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Effect of Slag Basicity on Dephosphorization ®

Check for

at Lower Basicity and Lower Temperature Based
on Industrial Experiments and lon-Molecular

Coexistence Theory
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In the present work, the effect of dephosphorization slag basicity on the dephosphorization of
hot metal has been studied in the lower temperature range of 1370 °C to 1420 °C and the lower
basicity of 1.26 to 2.20 with new double slag converter steelmaking process (NDSP). Based on
the ion-molecule coexistence theory (IMCT), the thermodynamic model IMCT-N; of
dephosphorization slag is established. With increasing basicity from 1.26 to 2.20, the
phosphorus distribution ratio Lp between hot metal and slag increases. The
dephosphorization ratio and the decarbonization ratio both increase, while the
demanganization ratio decreases. The morphologies of P-rich phase change from long strip
shape (B = 1.26-1.37) to dendritic shape (B = 1.50) and to massive shape (B = 1.71-2.20).
The area of P-rich phase increases from about 4 yum? to about 8000 um?. The content of P,Os in
the P-rich phase increases and the value of the coefficient n in nC,S-C5P of the P-rich phase
decreases from 6-20 to 1-2. The phosphorus-enrichment contribution ratio of calcium silicate is
in the order of Reys>Rces>Ress>Ressp. The  phosphorus-enrichment  degree  in
dephosphorization slag is enhanced mainly by C,S-C;P. With increasing basicity, the
calculated results of IMCT-(pct C,S-C;P) and Rcys are well consistent with the measurement
results of APl Phase apnd (pet P205)r1'rlCh phase of industrial experiment, indicating that the
IMCT calculated results can correctly express the phosphorus-enrichment degree of

dephosphorization slag.
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I. INTRODUCTION

THE multi-refining converter (MURC)!'! devel-
oped by Nippon Steel in 2001 is a representative new
double slag converter steelmaking process(NDSP).
Firstly, desiliconization and dephosphorization are car-
ried out at lower basicity and lower temperature in the
converter. After intermediate deslagging of dephospho-
rization slag, the decarburization are conducted in the
same converter, with the decarburization slag left in the
furnace for dephosphorization in the next heat,' ™ so
that the lime consumption and slag emission amount
can be greatly reduced.
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Some scholars have studied the effect of dephospho-
rization slag basicitP/ on hot metal dephosphorization in
NDSP. Fang et al.l! optimized the process parameters
of the dephosphorization stage in NDSP. When the
dephosphorization endpoint temperature is 1328 °C, the
dephosphorization slag basicity is 1.5, T.Fe content is 12
to 16 pct, and the oxygen supply intensity is 2.0 to
2.7 m*/(t min), the dephosphorization ratio reaches 67.3
pct and the phosphorus content reaches 0.011 pct at the
endpoint of dephosphorization. Liu et al.!”! carried out
the industrial experiments on NDSP by 80 t converter.
With the slag basicity of 1.2 to 2.0 at the dephospho-
rization stage, the dephosphorization ratio of hot metal
is higher, and the optimal deslagging temperature range
is 1327 °C to 1427 °C. Using the hot metal with a high
phosphorus content in NDSP, Wang er al®! showed
that with increasing dephosphorization slag basicity
from 1.75 to 2.22, the phosphorus content of hot metal
decreases linearly at the endpoint of dephosphorization.
Based on the 180 ton industrial experiments on NDSP,
our previous work studied the behavior of phosphorus
enrichment in dephosphorization slag. With increasing
basicity, the morphologies of different phases in the
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dephosphorization slag change greatly, and the area
fractions and P,Os content of the P-rich phase also
increase.

In the process of dephosphorization in NDSP, the
slag is in the coexistence state of solid phase and liquid
phase. Many research results'” showed that the
phosphorus oxide combines with calcium silicate in slag
to form a solid solution, 2Ca0-Si0,-3CaO-
P,05(C,S-C5P), which makes phosphorus exist in slag
stably. Xie er al.l'” studied the crystallization kinetics of
C,S-C5P solid solution in multiphase slag. The content
of C,S-C5P solid solution in multiphase slag increases
with increasing P>Os content and decreasing holding
temperature, and decreases with increasing FeO, con-
tent. They further studied the mass transfer behavior of
phosphorus in multiphase dephosphorization slag at
1350 °C by adding P,O5 powder into CaO-FeO-SiO,
slag saturated with 2Ca0-Si05(C,S)." The added P,O5
powders can form C,S-C5P solid solution rapidly with
C,S in the slag, and the rate control step of the process is
the mass transfer of phosphorus from C,S-C3P solid
solution layer to internal C,S crystal. Kakimoto ez al.l'?
studied the dissolution behavior of lime in CaO-SiO,-
FeO and Ca0-SiO,-FeO-5.2 pct P,Os slag. Adding P,Os
to the slag can promote the dissolution of lime into the
slag. The main reason is that part of CaO exists in the
slag in the form of C,S and C;P in the form of solid
solution. Du ez al.!'¥ obtained that the distribution ratio
of P,Os in solid solution and liquid phase increases with
increasing T.Fe content, and has nothing to do with
P>Os5 content and valence of Fe in CaO-SiO,-FeO-
P,05-Na,O slag.

On the other hand, the ion-molecule coexistence
theory (IMCT) is a slag structure theory based on the
possible compounds of simple ions, simple molecules
and complex molecules in the phase diagram as the
structural units, and the mass action law is used to
quantitatively calculate the reaction ability of structure
units or ion couples in the studied slag.'® 2" The
coexistence theory model was first proposed b
Chuiko and then was further developed by Zhang.!*”

In recent years, some scholars®?*232¢! studied the
dephosphorization process of steelmaking slag based on
IMCT. Yang er alP? established the phosphorus
distribution ratio prediction model IMCT-loglp of
Cao-FCO-F€203-SiOz—MgO-MHO—Alzog-PQO5, and
compared the calculation results with the empirical
formula values and the measured values. The
IMCT-logLp model can accurately predict the phos-
phorus distribution ratio of the slag, and the corre-
sponding phosphorus distribution ratio of each
component with dephosphorization ability in slag,
indicating that C;P is the main contribution component
of Lp, and its contribution ratio is 96.01 pct. They
further established the phosphorus capacity prediction
model IMCT — log Cpoif and the phosphorus capacity

index prediction model IMCT — logCPng under the

index
same slag condition based on IMCT.”®! The results
show that the dephosphorization reaction is controlled
by the basic compositions of converter slag and iron
oxide. CaO + Fe.O is the main contribution component
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for phosphorus capacity or phosphorus capacity index
of slaé, and its contribution ratio reaches 99.996 pct. Li
et al®® established the phosphorus distribution ratio
model of IMCT-logLp which can accurately predict the
phosphorus distribution ratio of CaO-FeO-Fe,0s-
Si0,-MgO steelmaking slag. With increasing CaO and
FeO content and decreasing MgO and SiO, content, the
predicted values of Lp, ., is increased which is consistent
with the measured values.

Based on IMCT, some scholars studied the phospho-
rus-enrichment capacity of calcium silicate in slag. Xie
et al?" discussed the phosphorus-enrichment capacity
of calcium silicate in multiphase slag through the
phosphorus-enrichment contribution ratio of calcium
silicate R¢; (refer to Eq. [16]) defined by IMCT. In
Ca0O-FeO-Fe,03-Si0,-MgO-Mn0O-Al,03-P>05 slag
with the temperature of 1350 °C and the basicity of
0.5 to 4, the phosphorus-enrichment contribution ratio
of dicalcium silicate Rcps will be significantly increased
by increasing the basicity of slag, and the value of Rcos
reaches the maximum value when FeO content is 25 pct.
In addition, with increasing m(FeO)/m(Fe,053) ratio, the
value of Rcps increases, while with increasing P,Os
content in slag, the value of Rcps decreases slightly. Li
et al®® studied the phosphorus-enrichment behavior in
CaO-FeO-Fe,05-Si0,-MgO  steelmaking slag at
1450 °C to 1600 °C based on IMCT. C;P formed in
slag can combine with C,S easily to form C,S-C;P solid
solution at 1500 °C. Under the fixed cooling condition
with basicity of 2.5 and the value of (pct FeO)/(pct
CaO) of 0.955, the phosphorus-enrichment degree in
C,S-C5P solid solution Rcps c3p (refer to Eq. [15])
defined by IMCT is 0.844. They further studied the
phosphorus-enrichment behavior in CaO-FeO-Fe,05-
Si0,-MgO slag at 1500 °C and basicity in the range of
1.0 to 2.0.%! There is an asymmetric inverted V-shape
relationship between the enrichment degree of phospho-
rus in slag and the binary basicity. When the basicity is
1.3, the maximum content of P,Os in C,S-C;P solid
solution is about 30.0 pct.

