both from the point of view of accelerating calcium oxide dissolution and also in order to obtain an adequate
value of [O]s. This leads to formation in a converter bath of an excess amount of slag that complicates conduct-
ing melting due to the unstable course of flushing with discharge of slag-metal emulsion through the mouth of
the converter and leads to metal loss with discharged slag.

With stable uniform conditions the slag composition and mainly its basicity have a significant effect on
metal and slag oxidation capacity. The iron content in slag and basicity affect each other reciprocally. An in-
crease in slag oxidation capacity facilitates dissolution of added limestone and preparation of a highly basic fluid
slag, and an increase in slag basicity leads to an increase in iron oxide activity is slag (Fig. 4). An increase in
slag basicity facilitates an increase in oxygen ion activity in molten oxide that in accordance with the distribu-
tion rule causes an increase in oxygen ion flow from slag into metal. An increase in slag basicity above certain
limits (for our conditions above 3.5) reduces iron oxide activity in t slag, which leads to retardation of the oxy-
gen ion transfer process from slag into metal and reduces the oxygen concentration in metal (see Fig. 4).

Therefore, metal oxidation capacity only increases with an increase slag basicity to a certain value and with
a subsequent increase in basicity the metal oxidation capacity is reduced. The effect of blast regime on convert-
er bath oxidation capacity is clearly illustrated with final blowing.
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Fig. 5. Effect of thickening addition (coke and limestone) to a converter on metal oxidation capacity before discharge: I — melting
without final slag thickening; 2 — melting with final slag thickening; 3 — equilibrium curve [C] = [O] = 0.0025.

Drawing attention to the fact that the oxygen content decreases with an increase in slag basicity above 3.5

test melts have been conducted with oxygen consumption increased to 2.100—1100 nm>/min and lowering of the
lance position to 1.2—-1.4 m for 1-2 min before the end of blowing with deposit in a bath of 2-3 tons of lime-
stone and 1.0-1.5 tons of coke. Data for melts of the test and comparative versions are provided in Fig. 5.

Adding coke and limestone to a converter during blowing leads not only to metal and slag acidification, but
also to an increase in calcium oxide content and slag neutralization that as has been demonstrated above leads to
a reduction in oxygen content and its approach towards equilibrium (see Fig. 5). At the instant of adding a mix-
ture there intense bath boiling that in turn leads to additional mixing and an increase in metal-slag interface
(Sm-s) and the degree of the phosphorus oxidation reaction with low carbon concentration is due to approach of
the actual phosphorus concentration towards equilibrium for slag of the flushing concluding stage. Moreover,
due to appearance of new centers (nuclei) for formation of CO bubbles the carbon oxidation process accelerates
both dissolved in metal, and also coke carbon, there is an increase in metal-gas interface (Sy.g) and reduces
metal a slag over-oxidation capacity (see Fig. 5).

Therefore, on the basis of these studies the following have been established:

1. An ultra-equilibrium phosphorus concentration at the end of oxidation refining of phosphorus cast iron is
connected with limiting the process of supply of phosphorus from the volume of the bath to the front for occur-
rence of reaction connected with deterioration of mass exchange processes in the concluding blowing stage due
to a reduction in carbon oxidation rate and the intensity of gas liberation. Metal and slag over-oxidation in the
concluding stage of blowing is explained by limitation of the process for decarbonizing with a low carbon con-
tent for the stage of CO bubble generation.

2. An increase in mixing power with an oxygen stream and an increase in metal-slag interface and metal-
gas with additions of slag-forming and neutralizing materials makes it possible to conduct more thorough
dephosphorization, to reduce metal and slag over-oxidation, to reduce and stabilize metal degree of oxidation
within narrow limits, and in addition to perform slag neutralization and thickening.



1234 I.K.IBRAEV AND O.T.IBRAEVA

—_
[N BeN

11.

12.

13.

14.

15.

16.

17.

REFERENCES

. I. A. Krasnyanskaya and G. S. Podgorodetskii, “Experimental study of the mechanism of phosphorus removal from oxide melts of
the CaO-Si0, -MgO-Al,03—P,05 into a gas phase,” Izv. Vuz. Chern. Met., No. 5,41-42 (2014).

. I. A. Krasnyanskaya, G. S. Podgorodetskii, and S. N. Paderin, “Kinetic analysis of the phosphorization of synthetic oxide melts,”
Izv. Vuz. Chern. Met., 57, No. 7,5-8 (2014).

. V. A.Kozheurov, Metallurgical Slag Thermodynamics [in Russian], Metallurgizdat, Serdlovsk (1955).

. J. Chipman, “Equilibria of liquid iron and simple basic and acid slags in a rotating induction furnace,” Trans. AIME, 188, 112-118
(1950).

. T.B. Winkler and J. Chipman, “An equilibrium study of the distribution of phosphorus between liquid iron and basic slags,” Trans.
AIME, 167, 111-133 (1946).

. S. L. Filippov, Metallurgical Process Theory [in Russian], Metallurgiya, Moscow (1977).

. S.I. Popel’, A.I. Sotnikov, and V. N. Boronenkov, Metallurgical Process Theory [in Russian], Metallurgiya, Moscow (1986).

. L. P. Vladimirov, Thermodynamic Calculations of Metallurgical Reaction Equilibrium [in Russian], metallurgiya, Moscow (1970).

. V. A. Grigoryan, L. N. Belyanchikov, and A. Ya. Stomakhin, Theoretical Bases of Electric Steel Melting Processes [in Russian],

Metallurgiya, Moscow 91979).

M. Ya. Medzhibozhskii, Bases of Steel Melting Process Thermodynamics and Kinetics [in Russian], Vishcha Shkola, Kiev-Donetsk

(1986).

D F. Elliot, M. Gleizer, and V. Ramakrishna, Steel Melting Process Thermodynamics [Russian translation], Metallurgiya, Moscow

(1970).

N. M. Chuiko, “Theory of slag structure and determination of active concentrations,” Metall. Koks. Tekhnika, Kiev, No. 16, 67-75

(1969).

A. A. Babenko, Dynamics of Phosphorus Oxidation During Blowing High-Phosphorus Cast Iron in Highly Loaded Converters

[in Russian], Diss. Cand. Techn. Sci., Moscow (1981).

M. P. Kvitko, V. A. Isaev, et al., “Development of melting technology for low-carbon rimming steel from cast containing 1.1-1.3%

phosphorus and use of lump limestone,” TsNIIChM, No. 1115 (1970); No. 1082 (1971).

A. Klein, L. A. Smirnov, et al., “Conversion of cast iron containing 0.4—2—-1.4% phosphorus in 250-ton converters,” Byul. Inst.

Chermetinformatsiya, No. 7, 34-36 (1974).

B. A. Burdonov, V. M. Shumov, M. P. Kvitko, et al., “Reaction of metals and gases in steel melting processes,” Nauch. Tr. MISiS,

No. 79, 112-113 (1973).



	Abstract
	Phosphorus Oxidation Reaction Thermodynamics and Kinetics
	Calculation of Equilibrium Phosphorus Content in Metal and Evaluation of Model Adequacy
	REFERENCES