From our previous work,P?3%3! the lower tempera-
ture range of 1370 °C to 1420 °C and the lower basicity
range of 1.26 to 2.20 are the optimal dephosphorization
ranges for the NDSP. According to the above litera-
tures, it can be seen that in these temperature and
basicity ranges, the researches on the dephosphorization
of hot metal and the phosphorus-enrichment capacity of
calcium silicate in the dephosphorization slag are quite
limited using NDSP.

In the present work, the industrial experiments were
carried out by 180 ton top-bottom combined blowing
converter for NDSP. When the dephosphorization slag
basicity is 1.26 to 2.20 and the dephosphorization
endpoint temperature is 1370 °C to 1420 °C, the effect
of dephosphorization slag basicity on dephosphoriza-
tion of hot metal was studied. The effect of dephospho-
rization slag basicity on the mass action concentration,
N,;, of CaO, SiO,, calcium silicate and phosphate in the
dephosphorization slag were analyzed by IMCT-N;
thermodynamic model for CaO-FeO-SiO,-MgO-M-
n0-Al,03-P,0O5 slag. The effect of dephosphorization
slag basicity on the enrichment degree R¢i—p; of P>Os
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containing solid solution and the phosphorus-enrich-
ment contribution ratio of calcium silicate Rg; were
studied. In addition, X-ray diffraction (XRD) was used
to detect the phase compositions of dephosphorization
slag under different basicities. The morphological evo-
lution of P-rich phase in dephosphorization slag was
observed and analyzed by SEM, and the P-rich phase
compositions were determined by SEM-EDS under
different basicities. Combined with the IMCT thermo-
dynamic calculation results and dephosphorization
reaction of molten slag, the effect of dephosphorization
slag basicity on phosphorus-enrichment behavior was
clarified, which was verified by the experimental analysis
results.

II. INDUSTRIAL EXPERIMENTS
A. New Double Slag Converter Steelmaking Process

The industrial experiments were carried out with 180
ton top-bottom combined blowing converter in a
steelmaking plant of China. Figure 1 shows the NDSP
flow chart. The NDSP is mainly divided into eight steps:
slag splashing protection — slag solidification confir-
mation — adding lime and scrap — pouring hot metal
— dephosphorization stage — deslagging — decarbur-
ization stage — tapping and retaining decarburization
slag. According to the silicon content of the hot metal,
the quantitatively calculated amounts of auxiliary mate-
rials are added in the dephosphorization and decar-
bonization stages, respectively. Light burned dolomite is
used as slag adjusting agent in slag splashing protection.

B. Industrial Experiment Parameters and Auxiliary
Materials

Table I shows the consumptions of auxiliary materials
for 180 ton top-bottom combined blowing converter.
Lime is put into the bottom of furnace for preheating
before dephosphorization stage, so as to improve the

utilization rate of lime. The OG(Oxygen converter Gas
recovery) slag pellets contain T.Fe of 55 pct, CaO of
12.4 pct and SiO; of 3.8 pct, mainly including the mud
produced by oxygen converter gas recovery.

The experimental converter capacity is 180 ton, the
actual amount of hot metal added is 186 to 196 t, and
the amount of scrap added is 29 to 33 t. Table II shows
oxygen flow rates, blowing times, oxygen consumptions
in dephosphorization stage and decarburization stage of
180 ton top-bottom combined blowing converter for the
heat numbers of S1 to S6. Low-high-low lance position
is used for dephosphorization stage blowing. The initial
low lance position (1.7 to 1.8 m) promotes oxygen lance
ignition, the subsequent high lance position (1.9 to
2.0 m) promotes rapid slagging in the early stage of
dephosphorization, and the low lance position (1.65 to
1.75 m) in the later stage of dephosphorization pro-
motes the agitation in dephosphorization. After the
dephosphorization stage, the slag is poured out, and
then lime, dolomite and other auxiliary materials are
added for decarburization blowing. After decarburiza-
tion, steel is tapped and decarburization slag is left for
the dephosphorization of the next heat.

C. Compositions of the Initial Hot Metal, the Hot Metal
at the Endpoint of Dephosphorization
and Dephosphorization Slag

In the smelting process of steel grade Q235B, the hot
metal after desulfurization pretreatment is used for
dephosphorization. The initial compositions and tem-
peratures of hot metal in 180 ton top-bottom combined
blowing converter are shown in Table III.

After the dephosphorization stage, the slag samples
were taken from inclined converter by sticking onto a
long inserted iron bars, cooling in air and being collected
at room temperature. The whole process is very short
with about 1 to 2 minutes, so the cooling rate is above
700 °C/ min, especially at the high temperature range.
Part of the slag samples were crushed by crusher and

safe distance > 10 m
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Fig. I—New double slag converter steelmaking process flow chart.

METALLURGICAL AND MATERIALS TRANSACTIONS B

k8 »@m » Q

Slag solidification confirmation

& => Scrap

/“

Lime and scrap addition Hot metal pouring

Dephosphorization —> Top blow
slag
e I\
Deslagging Dephosphorization

VOLUME 52B, OCTOBER 2021—3405



passed through a 200-mesh sieve to remove the residual
iron particles. The compositions of slag samples were
analyzed by M4 TORNADO fluorescence spectrometer
of Bruker company in Germany. The temperatures were
measured and the hot metal was sampled with a
sub-gun. Then, the hot metal samples were analyzed
by SPECTROMAXx direct reading spectrometer of
German SPECTRO company. The basicities and chem-
ical compositions of dephosphorization slag, chemical
compositions and temperatures of hot metal at the
endpoint of dephosphorization are shown in Table IV.
The dephosphorization slag basicity, B, is calculated by
binary basicity, which is expressed as Eq. [1]:

B (pctQaO) ]

(pctSiOy)

Figure 2 shows the dephosphorization slag composi-
tions with different basicities in CaO-SiO,-FeO-8 pct
MgO-8 pct MnO-4 pct P,Os pseudo ternary phase
diagram. The industrial experiments were carried out at
the temperature between 1370 °C and 1420 °C. The
liquidus projection sections of dephosphorization slag at
1370 °C and 1420 °C were drawn with FactSage8.0
using the database of phase diagram. The compositions
of dephosphorization slags selected in the present work
are marked in Figure 2. The compositions of six groups
of dephosphorization slag all locate outside the liquidus
projection area, which indicates that the dephospho-
rization slags should be in the multiphase state of
solid-liquid coexistence.

The phase analysis of dephosphorization slags were
carried out by D8 Advance X-ray powder diffractometer
(XRD) of Bruker company in Germany. In the range of
20 = 10 to 90 deg and step size of 0.04°s~ ', XRD data
were collected by Cu-Ko radiation. A small amount of
massive dephosphorization slag was embedded in epoxy
resin. Then it was ground and polished by automatic
grinding and polishing machine of PRESI company in
France. The surface was carbonized by magnetron
sputtering MC1000 of HITACHI company in Japan.
The morphology of P-rich phase of dephosphorization
slags were observed by Zeiss EVO 18 electronic scanning
microscope of Zeiss company of Germany, and the
chemical compositions of P-rich phase in dephospho-
rization slags were analyzed by X-Max™ large area
energy dispersive spectrometer (SEM-EDS) of Oxford
Instruments Company in UK.

III. THERMODYNAMIC MODEL IMCT-N,;
FOR CALCULATING MASS ACTION
CONCENTRATIONS OF STRUCTURAL
UNITS OR ION COUPLES IN CAO-SIO,-
FEO-MGO-MNO-P,05-AL,03; SLAGS

A. Hypotheses

According to the classical hypothesis of IMCT
summarized by Zhang er al*> and Yang er al.,”? in
the thermodynamic model IMCT-N; for calculating the

mass action concentration of structural unit or ion
couple in  the  dephosphorization slag  of
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Ca0-Si0,-FeO-MgO-MnO-P,05-Al,0; which reacts
with hot metal, the main assumptions can be summa-
rized as follows:

In the dephosphorization slag in the NDSP, the
structural units Ca®> *, Mg? *, Fe? ©, Mn®? © and O*~
exist as simple ions, SiO,, P,Os and Al,O;3 exist as
simple molecules; silicate and phosphate are complex
molecules. Each structural unit has its own position in
the dephosphorization slag.

Each kind of cation and anion generated by the same
component will participate in the chemical reaction of
forming complex molecules in the form of (Me* © +
0?7) ion couple. The chemical reaction of forming
complex molecule obeys the mass action law.

The structural units in dephosphorization slag which
reacts with hot metal have continuity in the studied
concentration range.

The reaction between simple ions and simple molecules
to form complex molecules by bonding ion couples is in
chemical dynamic equilibrium.

B. Selection of Structural Units
in CClO—SiOQ-FEO-MgO-MI’ZO-P205-A1203
Dephosphorization Slag

At the endpoint of the dephosphorization stage in the
NDSP, the dephosphorization slag containing phospho-
rus reacted with hot metal is chosen as CaO-FeO-
Si0,-MgO-MnO-Al1,03-P,0s. According to the binary
and ternary phase diagrams®®’ of Ca0-Si0,, MgO-SiO»,
FCO-SiOZ, MHO-SiO2, MgO'onS, CaO-P205,
FeO-ons, MHO-ons, CaO-Ale3, CaO-MgO-SiOz,
Ca0-Al,03-MgO, ectc., and other binary and ternary
phase diagrams related to dephosphorization slag, it is
found that there are 32 complex molecules in dephos-
phorization slag, such as CaO-SiO,, 3CaO-P,0s, 2FeO-
SiO,. In Table V, all simple ions, simple molecules and
complex molecules in CaO-FeO-SiO,-MgO-MnO-A-
1,05-P,Os5 dephosphorization slag at 1370 °C to
1420 °C are summarized and assigned specific numbers.

In 100 g dephosphorization slag of CaO-FeO-
Si0,-MgO-MnO-Al,05-P,0s5 , the initial mole numbers
of seven components are expressed as a; =nd,,
a3 =Myyo, A =1y, b1 =10,
by =nyp o, by =nY o, respectively. The total equilib-
rium mole number > n; of all structural units can be
expressed as Eq. [2].

_ 0
a2 = Nyino»

Zn,:znl+2n2+2n3+2n4+n5+n6+n7+nc1
+nc2+-- -+ nc32
2]

According to the definition of mass action concentra-
tion N8 2T of structural unit or ion couples in slag, N;
is the ratio of equilibrium mole number of structural
unit 7 to the total equilibrium mole numbers > N; of all
structural units in slag with a fixed amount. The
calculation formula of mass action concentration of
structural unit i and ion couples (Me*> © + O? ") in slag
is expressed as Eqgs. [3] and [4].2%23%3]
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Table I. Consumptions of Auxiliary Materials of 180 Ton Top-Bottom Combined Blowing Converter

Auxiliary Materials During Slag Splashing

De-P Process

De-C Process

Lime (t) 2.44-3.12
Dolomite (t) 0.86-1.11
Magnesite (t) 0
OG ball (t) 0
Sinter (t) 0
Slag steel (t) 0

0
0
0

2.02-2.53

0.56-1

11.74-

.01

12.66

3.06-4.86

0.23-

1.37

1.62-2.53

0

0.62-3.21

0

Table I1. Oxygen Flow Rates, Blowing Times, Oxygen Consumptions in Dephosphorization Stage and Decarburization Stage

De-P Stage De-C Stage
O, Flow Rate Time 0O, Consumption O, Flow Rate Time 0O, Consumption
Heats (Nm?/h) (s) (Nm?) (Nm?/h) (s) (Nm?)
S1 35800 330 3282 38017 641 6769
S2 37092 317 3266 37576 675 7045
S3 37535 324 3378 39817 658 7277
S4 36661 331 3370 37661 661 6914
S5 36122 327 3281 37985 680 7174
S6 34827 345 3337 40394 633 7102

Table III. Initial Compositions and Temperatures of Hot Metal in 180 Ton Top-Bottom Combined Blowing Converter

Sample [Pct C] [Pct Si] [Pct Mn] [Pct S] [Pct P] T (°C)
S1 4.647 0.360 0.270 0.004 0.156 1345
S2 4.647 0.430 0.240 0.020 0.161 1361
S3 4.653 0.380 0.280 0.030 0.146 1350
S4 4.651 0.310 0.250 0.006 0.142 1351
S5 4.650 0.210 0.240 0.008 0.168 1340
S6 4.651 0.450 0.230 0.009 0.142 1359

Table IV. Basicities and Chemical Compositions of Dephosphorization Slags, Chemical Compositions and Temperatures of Hot
Metal at the Endpoint of Dephosphorization

Basicities and Chemical Compositions of Dephosphorization Slags

Chemical Compositions of Hot Metal

(Pct) (Pct)
Sample B CaO  SiO, MgO MnO FeO P,Os ALO; [C] [Sii [Mn] [P] [S] T (°C)
S1 1.26  33.242 26306 7.097 10944 18.343 2.149 1919 3.324 0.012 0.087 0.134 0.016 1375
S2 1.37  33.977 24.787 9.507 8.571 18.925 2.853 1.380 3.274 0.012 0.078 0.103 0.023 1420
S3 1.50 36.460 24.389 6.433 9.671 17.954 3.175 1918 3.240 0.010 0.093 0.065 0.011 1370
S4 1.71 36.480 21.278 7.617 8.963 19.972 3.682 2.008 3.179 0.009 0.102 0.057 0.022 1400
S5 1.90 37.628 19.814 7.596 9.607 17.043 5.099 3.213 3.112 0.001 0.124 0.065 0.028 1373
S6 2.20 40.257 18.308 9.301 5.734 20476 3904 2.020 3.072 0.026 0.148 0.048 0.020 1419
n;
Ni == [3] n +
. Me>* MeO T 10>~ MeO
2m Nmeo = Ny meo T No- meo = = —

- 2nMeo

=5
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Ca0 - Si0, - FeO - MnO - MgO - P,0,
Projection (A-Slag-liq), MnO/Z (g/g)=0.08, MgO/Z (g/g)=0.08, P,0 /Z
(9/9)=0.04, Z=(Ca0+Si0,+FeO+MnO+MgO+P,0), 1 atm

GactSage‘

Mark| B

1.26
1.37
1.50
171
1.90
2.20

(%Ca0)/(%Si0,)
=1.26~2.20

49|00 %

FeO 0.9 0.8 0.7 0.6 0.5 0.410.3 0.2 0.1

(%Ca0)/(%FeO)
=1.80~2.21

Fig. 2—Dephosphorization slag compositions with different
basicities in CaO-SiO,-FeO-8 pct MgO-8 pct MnO-4 pct P,Os
pseudo ternary phase diagram.

Table V also lists the ion couples formed by simple
ions in the dephosphorization slag of CaO-FeO-
Si0,-MgO-MnO-Al,03-P,0s, as well as the equilibrium
mole number #n; of simple ions, simple and complex
molecules and the corresponding mass action concen-
tration N,.

The chemical reaction for the formation of 32
complex molecules ci in the dephosphorization slag of
Ca0-FeO-Si0,-MgO-MnO-Al,05-P,0O5 are listed in
Table VI, and the relationship between the variation
of standard molar Gibbs free energy ArGg,ci and
temperature 7" are also given. The expressions of the
corresponding standard reaction equilibrium constants
K2 are also listed in Table VI. In addition, the mass
action concentrations N, for all complex molecules
expressed using Ny (Ncao), N2 (Nppo)s Ns (NMgO),

N4 (Nreo), Ns (Nsio,), Ne (Np,o.), N7 (Napos) and KS
are summarized in Table VI.

C. Establishment of IMCT-N; Thermodynamic Model
for Calculating Mass Action Concentrations of Structural
Units or Ion Couples

in CaO-FeO-SiO;-MgO-MnO—A1203-P205
Dephosphorization Slag

With the dephosphorization reaction going on, the
phosphorus in hot metal gradually enters the dephos-
phorization slag and partially removed at the end of
dephosphorization stage. Combined with IMCT, N; and
> n; in Tables V and VI, the mass conservation equa-
tions of seven components in 100 g dephosphorization
slag of CaO-FeO-SiO,-MgO-MnO-A1,03-P,O5 are
established, which are expressed as Eqs. [5] through
[11], respectively.
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a; = (0.5N; + Nei 4+ 2N + 3Nz + 3Neg + 3Nes + Neg + Ne7 + Neg

+12Neo + 2Ne19 + Neao + Near + Nezz + 2Neas + 3N + 2Neas + 3Ny
+4Neag) > mi = (0.5Ny + K N1 Ns + 2K NiNs + 3K N Ns + 3KS NV
+3KENIN, + KGN\ N, + KGN N3 + KGN NS + 12KG N2 N] + 2K8,NINSN,
+KQ N N3N, + KGN N3Ny + K3, N N3Ng + 2KQ; NT N3 NS + 3K3, N N3 NS
+2KEGNTNg + 3KS;NINg + 4KGNING) D~ ni = nsyo(mol)

[5]

a = (0.5N2 4+ 2Ne1s + Neig + NC17) Zn,-
= (0.5N + 2K sN3Ns + KGN, N + KGN, N7 ) > i = iy (mol)
[6]

ay = (0.5N3 + Neo + 2Nett + Netz + Neat + Newz + Neas + Neos

+2Neas + 2Nea1 + 3Nex) D ni = (0.5N3 + K N3Ny + 2K9 N3N

2 207 A2 307 A2

+KG2N; Ny + KGNy N3Ns + Ky N N3N3 + KO3 NTN3 NG + K3 NiN; N
+2KESNINING + 2K N3N, + 3K, NING) > i = iy (mol)

[7]

as = (0.5Ns + 2Neis + Neta + 3Neao + 4Nezo) D _ i
= (0.5N4 +2KQ3NjNs + KGNy, + 3K3o N3N, + 4K3NiN) Z”i = Ho(mol)

8]

by = (Ns+ Nei + Nea + Nz + 2Neg + Neto + Nett + Nets + Neis

+Net6 + 2Nets + Netg + 2Neao + Neat + 2Neaa + 2Nea3 + 2Neas + SNeas) Z n;
= (N5 + KQNiNs + KGNiNs + KGNINs + 2KGN{NS + Ko N3N

+KG NINs + KG3NIN5 + KQsN3Ns + KGN, Ns + 2K N3N

K NINSN; +2K20 N NsN; + KGN\ N3Ny + 2KE, N N3N
+2KSNIN; N2 + 2KQ NN, N2 + SKQSNINING) Y iy = o, (mol)

]

by = (N + Neag + Near + Neag + Neoo + Nezo + Nezt + Neo) an
= (N + K NTNg + Ky Ni N + KOs N{Ng + Ko N3N
+KZNiNg + K3 N3N, + K3, N3N) Z n; = 1y, o, (mol)

10

by = (N7 + Nes + Neg + 2Ne7 + 6Neg + TNeo + Neta + Neig + Neir

+3Neis + Netg + 2Neao + 2Neas) Z”i

= (N7 + KGNIN; + KGN Ny + 2KGN N7 + 6KGN| NG

HTKQNENG + K3y N3Ny + KQuNyN; + KGy Ny Ny + 3KGN3N;

+K§NINsN, + K9 N N3N, + 2KS N3NIN3) Z”f = nOAle](mOI)
[11]
According to the mass conservation law, the sum of
mole fractions of all structural units in the dephospho-
rization slag of CaO-FeO-Si0,-MgO-MnO-Al,03-P,O5
with fixed total mass under equilibrium condition is

equal to 1.0, and Eq. [12] can be obtained.
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Table V. Expression of Structural Units as Ion Couples, Simple or Complex Molecules, Their Numbers, Mole Numbers and Mass
Action Concentration of /V; in 100 g Dephosphorization Slag of CaO-FeO-SiO,-MgO-MnQO-Al,05-P,05 Based on the IMCT

Structural Units as Ion

Mole Number of Structural Units

Mass Action Concentration of

Item Couples or Molecules Number or Ton Couples Structural Units or Ion Couple
Simple cati Ca’* + 0+ 1 = = = Ny =2 =N
1mple cation a N = Neg2t cao = nOZ’,CaO = Nnca0o 1= o CaO
and anion (4) 2+ 2 7 '
Mn + O 2 N2 = N2+t Mno = 102~ MnO = AMnO N, = z’:hn = NMno
2+ 2— _ _ _ _ 2m
Mg + O 3 N3 = Nye2+ Mgo = M0> Meo = MO N3 = an = Nmgo
24 2 7
Fe + O 4 N4 = Mg+ peo = No2- Feo = NFeO Ny = Z’u” = Ngeo
;
Simple mole- SIOZ 5 N5 = Nsio, Ns = 2”:5" = NSiOg
cules (3) 7
P05 6 N6 = Np,0s Ng = S Np,05
AL O; 7 n7 = NALO; Ny = f" = Na, 03
i
Complex mole- CaO-SiO, cl Nel = Ncao - S10; N = anln- = Ncao - Si0;
cules (32) . : % -
2Ca0~5102 c2 Ne2 = N2Ca0 * SlOz ch = Z”' = N2CaO . SlOz
;
3CaO-Si02 c3 Ne3 = N3Ca0 * Si02 Nc3 = f:csn = N3Ca0 . Si02
,
3Ca0-28i0, c4 T4 = N3Ca0.28i0; Ny = 2'%4” = N3ca0.25i0;
3Ca0-AlL,05 c5 Nes = M3Ca0-ALO; Nes = fsn = N3Ca0-A1,0,
CaO~A1203 cb Hee = NCa0-ALO; Nc6 = f{’” - NCa04A1203
Ca0-2A1,04 c7 7e7 = NCa0-2AL0; Ne = fz = Nca0-2A1,0,
Ca0-6A1,0; c8 T8 = NCa0-6A1,0; Neg = 5% = Ncao-6A1,0;
;
12Ca0-7A1,04 c9 N9 = N12Ca0-TALO; Neg = ang"’ = N12¢a0.7A1,0;
;
MgO-SiO, cl0  ne10 = NMeo-sio, Neijo = i:f“; = NMg0-si0,
;
2MgO-SiO, cll Acll = N2MgO-Si0, Ny = f:”n = NMg0-Si0,
1
MgO-Al,0; cl2  ne = nMgo-ALO; Neip = ﬁ = NMg0-ALO;
1
2Fe0-Si0, cl3 Ne13 = M2Fe0-Si0; Nejz = f; = N2Feo-sio,
"AlLO3 14 = NFe0.Al,05 14 = w4 = NFe0.ALO;
FeO-Al,O cl4 n NEeO-AlLO N, Z”
-S5i0, c15 = M2MnOSiO, 15 = 4= = Nomnosio,
2MnO-SiO cls n n N, Z”
;
MnO-SiO, cl6 fcl6 = NMnO-SiO, Neis = i"; = NMno-sio,
,
MnO-ALO3 cl7  net7 = NMnO-ALO; Ner7 = $#= = Nmno-AL0;
;
3A1,0;32Si0, cl8  nmeig = M3a1,0,25i0, Neig = <85 = N3a1,0, 2510,
;
-Si0,°AlL0; 19 = M2Ca0-5i0,-ALO; 19 = = = N3Ca0-5i0,-ALO;
2Ca0-SiO,ALL,O cl9 Nc19 N2Ca0-Si0,-AlL,O N, 19 Z”
a0-28i0,' AL, 03 ©20 = NCa0-25i0,-AL,0; 20 = =2 = Na0-25i0,-AL0;
Ca0-2Si05-AlL,O c20 n NCa0-2Si0,-Al,O N, 2 Z”
CaO-MgO-SiO, c21 N2l = NCa0-MgO-SiO; Ney = fl” = Ncao-Me0Si0,
CaO-Mg0-28i0, €22 Nc22 = NCa0-MgO-28i0, N = f" = NCa0-Mg0-25i0,
2Ca0-MgO-28i0, c23 Nc23 = N2Ca0-MgO-2Si0; Ney; = i‘z; = N>Ca0-Mg0-28i0,
;
3Ca0-MgO-2Si0O, €24 N4 = N3Ca0-Mg0-28i0, Ny = ﬁ:; = N3Ca0-Mg0-25i0,
;
2MgO-55i0,-2A1,04 c25 Nc25 = N)MgO-58i0,-2A1,05 Nes = ﬁ:; = NaoMg0-58i0,-2A1,0;
;
2CaO-P,05 €26 N6 = M2Ca0-P,0; Ney = ﬁ = N2Ca0-P,0;
1
3Ca0O-P,0s5 €27 neg7 = N3Ca0-P,0; Ney7 = f; = N3Ca0.P,05
4Ca0O-P,0s5 €28 N8 = M4Ca0-P,0; Neg = ff; = N4ca0.p,05
3FeO-P,0s5 €29 negy = N3Fe0-P,05 Ne = I = N3Fe0.p,05
S
4FeO-P,05 €30 N30 = N4Fe0-P,05 Nezo = f‘; = N4Fe0.P,04
;
2MgO-P,0s c31 N3l = N2MgO-P,0s Ngi = f; = NoMg0-P,05
;
3MgO-P,0s €32 M3 = M3MgO-P,0s Nezz = 590 = N3migop,0;
;
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Ny + Ny + N3+ Ny + Ns+ Ng + N7+ Not + Neo + Ne3 + Nea + - -+ + Neso
+Nai + N2 = (N1 + Na + N3 + Ny + Ns + N + Ny + K§ NI Ns + KO NINs
+KGNINs + KGNIN? + - - + KQNiNg + K% NIN + K9, N3Ng) = Y N; = 1.0

[12]

Egs. Egs. [5] through [12] are the governing equations
for calculating the mass action concentration N; of
structural units or ion couples in the dephosphorization
slag of Ca0O-FeO-Si0,-MgO-MnO-Al,03-P,0s.
According to Eqs. [5] through [12], there are eight
unknown parameters of Ny, N, N3, N4, N5, Ng, N7 and
> n;, combined with the eight independent governing
equations built by IMCT. The mass action concentra-
tion N; of simple components and the total equilibrium
mole number » _n; can be obtained, thus the mass action
concentration N, of complex components can be
calculated, and the reaction ability of complex compo-
nents can be further studied. The solution of the
Eqgs. (5-12) can be obtained by Jupyter Notebook in
Anaconda, and the accuracy of the solution of nonlinear
equations by calling Fsolve Function can reach to be
smaller than 10~2°. Therefore, it can be considered that
the obtained N; is very accurate.

D. Definition of Enrichment Possibility Nci—p;j,
Enrichment Degree Rci_pj of Solid Solution Containing
P>0;5 and Phosphorus-Enrichment Contribution Ratio
of Calcium Silicate Rc;

Senlin Xie er al.*” and Jingyan Li er al.”®**! both
studied the enrichment behavior of phosphorus in
calcium silicate based on IMCT. P,Os5 is mainly con-
centrated in calcium silicate complex molecules, so the
solid phase rich in P,Os can be regarded as the reaction
product of calcium silicate and phosphate, independent
of other structural units.*”) There are four kinds of
calcium silicate molecules and seven kinds of phosphate
in the dephosphorization slag in the present work.
Therefore, the product of mass action concentration N¢;
of calcium silicate and Np; of containing P,Os compo-
nent can be used to describe the enrichment possibility
Nci—p;j of solid solution containing P,Os in dephospho-
rization slag,””?*) as shown in Eq. [13]:

Nei x Npjwith i = 1,2,3,4,j = 1,2,3,4,5,6,7
[13]

N, Ci-Pj —

Ci includes CS, C,S, CsS, 3Ca0-2Si0,(C3S,).

Pj includes 2CaO-P,05(C,P), 3CaO-P,05(C;P),
4C30'P205(C4P), 3FeO'P205(F3P), 4FCO'P205(F4P),
2MgO-P,05(M,P), 3MgO-P,O5(M;P).

The sum of the enrichment possibility N¢;_p; of the
above-mentioned twenty-eight components containing
P,O5 components is expressed by Eq. [14]:
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Mp,0
2Ys
<NCi—P./ W
i—123.4 Ci—Pj
J=12,345,6,7
MPZ 5 MP?Os
= Nci-p1 + Nci-p2 =4
Mci_pi Mci_p>
P,0s
+Nca—pr——— [14]
Mcy_p7

M, is the relative atomic or molecular mass of i. The

. M
ratio of N¢;—p; M""" of a certain components to the sum

of the enrichment possibility for all the components

containing P»Os, > (Nc, Pj MCZO;) can be
i=1234
j=12,3456,7

defined as the enrichment degree Rc;_p; of solid solution
containing P»05.2"?" Taking CZS C;P as an example,
the enrichment degree Rcys_cs3p is expressed as Eq. [15]:

M
(N C25—C3P 7722 )

Mcas-csp
Reos—c3p = 5 ( (15]
NC[ Pi P Oi)
i M
i=1,2.3.4 h
=1234.56.7

In order to describe the phosphorus-enrichment
capacity of a certain calcium silicate in the dephospho-
rization slag, the sum of the enrichment degree Rc;_p; of
all components containing P,Os in a certain calcium
silicate is defined as the phosphorus enrlchment contri-
bution ratio R¢; of calcium silicate.? Takmg C,S as an
example, the phosphorus-enrichment contribution ratio
Rcys can be expressed as Eq. [16]:

Rcas = Reas—cop + Reos—csp + - - - + Reas—mizp
. _Mp)os
> (chsfz%; MCZH/)

i=2
j=12,3.4,5,6,7

Mpy0s
(NCZ Pj T Mi P/)

IV. ANALYSIS AND DISCUSSION OF HOT
METAL SAMPLES AND DEPHOSPHORIZATION
SLAG SAMPLES FROM INDUSTRIAL
EXPERIMENTS

A. Effect of Dephosphorization Slag Basicity on Element
Removal Ratio in Hot Metal, Phosphorus Distribution
Ratio Between Slag and Hot Metal

In industrial experiment, it is difficult to control all the
other parameters to be constants for investigating the
effect of dephosphorization slag basicity on hot metal
dephosphorization. In the heats of industrial
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Fig. 3—Effect of dephosphorization slag basicity on removal ratios
of elements in hot metal.

experiments selected in the present work, the dephos-
phorization endpoint temperatures were 1370 °C to
1420 °C. From the previous industrial experiment
results,>*3%31 the slagging effect of dephosphorization
slag was favorable in this temperature range, and the
thermodynamic conditions were conducive to dephos-
phorization. The FeO contents changed in a narrow
range of 17.04 to 20.48 pct, which ensured a relatively
close oxidation capacity. The contents of MgO, MnO
and Al,O5 changed little, and these changes did not have
a great impact on the dephosphorization results. The
changes in the removal ratios of phosphorus, silicon,
carbon and manganese in hot metal, phosphorus distri-
bution ratio between dephosphorization slag and hot
metal at the different dephosphorization slag basicities
from 1.26 to 2.20 were studied.

Figure 3 shows the effect of dephosphorization slag
basicity on removal ratios of elements in hot metal. #; is
the removal ratio of element i in hot metal, which is
calculated by Eq. [17]. [pct ]y represents the mass
fraction of 7 in the hot metal at the initial point of
dephosphorization and [pct i]. represents that at the
endpoint of dephosphorization. The chemical reactions
of dephosphorization, desilication, demanganization
and decarbonization in hot metal are expressed as
Egs. [18] through [21].73¢

_ Ipetido —Ipetile 100 pet 17]

[pet i,

n;

2[P] 4 5(FeO) + 3Ca0 = (3CaO - P,0s) + 5[Fe] [18]

[Si] + 2(FeO) = (SiOy) + 2[Fe] [19]
[Mn] + (FeO) = (MnO) + [Fe] [20]
[C]+[0] =CO [21]

METALLURGICAL AND MATERIALS TRANSACTIONS B



It can be seen from Figure 3 that with increasing
dephosphorization slag basicity, the dephosphorization
ratio and the decarbonization ratio both increases, and
the demanganization ratio gradually decreases, while the
desiliconization ratio does not change significantly and
remains at a relatively high level. With increasing
dephosphorization slag basicity, the activity of CaO in
slag increases, and the calcium silicate is easier to form
in the slag, which is conducive to the formation of
C,S-C5P solid solution. According to the chemical
reaction of Eq. [18], increasing the dephosphorization
slag basicity is beneficial to reduce the activity of P,Os in
the slag, so as to improve the phosphorus distribution
ratio between slag and hot metal, and further improve
the dephosphorization ratio.

With increasing dephosphorization slag basicity, the
oxygen potential at the interface between slag and hot
metal is increased, and the decarburization reaction is
also promoted. However, the decarburization reaction is
weak in the dephosphorization stage, and the decarbur-
ization ratio is from 28.46 to 33.95 pct. In the dephos-
phorization stage, the combination ability of silicon and
manganese with oxygen is stronger than that of phos-
phorus, so that silicon and manganese will be oxidized
prior to phosphorus. With increasing dephosphorization
slag basicity, the activity of SiO; in the slag decreases,
which is conducive to the desilication reaction. The
desilication ratio at the end of dephosphorization is
always above 94 pct, so that silicon in hot metal is
removed to trace at the end of dephosphorization stage.
The increase of basicity leads to the existence of a large
amount of free CaO in the dephosphorization slag. CaO
will replace the MnO in 2MnO-SiO, to generate the
stabler C,S,®! thus increasing the activity of MnO. This
will lead to the occurrence of remanganization reaction,
reducing the demanganization ratio. When the dephos-
phorization slag basicity is 2.20, the dephosphorization
ratio can reach 66.20 pct. The desilication ratio,
demanganization ratio and the decarburization ratio
are 94.22, 35.65 and 33.95 pct, respectively.

6 190
* @ (%P.0;) -9 1014
S5l NS 2 Jrs
5p | L e {0.12
~ ' ” == 60
Y 4r * /,a”’ -0.1ODT-
ON \ ‘/ g . . o\o \ID_
o v = 145
S ’f\. 10.08
A % 130
o k-~ * ]
ol @ PO 0.06
* * 115
1 1 1 1 1 1 004
12 14 16 18 20 22
Basicity

Fig. 4—Effect of dephosphorization slag basicity on P,Os content in
dephosphorization slag, phosphorus content in hot metal and
phosphorus distribution ratio Lp.
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Figure 4 shows the effect of dephosphorization slag
basicity on P,Os content in dephosphorization slag,
phosphorus content in hot metal and phosphorus
distribution ratio Lp. Phosphorus distribution ratio Lp
is calculated by Eq. [22].

Lp = (pCt P205) [22]
[pct P]

With increasing the dephosphorization slag basicity,
the phosphorus distribution ratio Lp increases, the
content of P,Os in dephosphorization slag increases as
a whole and the phosphorus content in hot metal
decreases. When the dephosphorization slag basicity is
1.90, the P,Os content in the slag can reach 5.10 pct.
When the dephosphorization slag basicity is further
increased to 2.20, the phosphorus distribution ratio
increases to 81.3 and the phosphorus content in hot
metal decreases to 0.048 pct. The increase of dephos-
phorization slag basicity improves the apparent diffu-
sion coefficient of phosphorus in solid solution,*” which
makes the phosphorus in hot metal more easily fixed in
C,S-C;P solid solution. This increases the content of
P,0s5 in slag and reduces the phosphorus content in hot
metal.

B. XRD Analysis of Dephosphorization Slag Under
Different Basicities

Figure 5 shows the XRD analysis results of dephos-
phorization slag with basicities of 1.26 to 2.20. At the
endpoint of the dephosphorization stage in the NDSP,
the dephosphorization slag mainly contains dicalcium
silicate  Ca,SiO4(C,S), silicate phase Cas;Mg(SiOy),,
calcium ferrite phase Ca,Fe,Os, the Ca(FexMgy)
(SiOyg)(x+y=1) mixture of CazMg(SiO4), and
Ca,Fe>0Os, metal oxide phase RO and the solid solution
of (Caz(SIO4))6(Cag(PO4)2)(C25-6C3P) and Ca,s(PO4)2
(8104)6(6C,S-C5P) containing phosphorus.

By comparing the XRD results of dephosphorization
slags with different basicites, it is found that the mixed
phase of Ca(Fe Mg )(SiO4)(x + y = 1)is widely existed
in dephosphorization slag when basicity is 1.26 to 1.37,
and there is no oxide phase and the solid solution phase
containing phosphorus. Combined with the dephospho-
rization results in Figure 3 and our previous mineralog-
ical analysis®® of the dephosphorization slag under low
basicity, a reasonable explanation can be obtained.
Because there is a large amount of liquid slag matrix
phase in the slag at lower basicity, phosphorus in hot
metal is difficult to be effectively fixed in dephospho-
rization slag. Large-area P-rich phase in the dephos-
phorization slag is hard to form, which leads to the low
dephosphorization ratio at lower basicity.

When the basicity range of dephosphorization slag is
1.37 to 1.71, C,S, CasMg(SiOy),, CarFe,O5 and RO are
mainly detected in the dephosphorization slag, which
indicates that the dephosphorization slag changes from
liquid slag matrix phase to silicate and calcium ferrite.
However, the solid solution containing phosphorus has
not been detected by XRD in this range. When the
basicity range of dephosphorization slag is further
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Fig. 5—XRD analysis results of dephosphorization slag with basicities of 1.26 to 2.20.

increased to 1.90 to 2.20, the diffraction peaks of
C,S-6C3P and 6C,S-CsP phases appear, which is con-
sistent with the higher dephosphorization ratio as shown
in Figure 3.

C. Analysis of P-Rich Phase Morphologies and Areas
in Dephosphorization Slag at Different Basicities
by SEM-EDS

The typical morphologies, areas and map scanning
results of P-rich phase in dephosphorization slag at
different basicities are shown in Figure 6. When the
dephosphorization slag basicity is in the range of 1.26 to
1.37, the P-rich phases are in long strip shape, and their
area is between 4 and 36 um?>. The content of P,Os in
the P-rich phase is less than 10 pct and it contains high
contents of Ca and Si. The map scanning result is not
obvious for the identification of phosphorus element in
each phase. Therefore, it is inferred that the solid
solution containing phosphorus is not formed in the
basicity range of 1.26 to 1.37.

When the dephosphorization slag basicity is 1.50, the
P-rich phases are dispersed into several small block
P-rich phases, which are mainly distributed in dendrite
shape, and their areas are mainly concentrated in 8 to
25 um®. When the dephosphorization slag basicity is
further increased to the range of 1.71 to 2.20, the
dispersed small block P-rich phase grows rapidly,
irregular blocks gradually grow into the blocks with
smooth edge, and the area of P-rich ghase grows from
142 um? at basicity of 1.71 to 8000 um? at the basicity of
2.20. It can be seen from Figure 6 that the Ca, Si and P
are mainly concentrated in the P-rich phase. Therefore,
according to the results of Figures 5 and 6, the solid
solution containing phosphorus is formed in the basicity
range of 1.90 to 2.20.
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D. Analysis of P-Rich Phase at Different Basicities

In order to determine the existing form of phosphorus
containing solid solution (C;S-C;P) in P-rich phase of
dephosphorization slag, five groups of P-rich phase
composition data were obtained by SEM-EDS analysis
under each basicity, and the results were averaged to
reduce the element content differences caused by differ-
ent points in the P-rich phase. Because phosphorus
mainly exists in the form of C;P in the solid solu-
tion,'*!7 and the sum of the masses of CaO, SiO, and
P,Os in the P-rich phase is equal to the sum of C;S and
C;P, the average mass fraction of C;S and CsP can be
calculated. According to the mass fraction ratio of CaO
and SiO, in the P-rich phase, it can be seen that the
calcium silicate existing in the P-rich phase is mainly the
mixture of CS and C,S. Table VII shows the average
mass fractions of different compositions in P-rich phase
of dephosphorization slag and the average mass frac-
tions of CsP and C;S at the different basicities.

Figure 7(a) shows the Gibbs free energy changes of
CS(i=1, 2) and CP(j=1,2,3) under different basicities
of dephosphorization slag, Figure 7(b) shows the effect
of dephosphorization slag basicity on C;P content,
basicity, C,S content in P-rich phase of dephosphoriza-
tion slag and Figure 7(c) shows the determination of
coefficient n in nC,S-C;P of the P-rich phase at different
basicities. The Gibbs free energy of each substance in
Figure 7(a) is calculated according to Table VI. With
increasing dephosphorization slag basicity, the content
of C5P and basicity of P-rich phase increase, the content
of C;S decreases as a whole. The basicity in P-rich phase
increases from 1.21 to 1.97, which corresponds to the
actual basicity change of dephosphorization slag. It also
shows that calcium silicate in P-rich phase is a mixture
of CS and C,S. By comparing the free energy of
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Fig. 6—Typical morphologies, areas and map scanning results of P-rich phase in dephosphorization slag at different basicities.

formation of C;S(i = 1, 2) and CP(j = 1,2,3) at differ-
ent basicities, C;S is stabler than C/P at 1370 °C to
1420 °C, and the combination ability of CaO with P,Os
is stronger than that with Si0,.*® *%! With the increase
of P,Os content in the P-rich phase, CaO will first
combine with P,Os to form C;P. Therefore, with
increasing dephosphorization slag basicity, the content
of C;P increases and the content of C,S decreases in
P-rich phase.

METALLURGICAL AND MATERIALS TRANSACTIONS B

The phosphorus containing solid solution in dephos-
phorization slag may exist in the form of C,S-C5P,
2C,S-C;P, 4.8C,S-C;P, 6C,S-CsP and 20C,S-C;P.BY
Therefore, taking nC,S-CsP (n = 1, 2, 4.8, 6, 20) as the
judgment standard, the coefficient n in nC,S-C3P of
P-rich phase under different basicities is roughly deter-
mined, as shown in Figure 7(c). When the dephospho-
rization slag basicity is 1.26 to 1.37, the values of n are 6
to 20. When the basicity is 1.50 to 1.90, the values of n
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are 2 to 4.8. When the basicity further increases to 2.20,
the values of n are 1 to 2. The results show that with
increasing the basicity, the coefficient n of nC,S-C;P
presents a decreasing trend, which indicates that the
phosphorus content in nC,S-C;P increases gradually
with increasing basicity, and the phosphorus-enrichment
ability of the dephosphorization slag increases.

V. ANALYSIS AND DISCUSSION OF IMCT
THERMODYNAMIC CALCUATION RESULTS

A. Effect of Dephosphorization Slag Basicity on Mass
Action Concentration N; of Components
in Dephosphorization Slag

According to the IMCT-N; thermodynamic calcula-
tion model, the mass action concentration N; of each
component in Table VI was calculated. The mass action
concentration N; in IMCT can be used to characterize
the reaction capacity of the composition like the activity
a; in molecular theory."® 212> In order to study the
relationship between mass action concentration N; and
the basicity of dephosphorization slag, the best fitting
method was selected according to the data changing
rule, and the goodness of fit was expressed by the fitting
coefficient 2.

In order to analyze the phosphorus-enrichment
capacity of calcium silicate in dephosphorization slag,
the effect of dephosphorization slag basicity on mass
action concentration of CaO , SiO, and the their ratio
are analyzed. Figure 8 shows the effect of dephospho-
rization slag basicity on Ncao, Nsio, and Ncao/Nsio,-
With increasing dephosphorization slag basicity, Nca0
increases exponentially and Nsjo, decreases exponen-
tially. The fitting coefficient r* of both is greater than
0.97, which indicates that there is a good mathematical
relationship between the dephosphorization slag basicity
and Ncao and NSi02~

With increasing dephosphorization slag basicity,
Ncao/Nsio, increases exponentially, and its fitting coef-
ficient is greater than 0.999, reaching the fitting conver-
gence. The results show that both basicities of B and
Ncao/Nsio, have the similar effect in dephosphorization
slag at temperature of 1370 °C to 1420 °C and basicity
of 1.26 to 2.20. The relationship between B and
Ncao/Nsio, is Eq. [23]. It should be noted that the
range of Ncao/Nsio, has large values of 4 to 1202, so
that Eq. [23] can only reflect the their change trends.

Ncao/Nsio, = 6.774 x 107> x exp< ) +5.674

B
0.1403
[23]

Four kinds of calcium silicate complex molecules CS,
C,S, C5S, C5S, formed by CaO and SiO, are further
considered. The effect of dephosphorization slag basicity
on the mass action concentration of calcium silicates
were analyzed under the conditions of lower tempera-
ture range of 1370 °C to 1420 °C and lower basicity
range of 1.26 to 2.20.
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Figure 9 shows the effect of dephosphorization slag
basicity on the mass action concentration of calcium
silicates. With increasing dephosphorization slag basic-
ity, Ncs decreases exponentially, Ncog increases first and
then decreases, Ncs3s increases exponentially and Nc¢ss:
shows a decreasing trend as a whole. The variation trend
of Ncs, Ncos and Ncss 1s consistent with the results
obtained by Jingyan Li er al®® At the conditions of
CaO-15 pct SiO,-FeO-Fe,03-5 pct P,Os slag, 1450 °C to
1600 °C, basicity of 1.8 to 3.7. The increase of dephos-
phorization slag basicity can reduce Ncssy, and there is
no obvious mathematical relationship between them.

Figure 9 shows that Ncs and Ncos are one order of
magnitude higher than Nc3s and Ncssp, indicating that
the former two have strong reaction ability in the
dephosphorization slag, being the main components in
the dephosphorization slag. Between Ncs and Ncos, the
value of N¢pg is always higher than that of Ncg, which
indicates that C,S has the strongest reaction ability in
the dephosphorization slag, and the phosphorus in hot
metal is easier to combine with C,S to form phosphorus
containing solid solution.

With increasing dephosphorization slag basicity from
1.26 to 2.20, it is calculated that Ncpp varies from
7.52 x 1077 to 2.88x107°, Ncsp varies from 0.012 to
0.026, and Ncg4p varies from 2.14 x 107> to 2.20x 1074,
In addition, the variation range of Ngsp is 2.57 x 10°14
to 3.29 x 107'% the variation range of Nggp is
432 x 107 to 6.90 x 107'2, the variation ran§e of
Nypp ranging from 3.13 x 107'° to 8.43 x 10~ and
that of Nyp from 3.58 x 1077 to 5.82 x 10~%. Consid-
ering the above range value, the variation range of Ncop,
Ncap, Nr3p, Nrap, Nvop and Nypsp is less than 1074 in the
dephosphorization slag with the basicity from 1.26 to
2.20, so it is reasonable to ignore the effect of the above
components on the phosphorus-enrichment effect.
According to the above description, in the low temper-
ature range of 1370 °C to 1420 °C and the low basicity
range of 1.26 to 2.20, the P,Os containing components
in the dephosphorization slag mainly combined with
calcium silicate are C5P.

B. Effect of Dephosphorization Slag Basicity
on Phosphorus-Enrichment Contribution Ratio Rc;
of Calcium Silicate

The phosphorus-enrichment contribution ratio R¢;
can well indicate the enrichment degree of P,Os con-
taining solid solution by different calcium silicate in
slag.?”! According to Eq. [16], the phosphorus-enrich-
ment contribution ratios of four kinds of calcium silicate
of Rcs, Reas, Rezs and Ressy are calculated. The effect
of dephosphorization slag basicity on phosphorus-en-
richment capacity of different calcium silicate in dephos-
phorization slag is further studied under the conditions
of low temperature range of 1370 to 1420 °C and low
basicity range of 1.26 to 2.20.

Figure 10 shows the changes in the phosphorus-en-
richment contribution ratio Rc; under different basicities
of dephosphorization slags. From the proportion of
different strip areas in Figure 10(a), it can be seen that
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Table VII.

Average Mass Fractions of Different Compositions in P-Rich Phase of Dephosphorization Slag and the Average Mass

Fractions of C;S and C3P at Different Basicities/(Pct)

B Si0, P,Os5 CaO FeO MnO MgO AlLO3 C;P CS (1<i<2)
1.26 33.71 3.63 40.76 6.78 5.46 6.37 3.29 7.92 70.18
1.37 31.97 7.61 45.31 2.79 2.67 7.64 2.01 16.62 68.28
1.50 27.38 12.86 47.83 4.82 4.56 1.04 1.51 28.07 59.99
1.71 28.75 14.83 51.54 1.03 2.21 0.64 1.00 32.38 62.74
1.90 24.81 17.56 48.77 2.78 2.44 2.33 1.31 38.32 52.8
2.20 24.66 20.56 48.59 0.37 2.98 2.47 0.37 44.89 48.93
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Fig. 7—(a) Gibbs free energy changes of C;S (i=1,2) and CP (j=

1,2,3) under different basicities of dephosphorization slag; (b) Effect of

dephosphorization slag basicity on CsP content, basicity, C;S content in P-rich phase of dephosphorization slag; (¢) Determination of coefficient

n in nC,S-C;P of the P-rich phase at different basicities.

the phosphorus-enrichment contribution ratio of Rcas is
the largest. With increasing dephosphorization slag
basicity from 1.26 to 2.20, the Rcps increases from
0.56 to 0.84, the Rcs significantly reduces, and the value
of Rcg decreases from 0.41 to 0.11, while the propor-
tions of Rcss and Ressy have very small values. This
indicates that with increasing dephosphorization slag
basicity, phosphorus tends to combine with C,S to be
enriched. It can be seen from Figure 10(b) and (c¢) that
the change trend of Rc;s is the same as dephosphoriza-
tion ratio, but the change trend of Rcs is opposite to
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dephosphorization ratio. Therefore, the increase of
dephosphorization slag basicity mainly will increase
the phosphorus-enrichment capacity of C,S and
decrease the phosphorus-enrichment capacity of CS.
The mathematical relationship between dephospho-
rization slag basicity and phosphorus-enrichment con-
tribution ratio of calcium silicate are further studied.
Figure 10(b-e) shows that with increasing dephospho-
rization slag basicity, Rcs and Rcssy decrease exponen-
tially, Rcys and Rcss increase exponentially. The
regression coeflicients, %, of Rcs, Reas and Ress against
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dephosphorization slag basicity are greater than 0.99.
There is an obvious exponential relationship between
dephosphorization slag basicity and Rcs, Rcas and Ress,
which can be expressed by Egs. [24] through [26]:

-B

Res = 1.598 x exp(—lilzl) -0.11 [24]
-B

Reas = —1.835 % exp(—o 854) +0.982 [25]

B
Ress = 1123 x 1074 exp(3g7) +0-0018  [26]

C. Effect of Dephosphorization Slag Basicity
on Phosphorus-Enrichment Behavior

It has been shown that C,S is the main phospho-
rus-enrichment component in the dephosphorization
slag. Therefore, the phosphorus-enrichment behavior of
C,S in the dephosphorization slag can represent the
phosphorus-enrichment behavior in the dephosphoriza-
tion slag. Based on the enrichment degree R¢;—p; of P,Os
containing solid solution, the effect of the
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dephosphorization slag basicity on the phosphorus-en-
richment behavior of C,S in dephosphorization slag was
analyzed under the conditions of low temperature range
of 1370 °C to 1420 °C and low basicity range of 1.26 to
2.20.

In the dephosphorization reaction of slag, CaO reacts
with SiO, to generate C,S. FeO and CaO react with
P,Os5 to form F5;P and CsP, respectively, which initially
fixes phosphorus in dephosphorization slag.[*!! Further,
P,Os5 in F3P is easy to react with CaO to form more
stable C3P,[27] the chemical reaction is expressed as
Eq. [27]. According to the standard Gibbs free energy of
the above reactions summarized in Table VI, the actual
Gibbs free energy of F3P reacting with CaO to produce
C;P is derived, which is expressed as Eq. [28]. The
substituted FeO diffuses into CaO solid through the
reaction interface and forms CaO-FeO layer.

3(Ca0) + (3FeO . PzOs) = 3(FCO) + (3CaO . P205)
27]

AGpsp_c3p = —279486 — 86.558T
(NFCO)3 X (N3CaO»P205)> [28]

+ RTIn 3
(NCaO)” x (N3re0-p,05)

Under the conditions of lower temperature and lower
basicity in the dephosphorization stage of the NDSP,
the existence state of C,S is o';-C,S state,*”! and
«’11-C,S mainly exists in the form of 2Ca*" and [SiO4]*.
C5P mainly exists in the form of 3Ca’" and 2[PO4]3°'.
The radii of [SiO4]* and [PO,]* are 2.79 A and 2.76 A,
respectively, and their crystal structures are tetrahe-
dral.™ This shows that the structure and size of
[SiO4]* and [PO4* are very similar and can replace
each. In the range of 1370 °C to 1420 °C, the Gibbs
free energy of the reaction of CaO with P,Os to
produce C;P is much smaller than that of the reaction
of CaO with SiO, to produce C,S. The affinity of
CaO with P,Os is much stronger than that with SiO,.
P can replace part of Si in the tetrahedral structure,
resulting in the change of its coordination structure,
which shows that [PO4]> replaces [SiO4* in the
solvent C,S lattice.

Furthermore, AGgsp_c3p is always less than 0 in the
NDSP. C,S-F3;P can not exist stably, and Fs;P will
spontancously transform into C;P. Therefore, it can be
considered that the formation of C,S-C;P solid solution
is through the replacement of [SiO4]* in C,S phase by
[PO4* in slag, or transformation of the unsta-
ble C,S-F3P phase into the stable C,S-CsP.

Figure 11 shows the effect of dephosphorization slag
basicity on Reos_cip, Rezs—cap and Reos_pzp. With
increasing dephosphorization slag basicity, Rczs_csp,
Rcos_cqp both increase exponentially, while Rcos_gip
decreases exponentially. This is because the increase of
basicity will promote the formation of C,S-C;P solid
solution in slag, and the coefficient n of nC,S-C5P solid
solution will decrease with increasing basicity, thus
improving the enrichment degree of phosphorus in
C,S-C3P solid solution in dephosphorization slag. In
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dephosphorization slag basicity to the phosphorus-enrichment contribution ratio R¢;; Effect of dephosphorization slag basicity on (b) Rcs, (¢)
Reas, (d) Resss (€) Ressa.

addition, under the conditions of lower temperature and concluded that increasing dephosphorization slag basic-
lower basicity in the dephosphorization stage of the ity is beneficial to the enhancement of phosphorus-en-
NDSP, F5P spontaneously transforms to CsP, and with richment degree in dephosphorization slag, and the
increasing dephosphorization slag basicity, this change phosphorus-enrichment ability of C,S-C5P and C,S-C4P
trend will become more obvious. Therefore, it can be will be significantly improved.
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D. Comparison Between the Measurement Results
of Industrial Experiment and the Calculated Results
of IMCT

In Section IV-C, the mass fraction of CaO, SiO, and
P,0Os5 in the P-rich phase is analyzed by SEM-EDS. The
sum of the mass fraction of CaO, SiO, and P,Os
represents the mass fraction of phosphorus containing
solid solution in the P-rich phase, expressed as (pct
C;S-C;P). According to the conclusion in Section V-C,
C,S is the main component of phosphorus enrichment in
the dephosphorization slag. Therefore, the product of
the mass fraction of phosphorus containing solid
solutions (pct C;S-C,P) and the phosphorus-enrichment
contribution ratio Rcas of C,S is regarded as the mass
fraction of C,S-C;P solid solution in P-rich pha-
se(IMCT-(pct C,S-C,P)), which 1is calculated by
Eq. [29]. The areas of P-rich phase in dephosphorization
slag with different basicities can be calculated using
Image Pro Plus software under three viewing fields of
SEM at the magnification of 1500 times, and Eq. [30] is
used to calculate the average area fraction of P-rich
phase(AFT¢h Phasey “The calculated results of IMCT-(pct
C,S-CP) and Rcos can illustrate the phosphorus-en-
richment degree. Both the calculation results are
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compared with the measurement results of APl Phase,

and (pct P,Os)P MM Phase 46 verify the rationality of the
IMCT calculation results.

IMCT — (%C,S — CP) = (%C;S — C;P)P-rich phase
X Rczs [29]

AreaP-rlch phase

P-rich phase __
A - AreaTotal field of view [30]

Figure 12 shows the comparison between the calcu-
lated results of IMCT-(pct C,S-C,P) and Rc,s, and the
measurement results of APTN Phase “and (pet P,O5)Prich
phase of industrial experiment. With increasing dephos-
phorization slag basicity, IMCT calculated results and
experimental results are all increased. The trends of the
enrichment degree of phosphorus in dephosphorization
slag are well consistent among the results characterized
by different ways. Therefore, the IMCT calculated
results can correctly express the phosphorus-enrichment
degree of dephosphorization slag, and further reveal the
phosphorus-enrichment degree of the different calcium
silicates in dephosphorization slag.

V1. CONCLUSIONS

In the percent work, the dephosphorization experi-
ments using new double slag converter steelmaking
process(NDSP) has been carried out in a 180 ton
top-bottom combined blowing converter under the low
temperature range of 1370 °C to 1420 °C and low
basicity of 1.26 to 2.20. Based on the ion-molecule
coexistence theory (IMCT) and phase analysis of
dephosphorization slag, the effect of dephosphorization
slag basicity on the hot metal dephosphorization and the
phosphorus-enrichment behavior in slag is studied, and
the following conclusions are obtained:

1. With increasing basicity, the phosphorus distribution
ratio Lp between hot metal and slag increases. The
dephosphorization ratio and the decarbonization
ratio both increase, while the demanganization ratio
decreases. The desiliconization ratio has no obvious
change and remains at a high level. When the basicity
is 2.20, the phosphorus content in hot metal de-
creases from 0.142 to 0.048 pct, the dephosphoriza-
tion ratio increases to 66.2 pct and the phosphorus
distribution ratio increases to 81.33.

2. With increasing basicity from 1.26 to 2.20, the mor-
phologies of P-rich phase change from long strip
shape (B = 1.26 to 1.37) to dendritic shape
(B = 1.50) and to massive shape(B = 1.71 to 2.20).
The area of P-rich phase increases from about 4 ym?
to about 8000 um?>. The content of P,Os in the P-rich
phase increases and the value of the coefficient # in
nC,S-C;P of P-rich phase decreases from 6-20 to 1-2.

3. With increasing basicity, Nc,0 and Nsijo, increases
and decreases exponentially, respectively, and

METALLURGICAL AND MATERIALS TRANSACTIONS B



Ncao/Nsio, also increases exponentially. The phos-
phorus-enrichment contribution ratio of calcium sil-
icate is in the order of Rcys>Rcs>Rc3s>Rcssy. CoS is
the main phosphorus-enrichment calcium silicate in
dephosphorization slag, and Rcps has the value of
0.56 to 0.84. The phosphorus-enrichment degree in
dephosphorization slag is enhanced mainly by
C,S-C;P.

In the dephosphorization stage of the NDSP, C,S is
in the existence state of o’H-C,S state. The formation
of C,S-C;P solid solution is throuigh the replacement
of [SiO4]* in C,S phase by [PO4]” in slag, or trans-
formation of the unstable C,S-Fs;P phase into the
stable C,S-C5P.

With increasing basicity, the calculated results of
IMCT-(pct C,S-CiP) and Rcys are well consistent
with the measurement results of APTh Phase g (pet
P,0s)Prich phase of industrial experiment, indicating
that the IMCT calculated results can correctly ex-
press the phosphorus-enrichment degree of dephos-
phorization slag. It is possible to use the enrichment
contribution ratio R¢; to qualitatively predict the
phosphorus-enrichment degree of calcium silicate in
dephosphorization slag.

. From the present results, it is reasonable to deduce

that the method combining laboratory phase analysis
and IMCT thermodynamic calculation can facilitate
optimizing the dephosphorization process parameters
of NDSP under low temperature and low basicity,
which has a guiding significance for industrial pro-
duction.
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ABBREVIATIONS

b; Initial mole numbers of
component i in 100 g
dephosphorization slag, (mol)
Total equilibrium moles of all
structural units in 100 g
dephosphorization slag based
on IMCT, (mol)

Mass action concentration of
structural unit i or ion couple i
in dephosphorization slag
based on IMCT, (-)
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Nci_pj

Rci—pj

Rci

ToW N

n(i)Pfrichphase

AGa_p

IMCT-(pct C,S-C;P)

AP—riCh phase

Change of standard molar
Gibbs free energy of reaction
for structural unit i or
component i, (J/mol)

Standard equilibrium constants
of chemical reactions for
forming component i or
structural unit 7, (—)

Relative atomic mass of
element i or the relative
molecular mass of component i,
(=)

Defined-enrichment possibility
of containing P,Os solid
solution based on the calculated
mass action concentration N; of
complex molecule C; and P;,
(=)

Enrichment degree of solid
solution containing P,Os based
on IMCT, (-)
Phosphorus-enrichment
contribution ratio of calcium
silicate based on IMCT, (—)
Removal ratio of elements in
hot metal, (pct)

Temperature, (°C)

Binary basicity, (—)

Fitting regression coefficient,
(=)

Mole number of i in P-rich
phase, (mol)

Actual Gibbs free energy of A
to B reaction, (J)

Mass fraction of C,S-C,P solid
solution in P-rich phase by
IMCT, (pct)

Average area fraction of P-rich
phase at 1500 times under 3
fields of view, (pct)

m,ci
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